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Abstract

The identification of imidazoline receptors (IR) as a novel class of receptors has posed
manifold research questions regarding their pharmacological and potential therapeutic
properties. Among them, I2-IR receptors are widely distributed in the central nervous
system (CNS) with predominant localization in glial cells. Remarkably, their activation
has been shown to exhibit neuroprotective properties, yet through not fully understood
molecular mechanisms. Furthermore, alterations of I2-IR density have been detected in
patients with different brain disorders, including Alzheimer’s Disease (AD), suggesting a
potential therapeutic value of I2-IR in AD.

The latter suggestion is of special clinical significance since AD is an irreversible neu-
rodegenerative disease and the most common form of dementia that affects millions of
people worldwide. The consequences of AD range from detrimental outcomes for both the
patients and their caregivers to a wide socioeconomic footprint, and unfortunately, there is
still no cure for the disease. At the same time, AD prevalence is rapidly growing due to
an increase in life expectancy in developed countries, further highlighting the urgency to
identify new targets for halting disease progression and providing effective treatment.

In this context, this doctoral dissertation aims to contribute to the scientific knowledge
of I2-IR pharmacological possibilities in neurodegenerative diseases with unmet medical
needs, such as AD. More concretely, during this thesis, we evaluate the neuroprotective
properties of both well-established and structurally novel selective I2-IR ligands in late-
onset AD (LOAD) and early-onset AD (EOAD) mouse models, with the aim to point out
I2-IR as a novel potential therapeutic target for AD.

In summary, we demonstrate that chronic treatment with potent and highly selective
I2-IR ligands prevents cognitive decline and ameliorates behavioural and psychological
symptoms of dementia (BPSD) -related phenotypes such as anxiety-, depressive-like
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behaviours and social deficits in the AD mouse models used. Furthermore, the prevention
of the generalized cognitive downfall of the mice delivered by I2-IR treatments is consistent
with favourable alterations at a molecular level. Notably, we provide evidence for beneficial
effects on the AD classical hallmarks, namely Aβ pathology and tau hyperphosphorylation,
as well as mitigation of neuroinflammation and oxidative damage, processes with a pivotal
role in AD initiation and progression. Remarkably, we detected alterations in Ca2+ related
key enzymes induced by selective I2-IR treatment, providing insights into processes
involved in the mechanism of neuroprotective action of I2-IR ligands. Ultimately, in
our hands, I2-IR treatment exerted greater beneficial effects than donepezil under the
neurodegenerative process. We conclude that I2-IR modulation by selective ligands can be
a novel therapeutic strategy for AD therapy.



Resumen

La identificación de los receptores imidazolínicos (IR) como una nueva clase de receptores
ha planteado múltiples cuestiones sobre sus propiedades farmacológicas potenciales y
terapéuticas. Los receptores I2-IR están ampliamente distribuidos en el sistema nervioso
central con una localización predominante en las células gliales. Se ha demostrado que
su activación tiene propiedades neuroprotectoras, aunque los mecanismos moleculares
por los cuales se produce no se no son totalmente conocidos. Además, en pacientes
con diferentes trastornos cerebrales, incluida la enfermedad de Alzheimer (EA) se han
detectado alteraciones en la densidad de I2-IR, lo que sugiere un valor terapéutico potencial
de los I2-IR en la EA.

Esta última sugerencia es de especial importancia clínica, ya que la EA es una enfermedad
neurodegenerativa irreversible además de ser la forma más común de demencia, que afecta
a millones de personas en todo el mundo. Las consecuencias de la EA abarcan desde los
efectos perjudiciales tanto para los pacientes como para sus cuidadores hasta un impacto
socioeconómico y, por desgracia, aún no existe cura para la enfermedad. Al mismo tiempo,
la prevalencia de la EA está creciendo rápidamente debido al aumento de la esperanza
de vida en los países desarrollados, lo que pone de manifiesto la urgencia de identificar
nuevas dianas terapéuticas para detener la progresión de la enfermedad y proporcionar un
tratamiento eficaz.

En este contexto, esta tesis doctoral pretende contribuir al conocimiento científico de
las posibilidades farmacológicas de los I2-IR en enfermedades neurodegenerativas con
necesidades médicas no cubiertas, como la EA. Más concretamente, durante esta tesis,
evaluamos las propiedades neuroprotectoras de ligandos selectivos de los I2-IR, que están
bien caracterizados además de ser estructuralmente novedosos, en modelos de ratón de EA
de inicio tardío y de inicio temprano, con el objetivo de proponer a los I2-IR como una
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nueva diana terapéutica para la EA.

En resumen, demostramos que el tratamiento crónico con ligandos potentes y altamente
selectivos para los I2-IR previene el deterioro cognitivo y mejora los fenotipos relacionados
con los síntomas conductuales y psicológicos de la demencia, como los comportamientos
ansiosos y depresivos además de los déficits sociales en los modelos de ratón de EA utiliza-
dos. Además, la prevención del declive cognitivo generalizado de los ratones tratados con
los diferentes ligandos I2-IR es coherente con los cambios positivos a nivel molecular. En
particular, aportamos pruebas de los efectos beneficiosos sobre las principales característi-
cas de la EA como la patología Aβ y la hiperfosforilación de Tau, además de la mitigación
de la neuroinflamación y el daño oxidativo, procesos con un papel fundamental en el inicio
y la progresión de la EA. Notablemente, hemos detectado alteraciones en las enzimas
clave relacionadas con la señalización de Ca2+ inducidas por el tratamiento con ligandos
selectivos de los I2-IR, lo que proporciona información sobre los procesos implicados en
el mecanismo de acción neuroprotectora. Finalmente, el tratamiento con ligandos I2-IR
ejerció mayores efectos beneficiosos que el donepezilo en el proceso neurodegenerativo.
Concluimos, por lo tanto, que la modulación del I2-IR mediante ligandos selectivos puede
ser una estrategia terapéutica novedosa para la EA.



Thesis Structure

The present doctoral dissertation is presented in the following chapters:

Chapter 1- Introduction provides background knowledge and summarises the existing
research of the topic in which this thesis is framed, i.e., the Imidazoline Receptor System,
with a special focus on the I2 Imidazoline Receptors, and the Alzheimer’s Disease.

Chapter 2 - Objectives contains the general aim and central problems that were addressed
during the development of this dissertation and at the beginning of each scientific work.

Chapter 3 - Methods and Results is divided into five sections, each one of which is
based on a separate scientific investigation, already published in international peer-review
journals. In the aforementioned sections we provide evidence regarding the beneficial
effects observed after treatment with structurally novel, as well as with already established
selective I2 Imidazoline Receptor ligands on: (a) cognition, (b) behaviour and (c) molecular
pathways in two well-established mouse models of neurodegeneration and Alzheimer’s
Disease.

Chapter 4 - Discussion provides an in-depth interpretation of the results obtained through-
out the dissertation, seeking emergent patterns among findings and comparing them with
the evidence already described in the literature.

Chapter 5- Conclusions is a set of concluding statements based on the findings collected
from the five different investigations.

The Annex contains the following: (a) unpublished results, collected during this thesis
by the author and other members of the same research group, that provide additional
information and extend the discussion of the results. (b) publications in which the author
substantially participated during the thesis preparation period, the results of which are also
discussed yet are not considered part of the main content.
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Chapter 1

Introduction

1.1 Imidazoline Receptor System

1.1.1 Discovery, History and Classification

Imidazoline receptors (IR), also called imidazoline binding sites, are a family of heteroge-
neous entities with a high affinity for compounds bearing an imidazoline ring [(a five-atom
ring, two of which are nitrogen atoms, (Fig. 1)] (Bousquet et al., 1984). The concept of
the IR system was introduced decades ago, following extensive research documenting
their relationship and, finally, their distinction from the adrenergic receptors (AR), and
in particular, the subtype α2 (α2-AR). The α2-AR are involved in the negative feedback
control of the release of the sympathetic system neurotransmitter noradrenaline and also
recognise imidazoline-related compounds (Langer et al., 1977). However, a significant
part of the biomedical community is still unfamiliar with the IR system, and this may
be partially due to its limited mention in scientific sources of the major pharmacological
targets and receptors (Alexander et al., 2011). Nevertheless, at present, there is an emerging
research interest in the IR owing to a large body of evidence demonstrating the promising
pharmacological and therapeutic potential of IR ligands in several pathological conditions.

In the 1960s, the discovery of clonidine, later described as an α2-AR agonist, marked
the first step in the emerging field of IR research (Stähle, 2000). Clonidine, a chemical
compound that contains an imidazoline ring (Fig. 1), although initially developed for the
treatment of rhinorrhoea, was shown to exert hypotensive and bradycardic effects due to
its action in the central nervous system (CNS) by inhibiting the sympathetic tone (J.M.
Armstrong & Boura, 1973; Klupp et al., 1970; Kobinger, 1967; Kobinger & Walland,
1967, 1972b, 1972a). Clonidine’s hypotensive effect was initially attributed to its α2-AR

1
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properties, given that α2-AR antagonists (e.g., yohimbine, piperoxan) blocked this effect
(Greenberg et al., 1976; Rouot & Snyder, 1979; Schmitt & Fénard, 1973). However,
several subsequent findings indicated that the α2-AR mechanism hypothesis of clonidine’s
action was not sufficient to completely explain its hypotensive effect; therefore, it was
suggested that clonidine and imidazoline related compounds might act through specific
sites (non-adrenergic) that recognise imidazoline/imidazole-containing ligands.

This was formalised by Bousquet et al. in 1984, who first proposed the “sites preferring
the imidazoline structure” and introduced the concept of non-adrenergic receptors for
imidazoline compounds (Bousquet et al., 1984) while the, now used by the scientific
community, denomination “imidazoline receptors” was introduced in 1987 (Ernsberger et
al., 1987). Most of the studies published during the 1980s and early 1990s regarding the
IR, described not only the physiologic and pharmacologic features of these new molecular
entities but also their distinction from α2-AR, some of which are reported in Table 1 .

Table 1: Key findings in chronological order that suggested the existence of non-adrenergic
receptors for imidazoline compounds.

YEAR FINDINGS
1976 Clonidine’s hypotensive effect was effectively blocked by an imidazole-containing histamine

H2 receptor antagonist (cimetidine) without actions on α2-AR (Karppanen et al., 1976).

1977 Lack of cross-desensitisation between structurally dissimilar α-AR agonists (imidazolines,
phenylethylamines, catecholamines) was reported ( Ruffolo et al., 1977).

1981 Nucleus reticularis lateralis (NRL) (small nucleus which contains sympathetic neurons,
acting as a vasopressor centre) was considered a primary site of hypotensive action for
clonidine, which permitted a pharmacological distinction from α2-AR compounds action in
latter experiments (Bousquet et al., 1981).

1983 Differences in the nature of binding to α2-AR receptors between compounds with imidazo-
line structure or phenylethylamine structure were reported (Ruffolo et al., 1983).

1984 Structure-activity relationship studies using phenylethylamine-based chemical compounds
(e.g. α-methylnoradrenaline), highly selective for α2-AR, did not lower the blood pressure
after microinjection into the NRL in contrast to the imidazoline compounds (Bousquet et
al., 1984).

1987-1994 A significant percentage of the specific [3H]-clonidine or [3H]-para-aminoclonidine (PAC)
high-affinity binding was not displaced by catecholamines (e.g. adrenaline, norepinephrine,
dopamine) in brain tissue (Bricca et al., 1988, 1989, 1993, 1994; Ernsberger et al., 1987).

2001 Administration of clonidine induced hypotensive effects in engineered mice without func-
tional α2-AR, suggesting that exclusive action on the imidazoline receptors is enough to
induce a hypotensive action (Bruban et al., 2001, 2002).
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In the early 1990s, the radioligand [3H]-idazoxan, an imidazoline and antagonist for α2-
AR, was shown to recognise non-adrenergic binding sites different from those labelled by
the non-imidazoline α2-AR antagonist [3H]-rauwolscine in autoradiographic distributions
studies (Boyajian et al., 1987; De Vos et al., 1991; Mallard et al., 1992). More importantly,
it was revealed later that the non-adrenergic binding sites labelled by [3H]-idazoxan were
different from those labelled by [3H]-para-aminoclonidine (PAC) (analogue of clonidine
used as a tool to label non-adrenergic sites), and their pharmacological properties were also
different (Wikberg, 1989; Wikberg & Uhlén, 1990). These findings suggested the existence
of different categories of non-adrenergic binding sites. Ultimately, it was shown that
clonidine and idazoxan could bind to both sites categories albeit with different affinities,
leading to the subdivision of the IR into two principal subtypes: the I1 Imidazoline
receptors (I1-IR), which represent the non-adrenergic clonidine-preferring subtype and
the I2 Imidazoline receptors (I2-IR) being the non-adrenergic idazoxan-preferring subtype
(Regunathan & Reis, 1996).

Figure 1: Chemical Structures of Imidazoline, Imidazole, Guanidine, Clonidine, Idazoxan

To date, the IR have been classified into three subtypes based on biochemical, functional
and ligand binding characterisations. Below, we highlight their main properties and
distinguishing features (Fig.2).

• The I1-IR display high affinity for the imidazoline-containing clonidine, its analogue
PAC and related compounds (e.g. moxonidine, rilmenidine, efaroxan) (Molderings
et al., 1993). I1-IR have been shown to mediate the hypotensive effects of clonidine
and clonidine-like drugs; thus, they are involved in blood pressure control and
hypertension (Ernsberger & Haxhiu, 1997; G. Head & Mayorov, 2008). I1-IR
ligands such as moxonidine and rilmenidine are clinically used to treat hypertension
(Fenton et al., 2006; Kawecka-Jaszcz et al., 2006; Sica, 2007).

• The I2-IR display high affinity for the imidazoline-containing idazoxan and related
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I2-IR compounds (see section 1.3) and guanidines (Fig. 1) (Miralles et al., 1993). Of
note, the I2-IR were further sub-divided into I2A and I2B according to their high or low
affinity for amiloride (a guanidinium-derivative), respectively, presenting different
pharmacological profiles (Diamant et al., 1992; Escribá et al., 1996; Miralles et al.,
1993; Olmos, Alemany, et al., 1999). I2-IR are involved in various centrally mediated
pharmacological effects related to analgesia (Diaz et al., 1997; J. X. Li & Zhang,
2011), hyperphagia (Jackson et al., 1991; Polidori et al., 2000), hypothermia (Thorn
et al., 2012), depression (Halaris & Piletz, 2003; Holt, 2003) and neuroprotection,
on the latter of which focuses the present doctoral dissertation (see section 1.4.1).

• Finally, some atypical IR, whose pharmacological properties do not correspond
to any of the previous subtypes, have been identified in pancreatic β-cells and
designated as I3 Imidazoline receptors (I3-IR). I3-IR have been involved in insulin
secretion (Chan et al., 1994; Y. Li et al., 2015).

Figure 2: Schematic classification of IR and major IR-associated pharmacological target effects.
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1.2 I2 Imidazoline Receptors

As mentioned, the I2-IR, also called idazoxan-preferring subtype, display high affinity
for [3H]-idazoxan radioligand and lower affinity for [3H]- clonidine (Regunathan & Reis,
1996). Unfortunately, I2-IR have not been cloned yet, and their structures remain uniden-
tified. For this reason, knowledge of the I2-IR field has been primarily based on studies
using mixed antagonists for I2-IR and α2-AR, such as the I2-IR prototype idazoxan (similar
affinities for I2-IR and α2-AR) (Table 2) and later more selective I2-IR ligands. In fact,
although idazoxan is not a selective I2-IR ligand, it has been an invaluable tool for the
discrimination, localisation, characterisation and functionality of the I2-IR in the early
research stages. Thus, ligand binding studies in membranes isolated from different tissues
and species, autoradiographic and immunodetection studies have established the I2-IR
distribution provided information concerning the kinetics of binding and recognition of
the subclasses. I2-IR have been identified in many organs and tissues (brain, kidney, liver,
colon, placenta, prostate, urethra, adrenal medulla, carotid bodies) and cell types (astro-
cytes, glial cells platelets, pancreatic cells, vascular smooth muscle cells) (Regunathan &
Reis, 1996).

1.2.1 Identification of I2 Imidazoline Receptors in the brain

I2-IR were initially labelled by the radioligands [3H]-idazoxan and later by its analogue
[3H]-2-BFI (selective I2-IR ligand, see section 1.3.3) in human and rodent brains, and
rapidly it became evident that they constitute a highly heterogeneous group of multiple
proteins (Boyajian et al., 1987; De Vos et al., 1991; Lione et al., 1998; Mallard et al.,
1992; Miralles et al., 1993). Early immunological studies further contributed to ascribing
the IR nature to distinct proteins in human and rodent brains. These studies primarily
used a polyclonal antiserum named imidazoline receptor binding protein (IRBP), raised in
rabbits against a 70 kDa protein purified from bovine adrenal chromaffin cell membranes
by idazoxan or clonidine affinity chromatography (H. Wang et al., 1992, 1993). In brain
tissues, the anti-IRBP antibody recognised multiple protein bands (human brains: 30, 47,
60, 66 kDa; rat brains: 30, 45, 66 and 85 kDa; mouse brains: 20, 57, 66 and 85 kDa;
rabbit brains: 30, 57, 66, 85), thus pointing out the heterogeneity of IR proteins as well as
a differential expression among species (Escribá et al., 1994, 1996; Olmos, Alemany, et
al., 1999). It must nevertheless be emphasised that the anti-IRBP antibody used in those
studies was not able to distinguish between I1-IR and I2-IR.

Unlike I2-IR, I1-IR candidate proteins (molecular weight about 167 kDa), namely human
IR antisera-selected (IRAS) protein (Piletz, Ivanov, et al., 2000) and its mouse homolog
nischarin (Alahari et al., 2000) were cloned and suggested to represent functional I1-IR,
precursor proteins of IR entities or subunits of complex structures responsible for binding
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imidazoline compounds (Piletz et al., 1999, 2003; Piletz, Ivanov, et al., 2000; Sun et al.,
2007). Hence, in a more recent study, Keller and Garcia-Sevilla (2015) using the three anti-
bodies anti-IRBP (I1/I2-IR), anti-NISH (I1-IR) and anti-nischarin (I1-IR) immunodetected,
characterised and compared the expression of IR in mouse and human brains. Regarding
the I2-IR, with the antibodies used, immunoreactive proteins approximately of 30, 45, 66
kDa were related to the I2-IR type. This was supported by the fact that treatments with
I2-IR selective ligands but not with I1-IR ligands modulated these contents in the mouse
brain cortex (Keller & García-Sevilla, 2015) and was in agreement with previous literature,
which demonstrated that the 29/30 and 45 kDa IR proteins expression correlated with
I2-IR labelled by [3H]-idazoxan densities suggesting these proteins to be the main binding
entities (Escribá et al., 1996; J. A. García-Sevilla, Sastre, et al., 1995; Sastre et al., 1996).

1.2.2 Cellular localisation of I2 Imidazoline Receptors in brain

At a cellular level, the I2-IR are expressed in both neurons and glia cells in the CNS (Keller
& García-Sevilla, 2015; Regunathan et al., 1993). Although early binding studies with
[3H]-Idazoxan showed that I2-IR were expressed in rat cortical astrocytes (the primary
type of glial cells), but not in cortical neurons (Regunathan et al., 1993), it was demon-
strated later that I2-IR are also found in neurons albeit in a lower density (Garcia-Sevilla &
Ferrer-Alcon, 2003; Keller & García-Sevilla, 2015; Ruggiero et al., 1995, 1998) (Fig.3).
Interestingly, incubation of rat cortical astrocytes with [3H]-idazoxan was also shown to
increase the mRNA of glial fibrillary acidic protein (GFAP), a marker of astrocytes activa-
tion (Regunathan et al., 1993). Similarly, astrocytic hyperplasia and upregulation of GFAP
expression were observed in rat brains after chronic treatment with I2-IR drugs, which
more importantly went in parallel with I2-sites density (J. A. García-Sevilla, Alemany, et
al., 1995; Olmos et al., 1994). This evidence not only supported the primary localisation
of I2-IR in astrocytes but also postulated a close relationship of I2-IR with glia modulation
(see also section 1.4.1).

1.2.3 Subcellular distribution of I2 Imidazoline Receptors

At a subcellular level, I2-IR are localised in the cell membrane and predominately in the
outer membrane of mitochondria of various rabbit, bovine and human tissues, including
the brain (Limon et al., 1992; Regunathan & Reis, 1996; Tesson et al., 1991, 1992; Tesson
& Parini, 1991). In this context, biochemical and pharmacological studies suggested a pos-
sible structural and functional correlation between I2-IR and monoamine oxidases (MAO),
two mitochondrial enzymes (MAO-A, MAO-B) involved in the oxidate deamination of
neurotransmitters and exogenous amines; however, the nature of their relationship was
debated for decades.
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Early studies demonstrated a significant correlation between I2-IR and MAO-B expression
in the human brain (Sastre & García-Sevilla, 1993), suggesting their co-expression although
discounting a direct interaction of I2-IR ligands (e.g. idazoxan) with the active centre of
both isoenzymes of MAO (J. A. García-Sevilla, Sastre, et al., 1995; Olmos et al., 1993;
Sastre & García-Sevilla, 1993). Albeit several studies postulated that the I2-IR are located
in MAO (Parini et al., 1996; Raddatz et al., 1997; Remaury et al., 1998, 1999) lines of
evidence supported the existence of various I2-IR that are distinct from MAO isoenzymes
(Ballesteros et al., 2000; Escribá et al., 1996; Olmos, Alemany, et al., 1996; Ozaita et al.,
1997; Sastre & García-Sevilla, 1997). For example, MAO isoenzymes and IR proteins
were shown to have different molecular weights (29/30 and 45 kDa for IR proteins versus
63 and 59 kDa for MAO-A anad MA0-B isoforms, respectively) (Escribá et al., 1996,
1999) and notably, I2-IR binding was reported in MAO knockout mice (Anderson, Seif, et
al., 2006; Remaury et al., 2000).

At the same time, chronic treatments with MAO inhibitors (e.g. phenelzine) were associated
with downregulation of brain I2-IR, implying a relationship between I2-IR and MAO,
although this was suggested to occur through an indirect mechanism (Alemany et al., 1995;
Escribá et al., 1996; Olmos et al., 1993). Interestingly, I2-IR ligands were shown to inhibit
MAO-A and/or MAO-B in vitro and in vivo, and in some cases to elevate monoamine
levels (Carpéné et al., 1995; F. Ferrari et al., 2011; Ozaita et al., 1997; Raasch et al., 1999;
Sastre-Coll et al., 1999; Ugedo et al., 1999). Furthermore, the fact that the nature of the
inhibition was shown to vary (competitive for MAO-A; competitive, non-competitive or
through mixed mechanisms for MAO-B) suggested that I2-IR on MAO represent allosteric
regulatory sites that are able to modulate MAO activity through an allosteric inhibitory
mechanism. (McDonald et al., 2010; Parini et al., 1996; Paterson et al., 2007; Tesson et
al., 1995). Nevertheless, the fact that I2-IR radioligands saturate their receptors at low
nanomolar concentrations while for MAO inhibition are required millimolar concentrations
is enigmatic (Olmos, Alemany, et al., 1999; Ozaita et al., 1997). Ultimately, more recent
studies demonstrated that radiolabelling of I2-IR in rhesus monkeys and human brains
was not blocked by MAO inhibitors (Parker et al., 2014; Tyacke et al., 2018) or that
MAO inhibitors blocked only the labelling of a subpopulation of I2-IR in human brains (A.
Kumar et al., 2021).

Taken together, to date, there is little doubt that several I2-IR are related to MAO enzymes
through the presence of an I2-IR population situated away from the active/substrate site,
which has important implications on the enzyme’s activity; however, MAO cannot account
for all I2-IR. More importantly, Kimura et al. (2009) reported the identity of the 45 kDa
imidazoline protein to be brain creatine kinase and that I2-IR are expressed within the
enzyme, further confirming the existence of I2-IR unrelated to MAO and the heterogeneous
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nature of I2-IR (Kimura et al., 2009) (Fig.3).

Figure 3: Schematic distribution, cellular and subcellular localisation of I2-IR in the brain.

1.3 I2 Imidazoline Receptor ligands

1.3.1 Endogenous Imidazoline Receptor ligands

Extensive research in the imidazoline field has been performed to identify the endogenous
ligands. The putative candidates are the clonidine-displacing substance (CDS), agmatine,
Imidazole-4 Acetic Acid-Ribotide (IAA-RP) and harmane (Fig. 4). In 1984, the substance
CDS was purified from the mammalian brain and launched the endogenous ligands research
(Atlas & Burstein, 1984). CDS was shown to displace [3H]-clonidine binding to α2-AR
and labelled ligands from I1-IR and I2-IR (Coupry et al., 1990; Ernsberger et al., 1988).
Two of the active constituents of CDS were reported to be the β-carbolines harmane,
and harmalan which display affinity at I1-IR and I2-IR (Husbands et al., 2001; Parker et
al., 2004), and harmane additionally was shown to bind to I3-IR (Morgan et al., 2003).
Interestingly, harmane was reported to control blood pressure through I1-IR (Musgrave
and Badoer, 2000), to inhibit MAO-A with evidence suggesting this to occur through
I2-IR (Anderson, Tyacke, et al., 2006; Lalies et al., 1999; MacInnes & Handley, 2002),
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and to be involved in I3-IR-mediated insulin release (Morgan et al., 2003); however, so
far, a neurotransmitter role for harmane has not been assigned (Bousquet et al., 2020). In
2004, Prell et al. proposed IAA-RP as a neurotransmitter acting via IR, present in the
brain and neurons and detectable in CDS extracts. IAA-RP increased blood pressure and
induced synaptic depression (Bozdagi et al., 2011; Prell et al., 2004). These effects were
suggested to involve I1-IR and/or I3-IR activation, suggesting IAA-RP to be an important
candidate as an endogenous ligand for IR (Bousquet et al., 2020). In 1994, agmatine was
first proposed as an endogenous ligand for IR (G. Li et al., 1994) and an endogenous
neurotransmitter within the CNS (Reis & Regunathan, 1999, 2000), which agreed with
its anatomical distribution within the brain (Raasch et al., 1995). Agmatine has been
shown to bind both to α-AR and IR (I1-IR and I2-IR) with low affinity (Hudson et al.,
Reis & Regunathan, 2000), and the IR involvement was reported to account for several of
agmatine’s effects (G. A. Head & Mayorov, 2006; Piletz et al., 2013). Besides, agmatine has
several molecular targets other than IR, such as N-methyl-D-aspartate (NMDA) receptors,
5-hydroxytryptamine (5-HT) or serotonin 5-HT2A and 5-HT3 receptors, nitric oxide
synthase (NOS), among others (Berkels et al., 2004; Piletz et al., 2013). As a result, it is
still unclear whether all the biological effects produced are attributed to IR modulation (G.
A. Head & Mayorov, 2006). However, agmatine is presumed as the endogenous ligand for
IR over the other proposed substances (Hudson, 2015; Piletz et al., 2013).

Figure 4: Chemical structures of the proposed endogenous ligands candidates.

1.3.2 Synthetic I2 Imidazoline Receptor ligands

As mentioned, idazoxan was the first I2-IR ligand used for the characterisation of I2-IR;
however, idazoxan also binds to α2-AR (Michel & Insel, 1989) and 5-HT1A (Lladó
et al., 1996). Consequently, given the complex nature of the imidazoline system, the
development of selective I2-IR ligands became a pressing need for the understanding
of I2-IR. In efforts to chemically modify the structure of idazoxan, several selective I2-
IR ligands were synthesised over the past decades. All these ligands share a common
characteristic: the imidazoline moiety (except two that bare an imidazole structure in-
stead) and display variable affinity and selectivity for IR/α2-AR or I1-IR/I2-IR (Table
2). These include: LSL61122; valldemossine or tracizoline (2-styryl-2-imidazoline),
LSL60101 [2-(2-benzofuranyl)imidazole)], 2-BFI [2-(2-benzofuranyl)-2-imidazoline] and
its quinoline analogue BU224 [2-(4,5-dihydroimidazol-2-yl) quinoline hydrochloride], the
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irreversible ligand BU99006 [5-isothiocyanoato-2-benzofuranyl-2-imidazoline], CR4056
and the radiolabelled [11C]-BU99008 and [3H]-BU99008 (Fig. 5). These I2-IR ligands
have been used extensively for the characterisation of I2-IR and/or the assessment of
functional and pharmacological effects mediated by the I2-IR system, and notably, the
compounds CR4056, [11C]-BU99008 and [3H]-BU99008 have been recently used in hu-
man studies as well (Comi et al., 2017; A. Kumar et al., 2021; Rovati et al., 2020; Tyacke
et al., 2018).

Figure 5: Chemical structures of known I2-IR ligands.

1.3.3 Structurally novel I2 Imidazoline Receptor ligands

It is important to note that structurally, the above-listed imidazoline ligands, widely used for
the characterisation of IR, present a restricted variation being all imidazoline (or imidazole)
compounds substituted at the 2-position with distinct heterocycles (except for agmatine and
agmatine-like aliphatic guanidines). It was then hypothesised that structure modifications
beyond the 2-position substitution could lead to I2-IR ligands with an improved affinity
and selectivity for the I2-IR over the I1-IR and α2-AR, and thus enhanced pharmacological
properties and/or limited side effects resulted from α2-AR binding. This hypothesis was
addressed by Abas et al., (2017) and gave rise to a different series of compounds pertaining
to a chemical family named (2-imidazolin-4-yl) phosphonates (Abás et al., 2017). This new
family present 2 different series of compounds, both substituted in position 1 and 4 (in con-
trast to previously known 2-substituted I2-IR ligands), bearing also or not, an extra phenyl.
Through competition binding studies against selective I2-IR radioligand ([3H]-2BFI) or
selective α2-AR radioligand (3H]-RX821002), it was shown that the structurally new com-
pounds presented higher affinity for I2-IR and/or higher I2/α2 selectivity when compared
to idazoxan (Table 2). Among them, 2 compounds emerged as promising ones: the MCR5
[diethyl (1-(3-chloro-4- fluorobenzyl)-5,5-dimethyl-4-phenyl- 4,5-dihydro-1H- midazole-
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4-yl)phosphonate] presenting an outstanding affinity for I2-IR and MCR9 (replacement of
the phosphonate ester in position 4 by a methyl ester) [methyl 1-(3-chloro-4-fluorobenzyl)-
5,5-dimethyl-4-phenyl-4,5-dihydro-1H-imidazole-4-carboxylate] with a 4-fold increase in
selectivity over the α2-AR (Abás et al., 2017). The promising from a chemical point of view
results led to the synthesis of compounds pertaining to the bicyclic α- iminophosphonates
family. Among them, B06 diethyl (1RS, 3aSR, 6aSR)-5-(3-chloro-4-fluorophenyl)-4,6-
dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phos- phonate] displayed
an outstanding affinity for the I2-IR and excellent selectivity index regarding I1-IR and
α2-AR (Table 2) (Abás et al., 2020) (Annex A.3). All the above evidence points out
MCR5, MCR9 and B06 to be appropriate I2-IR candidates for unravelling the biological
and pharmacological actions of I2-IR (Fig. 6).

Figure 6: Chemical structures of novel I2-IR ligands

Table 2: I2-IR and α2-AR affinities (pKi) of established and novel I2-IR ligands in
membranes from postmortem human frontal cortex. Competition experiments against
[3H]-2-BFI were biphasic for most of the compounds.

Compound
[3H]-2-BFI

I2 pKi one site
[3H]-2-BFI

I2 pKi two sites
[3H]-RX821002 α2 Selectivity I2/α2

Idazoxan 7.41 ± 0.63 7.87 ± 0.74 5.76 ± 0.57 7.92 ± 0.07 -
2-BFI 8.31 ± 0.13 9.08 ± 0.22 7.15 ± 0.31 4.58 ± 0.22 5370

CR4056 5.95 ± 0.11 7.72 ± 0.31 5.45 ± 0.15 2.65 ± 1.24 1995
LSL60101 6.67 ± 0.09 8.17 ± 0.19 6.02 ± 0.10 3.18 ± 0.17 3090

BU99008 7.05±0.17 6.89 ± 0.21 3.82 ± 0.30 4.37 ± 0.17 479
Tracizoline 7.58±0.12 8.48 ± 0.51 6.48 ± 0.32 4.33 ± 0.22 1778

MCR5 9.42 ± 0.16 N/A N/A 6.76 ± 0.22 457
MCR9 8.85 ± 0.21 N/A N/A 5.58 ± 0.14 1862

B06 8.56 ± 0.32 8.61 ± 0.28 4.29 ± 0.20 6.27 ± 0.56 195
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1.4 Neuropharmacology of I2 Imidazoline Receptor
ligands

The up-to-date approaches for identifying the I2-IR proteins suggested their existence as
a heterogeneous population and confirmed their differential expression among species
and tissues. This is of special significance since this heterogeneity can often be translated
into differences in pharmacological effects induced by I2-IR ligands in vivo and in vitro.
Nevertheless, albeit I2-IR are considered more a heterogeneous group of proteins rather
than classic receptors, I2-IR binding of I2-IR drugs has been shown to exert common phar-
macological effects in the CNS associated with neuroprotection hypothermia, analgesia,
and discriminative stimulus effects.

1.4.1 Putative neuroprotective effects

By definition, neuroprotection refers to the “relative preservation of neuronal structure
and/or function”, and it is an action that aims to prevent acute neuronal damage or chronic
neurodegeneration (Wiendl et al., 2015). Several studies have evaluated the neuroprotective
effect of well-established I2-IR ligands by influencing cellular and molecular mechanisms
that lead to neuronal damage and death, such as inflammation, calcium (Ca2+) dysregula-
tion, oxidative damage and apoptosis.

I2-IR ligands appear to modulate the inflammation response by altering astrocytic reactivity
(GFAP upregulation or downregulation) (Casanovas et al., 2000; J. A. García-Sevilla,
Alemany, et al., 1995; Olmos et al., 1994; Siemian et al., 2018) attenuating microglial
activation and decreasing the pro-inflammatory cytokine secretion in in vitro and in vivo
experimental models of CNS disorders, including pain (Feinstein et al., 1999; Ni et al.,
2019; Regunathan et al., 1999; Siemian et al., 2018; Y.-B. Zhu et al., 2015). Similarly,
agmatine has been shown to exert anti-inflammatory properties (Abe et al., 2000; Ahn et al.,
2012). Of note, glia modulation by I2-IR ligands is consistent with the primary localisation
of I2-IR in glial cells. Moreover, an association of I2-IR modulation with neuroinflamma-
tory response has also been suggested to result from their close relationship to MAO-B
activation, given that reactive astroglia increases MAO-B levels (Quintana et al., 2005;
Wilson et al., 2019). Thus, it has been postulated that regulation of neuroinflammation by
I2-IR ligands may account for the mediated neuroprotective effects.

The neuroprotective action of certain I2-IR ligands has been associated with their ability
to modulate NMDA type glutamate receptor activity (DeGregorio-Rocasolano et al.,
1999; Olmos, DeGregorio-Rocasolano, et al., 1999; Olmos, Ribera, et al., 1996), a Ca2+

channel which over-stimulation leads to intracellular Ca2+ overloading, excitotoxicity and
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eventually neuronal death (Dong et al., 2009). In particular, I2-IR ligands such as 2-BFI,
idazoxan and the endogenous ligand agmatine have been shown to inhibit NMDA-mediated
glutamate toxicity and/or intracellular Ca2+ influx in vitro and in vivo (Han et al., 2013;
Jiang et al., 2010; Yang & Reis, 1999). Thus, given that dysregulated Ca2+ homeostasis as
an increase in intracellular Ca2+ concentration is present in the neurodegenerative process,
Ca2+ influx regulation, which can be delivered by NMDA inhibition, has been proposed
as a mechanism whereby the I2-IR ligands confer neuroprotection. In this context, it is
important to note that I2-IR localisation on mitochondrial membranes, which are linked to
Ca2+ mobilisation, could further indicate that alterations in Ca2+ intracellular concentration
may be involved in I2-IR mediated neuroprotection.

Interestingly, I2-IR ligands have been demonstrated to inhibit apoptosis, one of the main
mechanisms of neuronal death (Yakovlev & Faden, 2004), and this effect is considered
to account at least in part for the I2-IR mediated neuroprotection. For example, various
I2-IR drugs have been shown to down-regulate the content of pro-apoptotic factors and
upregulate survival anti-apoptotic ones in rat brain cortex (Garau et al., 2013). Likewise,
I2-IR ligand 2-BFI decreased the levels of caspase-3, a crucial mediator of apoptosis, and
inhibited apoptosis by stabilising the mitochondrial membrane potential in cultured rat
cortical astrocytes (J. Tian et al., 2018). Furthermore, an anti-apoptotic action has also been
assigned to agmatine in in vitro and in vivo experimental models of neurodegeneration
(Hooshmandi et al., 2019; Moosavi et al., 2014). Ultimately, other mechanisms have also
been involved in the neuroprotective effects of I2-IR drugs, including but not limited to
oxidative damage mitigation in vitro and in vivo and lysosomal membrane stabilisation in
astrocytes (D.-H. Choi et al., 2018; S.-H. Choi et al., 2002; Guerra de Souza et al., 2018;
J.-S. Tian et al., 2017).

At last, I2-IR modulation by I2-IR ligands has linked to body temperature regulation (Thorn
et al., 2012). Indeed, hypothermia (body temperature decrease) has been associated with
neuroprotection and appears to be a common dose- and time-dependent effect mediated
by I2-IR ligands. Thus, the I2-IR neuroprotective effects have been partially attributed to
hypothermic induced effects. Interestingly, studies that reported hypothermic effects of
I2-IR ligands showed an almost full reversion of the effect by pre-treatment with idazoxan,
but not by other I1-IR or α2-AR (Thorn et al., 2012). Therefore, it has been suggested that
body temperature assessment under I2-IR treatment can be indicative of imidazoline drugs
nature (e.g. I1/I2-IR ligands, agonistic/antagonistic properties), especially in the early steps
of the development of novel I2-IR ligands (Abás et al., 2017).
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1.4.2 Other CNS pharmacological effects

The I2-IR have been established as a promising target for the development of analgesics
against chronic pain. Preclinical studies have demonstrated that I2-IR ligands such as
2-BFI, tracizoline, LSL60101 as well as the endogenous ligand agmatine are effective for
chronic inflammatory and neuropathic pain in several rodent models (J. X. Li & Zhang,
2011; J.-X. Li et al., 2014; Thorn et al., 2017). Of note, the selective I2-IR ligand CR4056
recently completed a Phase II clinical trial for the treatment of chronic inflammatory pain
conditions (F. Ferrari et al., 2011; Rovati et al., 2020). Moreover, the I2-IR ligands were
shown to potentiate the opioid analgesic effects and decrease adverse effects related to
opioid use (e.g. antinociceptive tolerance); thus, I2-IR drugs were further suggested as
promising therapeutic co-adjuvants in the management of chronic pain with opiate drugs
(Boronat et al., 1998; F. Ferrari et al., 2011; Siemian et al., 2016; Thorn et al., 2011,
2015, 2016). Additionally, the I2-IR ligands are capable of producing discriminative
stimulus effects, in such way suggesting or confirming that: i) I2-IR ligands share similar
pharmacological mechanisms (Qiu et al., 2014, 2015) ii) I2-IR are closely related to MAO-
A, which modulation possibly contributes to discriminative stimulus effects (Jordan et al.,
1996; MacInnes & Handley, 2002), and iii) more than one I2-IR (several I2-IR proteins)
exist at which I2-IR ligands such as idazoxan may act differently, for example, either as
antagonists or agonists.

1.5 I2 Imidazoline Receptors in Brain Disorders

As already mentioned, the I2-IR identification and their cellular and subcellular distribution
in the brain have been well established over the years, providing the basis for the investiga-
tion of their biological and pharmacological properties. In fact, the early assessment of the
I2-IR critical role in glial modulation and their intimate relationship with MAO enzymes
prompted several groups in the 1990s to investigate the putative I2-IR involvement in brain
diseases associated with these pathophysiological features, such as neurodegenerative and
neuropsychiatric diseases (J. García-Sevilla et al., 1995; J. A. García-Sevilla et al., 1999).

1.5.1 I2 Imidazoline Receptors and neurodegenerative diseases

Early studies demonstrated altered I2-IR densities in neurodegenerative diseases, including
Alzheimer’s Disease (AD), Parkinson’s Disease (PD) and Huntington’s Disease (HD)
(Table 3). Moreover, series of preclinical studies have demonstrated the efficacy of I2-IR
modulation against ischemic stroke (Gustafson et al., 1990; Han et al., 2013; Maiese et al.,
1992), autoinmune encephalomyelitis (Gilad et al., 1996; F. Li et al., 2012; P. Wang et al.,
2011; Y.-B. Zhu et al., 2015), focal cerebral ischemia (Han et al., 2009, 2010, 2012; Zhang
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et al., 2018), traumatic brain injury (Ni et al., 2019). Therefore, this evidence suggests that
I2-IR distribution and modulation may be associated with neurodegeneration.

Particularly in AD, the most common age-related neurodegenerative disease (described in
detail in Section 1.7), increased density of I2-IR labelled by [3H]-idazoxan and immunore-
activity of IR proteins (29, 30, 45 kDa bands) were detected in post-mortem patients’
brains compared to healthy controls (J. A. García-Sevilla et al., 1998; Ruiz et al., 1993).
Accordingly, I2-IR labelled by [3H]-idazoxan showed a positive correlation with age in
studies with elderly samples (Sastre & García-Sevilla, 1993). In parallel, α2-AR density
was decreased both in aged individuals and the AD samples, further indicating the indepen-
dence between α2-AR and I2-IR and, more importantly, their involvement in age-related
disorders such as AD (Ruiz et al., 1993). Interestingly, changes in expression of I2-IR
were also associated with increased astrocytic activation in neurodegenerative disorders.
Recent studies using the I2-IR radioligand [3H]-BU99008 to evaluate astroglia pathology
in neurodegenerative brains confirmed an altered expression of I2-IR in different brain
regions (AD (increased): frontal cortex, hippocampus; early PD (increased) cortical areas
and the brainstem; moderate/advanced PD (decreased): cortical, subcortical areas) (A.
Kumar et al., 2021; Wilson et al., 2019) (Table 3). Interestingly, in AD post-mortem brains,
[3H]-BU99008 was shown not only to detect I2-IR by visualising reactive astrogliosis but
also to present a multiple affinity binding site model, highlighting the heterogeneity of
I2-IR in the AD brain (A. Kumar et al., 2021). These findings, taking as well into account
that both glia reactivity (increased GFAP) and MAO system alterations in play a pivotal
role in the neurodegenerative process (K. Li et al., 2019; Naoi et al., 2012), point out the
potential of selective I2-IR ligands to mediate neuroprotective and potentially therapeutic
effects under neurodegenerative processes such as AD.

1.5.2 I2 Imidazoline Receptors and depression

Alterations in the brain densities of IR (both I1-IR and I2-IR) have also been associated
with neuropsychiatric disorders (Table 3). Moreover, IR have been shown to influence
the actions of the antidepressants involved in the pathophysiology of depression (J. A.
García-Sevilla et al., 1996; Piletz et al., 2008; Piletz et al., 1994). Chronic antidepressant
treatment (e.g. fluoxetine, citalopram, imipramine, desipramine) and treatment with MAO
inhibiting antidepressant drugs (e.g. phenelzine, clorgyline) were shown to normalise this
IR dysregulation (Alemany et al., 1995; Piletz et al., 2008; H. Zhu et al., 1997). Focusing
on the I2-IR, the latter findings are not surprising given the association of I2-IR with the
MAO enzyme protein and together have suggested that treatment with selective I2-IR
ligands could be relevant in the treatment of depression.

Indeed, based on this evidence, numerous studies evaluated the potential antidepressant
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Table 3: Alterations of I2-IR density and IR immunoreactivity in brain tissue from patients

with brain disorders. PM binding and immunodetection experiments were performed in tissue

membranes.

Disease Type Of Study Detection Brain Tissue I2-IR Density References

Ageing
PM Binding/age [3H]-Idazoxan FCx Increased Sastre & García-Sevilla, 1993

Immunoreactivity/age 29/30, 45 kDa IR FCx Increased J. A. García-Sevilla, Sastre, et al., 1995

Alzheimer’s
Disease

PM Binding [3H]-Idazoxan PFCx Increased Ruiz et al., 1993
Immunoreactivity 29/30, 45 kDa IR FCx Increased J. A. García-Sevilla et al., 1998

PM Binding [3H]-BU99008 Cx, Hip Increased A. Kumar et al., 2021

Parkinson’s
Disease

PM Binding [3H]-Idazoxan Cx Unaltered Gargalidis-Moudanos et al., 1997
PM Binding [3H]-2BFI Cx, Putamen Unaltered Reynolds et al., 1996

In vivo imaging (E) [11C]-BU99008 Cx, brainstem Increased Wilson et al., 2019
In vivo imaging (M/A) [11C]-BU99008 Cx Decreased Wilson et al., 2019

Huntington’s
Disease

PM Binding [3H]-2BFI Putamen Decreased Reynolds et al., 1996

Depression

PM Binding [3H]-Idazoxan FCx Increased Meana et al., 1993
PM Binding [3H]-idazoxan FCx Decreased Sastre & García-Sevilla, 1997

Immunoreactivity 29-30 kDa IR FCx Decreased Sastre & García-Sevilla, 1997
Immunoreactivity 45 kDa IR FCx Increased Sastre & García-Sevilla, 1997
Immunoreactivity 40-50 kDa IR Hip Decreased Piletz, Zhu, et al., 2000

PM (Post- Mortem), Cx (Cortex), FCx (Frontal Cortex), PFCx (Prefrontal Cortex), Hip (Hippocampus), E (Early), M (Moderate), A (Advanced)

effects of I2-IR ligands in vivo. I2-IR ligands 2-BFI, BU224, CR4056 treatments induced
antidepressant-like effects in murine behavioural models (Finn et al., 2003; Siemian et
al., 2019; Tonello et al., 2012). In the same studies, 2-BFI effect was blocked by pre-
treatment with I2-IR ligand idazoxan, suggesting the involvement of I2-IR, while BU224
reported effect was additionally linked to hypothalamic-pituitary adrenal (HPA) axis and
central monoaminergic activity, including serotoninergic 5-HT system alterations (Finn
et al., 2003; Tonello et al., 2012). Of note, other studies reported a lack of antidepressant
effects after treatments with I2-IR ligands such as LSL60101 and 2-BFI in rodent models
(Hernández-Hernández et al., 2021; Siemian et al., 2019). Ultimately, several studies
evaluated the antidepressant effect of agmatine in vivo (Z.-D. Chen et al., 2018; Y. F. Li et
al., 2003; Zomkowski et al., 2002). Although some attributed agmatine’s antidepressant
effect to interaction with NMDA receptors, L-arginine-nitric oxide pathway and α2-AR,
more recent studies suggested the involvement of I2-IR, among others (Kotagale et al.,
2020; Kotagale et al., 2013). Overall, albeit several possible explanations concerning the
implicated mechanisms of such effects have been reported, the exact molecular mechanism
remains to be elucidated. However, it can be concluded that I2-IR may be potential targets
for the therapeutic effects of antidepressants.
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1.6 Brain ageing and neurodegeneration

Ageing is a highly complex inevitable process characterised by a steady decline in physio-
logical functions that lead to physical changes and cognitive impairment, identifiable in
individual organisms (Deary et al., 2009; Niccoli & Partridge, 2012). During brain ageing,
multiple molecular, cellular, structural, and functional alterations occur, which result in
dysregulation of several biological systems from their homeostatic state and may set the
stage for age-related diseases. The ageing process is fundamental to neurodegeneration,
since together with genetic and environmental factors, it contributes to the formation
of neurogenerative diseases AD, PD, HD, amyotrophic lateral sclerosis, frontotemporal
dementia and spinocerebellar ataxias (Duncan, 2011; Hou et al., 2019). In fact, ageing is
considered the primary risk factor for these diseases. However, there are crucial differences
between the alterations in the normal-ageing brain and neurodegenerative brains (e.g. neu-
rodegenerative brain shows significant neuronal death) (Godin et al., 2018). Thus, it is still
unknown whether the observed ageing-related alterations represent lesser aspects of brain
ageing that do not considerably affect function or whether they are harbingers(precursors)
of neurodegeneration and disease.

The basic biological mechanisms that underlie human ageing are associated with the nine
so-called hallmarks of ageing processes (Hou et al., 2019; López-Otín et al., 2013). These
widely used in the scientific community hallmarks are classified into primary, antagonistic
and integrative hallmarks and may serve as a link between ageing and neurodegeneration
since they appear to be also present in the neurodegenerative process (Fig. 7). The primary
hallmarks of ageing consist of genomic instability, telomere attrition, epigenetic alterations,
and loss of proteostasis. DNA damage (e.g. bulky adducts, basic sites, DNA single-strand
breaks and deletion), as well as defects in repairing processes (e.g. mutations in repairing
mechanisms), result in genomic instability and activation of signalling cascades, which
all together promote cellular senescence and inflammation, and eventually exacerbate
ageing-related neurodegeneration (Jeppesen et al., 2011). Telomere attrition, mostly asso-
ciated with telomere shortening, occurs during cell division and, unless prevented, leads
to accelerated ageing and neurodegeneration (López-Otín et al., 2013). Moreover, epige-
netic modifications, including methylation and acetylation of DNA, among others, result
in altered chromatin activity and function, with implications in age-related pathologies
(Bradley-Whitman & Lovell, 2013). Interestingly, it has been proposed that genetic and
epigenetic studies could provide a better understanding of the molecular links between
ageing and neurodegeneration (Wyss-Coray, 2016). Ultimately, loss of proteostasis (de-
fects in proteasome regulation, autophagy process ubiquitination and lysosomal system),
responsible for maintaining protein synthesis and degradation balance, may lead to protein
misfolding, aggregation and deposition. (López-Otín et al., 2013; Tanaka & Matsuda,
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2014). All these characteristics are present and, in some cases, (e.g. amyloid β (Aβ)
aggregates in AD, huntingtin with tandem glutamine repeats in HD, α-synuclein in PD
etc.) are considered causative of many neurodegenerative diseases.

The antagonistic hallmarks of ageing represent compensatory responses to the primary
damage that eventually can become damaging themselves. These hallmarks include mito-
chondrial dysfunction characterised by excessive reactive oxygen species (ROS) production
and alterations in mitochondria-associated processes, including lipid biosynthesis, cal-
cium signalling, and cell apoptosis, which, notably, play a key role in the development
of neurodegenerative diseases (Filosto et al., 2011; Johri & Beal, 2012). In addition, cell
senescence, another antagonistic hallmark, is activated for cell survival maintenance (Kültz,
2005); however, cellular senescence due to DNA damage, telomere attrition, inflamma-
tion, autophagy process and mitochondrial dysfunction because of ageing exacerbates
age-related brain impairments and leads to neuron degeneration (Barzilai, 2010; Rubin-
sztein et al., 2011; Wiley et al., 2016). At last, antagonistic hallmarks also include altered
nutrient sensing and metabolic deregulation, which has been linked with ageing and the
neurogenerative process (Babbar & Sheikh, 2013; López-Otín et al., 2013).

The integrative hallmarks of ageing include alterations in immune function and intercellular
communication, as well as stem cell functional loss. Genetic, transcriptomic and proteomic
studies indicate that inflammatory changes constitute primary aspects of brain ageing
and neurodegeneration (Wyss-Coray, 2016). Age-associated chronic neuroinflammatory
response (persistent activation of microglia, sustained elevation of pro-inflammatory me-
diators) is present in the aged brain and associated with age-related neurodegenerative
diseases (Amor & Woodroofe, 2014). Lastly, stem cell exhaustion is caused by several of
the aforementioned processes (e.g. DNA damage and repair, proteostasis mitochondrial
dysfunction, cell senescence etc.), which declines during ageing (Oh et al., 2014).

Therefore, the observation that pathways that modulate longevity and the ageing process
also affect the development of various age-related neurodegenerative diseases suggests that
brain ageing may form a continuum with neurodegeneration. However, the mechanisms
that underlie the transition from normal to pathological ageing remains a central issue
(Yankner et al., 2008). In this context, it has been proposed that the declines in homeostatic
quality controls that occur in healthy ageing (e.g. DNA damage, mitochondrial dysfunction,
energy metabolism dysregulation, autophagy defects, unfolded protein stress etc) can make
the ageing brain susceptible to neurodegenerative stimuli that in turn, when present,
can worsen these declines leading to numerous forms of neurodegeneration with unique
pathologies compared to normal brain ageing.
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Figure 7: Hallmarks of Ageing, present in neurogenerative diseases.

1.7 Alzheimer’s Disease

1.7.1 Background

Of all age-related syndromes, perhaps none is more strongly associated with ageing
than dementia. Alois Alzheimer first described AD in 1907. In 1901, Alois Alzheimer
examined a middle-aged woman who presented memory deficits and progressive cognitive
decline, including spatial orientation and suspicion. After her death, distinct morphological
characteristics, now known as Aβ plaques and intracellular neurofibrillary tangles (NTFs)
were detected in an autopsy of the brain. This form of dementia was subsequently named
Alzheimer’s disease (Hippius & Neundörfer, 2003; Möller & Graeber, 1998). AD is the
most common neurodegenerative disease and currently the leading cause of dementia in
the elderly. Alzheimer’s Disease International estimated that over 50 million people with
dementia worldwide in 2020, and this number is projected to rise to 82 million in 2030
and 152 million by 2050. AD accounts for 60%-80% of all dementia cases, and it is
currently considered one of the leading causes of death and disability among the elderly,
with immense social costs and severe consequences on the quality of life of both patients
and caregivers (‘2021 Alzheimer’s Disease Facts and Figures’, 2021)
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1.7.2 Clinical symptoms

Clinically, dementia, including AD, manifests as a widespread deterioration and loss of
cognitive function and memory, sufficient to lead to occupational and social function
impairment. The pathology is initially characterised by mild cognitive impairment, with
prominent memory disturbance appearing early and gradually progresses to severe memory
loss, learning deficits and disorientation (Hugo & Ganguli, 2014).

As the severity of the disease increases, dementia patients frequently present non-cognitive
neuropsychiatric symptoms, which have also been accepted as behavioural and psycho-
logical symptoms of dementia (BPSD). BPSD include behavioural symptoms such as
aggression, screaming, agitation, and psychological symptoms such as depressive mood,
anxiety, mood hallucinations (Shinosaki et al., 2000). Altogether have an impact on the
patient’s social functioning (Chakraborty et al., 2019; Finkel et al., 1996). Among BPSD,
depression frequently occurs in AD patients leading to higher and faster decline and mor-
tality, and it has been associated with a state of “accelerated ageing” affecting the brain and
other systems (Kessing, 2012); however, it is still unclear whether AD-related depression
is a symptom or an independent risk factor and a prodrome for AD (Byers et al., 2012;
Ownby et al., 2006). Overall, BPSD are major AD components resulting in suffering,
premature institutionalisation, increased costs of care, and significant loss of quality of life
for the patients and their family and caregivers (Baharudin et al., 2019).

1.7.3 Risk factors and classification

The origin of the disease is not known. However, it might be influenced by various
factors, including demographic (e.g. age, education, gender), genetic, epigenetic, medical
(e.g. cardiovascular disease, obesity, traumatic brain injury, immune system dysfunction,
mitochondrial dysfunction), psychiatric (e.g. depression, early stress) and due to infection
(A. Armstrong, 2019). In addition, environmental and lifestyle factors such as physical
exercise, stress, sleep disturbances, high-fat diets, alcohol abuse, and high blood pressure
have also been shown to modify the risk for AD development (A. Armstrong, 2019; Reitz
& Mayeux, 2014). Interestingly, in terms of treatable medical conditions and lifestyle
choices, several of the identified risk factors are considered modifiable (Edwards III et al.,
2019). It was recently estimated that 35 of lifetime risk for AD is modifiable, over 58 to
79 of risk due to genetics. (Livingston et al., 2017; Sierksma et al., 2020). However, it is
important to note that the genetics can provide justifications for only a small percentage of
the cases and cannot fully explain the aetiology of the rest of the cases. In this context,
epigenetic mechanisms appear to serve a critical role mediating the interaction between
environmental and genetic factors and provide valuable insights in the pathogenesis of AD
(Daniilidou et al., 2011).
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Among all reported risk factors for AD, advanced age and genetics currently serve as the
basis for the AD classification. By the age of the onset, AD can be classified into sporadic
or late-onset AD (LOAD) and familial early-onset AD (EOAD) cases. LOAD appears at
the age of 65 and accounts for 95% of the AD cases, while EOAD appears before the age
of 65 and accounts for less than 5% of the AD cases (Masters et al., 2015). On the one
hand, in sporadic LOAD, age is the greatest risk factor, while its appearance is also linked
to a complex interaction between genetic and other intrinsic and environmental factors.
Inheritance of the ε4 allele of apolipoprotein E (APOE) is considered the most important
genetic risk factor (isoform APOE ε4 allele confers for a high AD risk) for LOAD (Van
Cauwenberghe et al., 2016). On the other hand, familial EOAD has a mainly genetic
background, and it is linked to dominantly inherited mutations in the genes that encode
amyloid precursor protein (APP), presenilin (PSEN) 1 and PSEN2. These mutations
predominantly lead to an overproduction of Aβ and are considered causative for EOAD
development (Cacace et al., 2016; Campion et al., 1999). Nevertheless, the clinical
phenotype and neuropathology between LOAD and EOAD are generally indistinguishable,
and the most significant difference is the age of onset and the fact that EOAD progresses
more rapidly (Selkoe & Podlisny, 2002).

1.8 Neuropathology of Alzheimer’s Disease

1.8.1 Macroscopic features of Alzheimer’s Disease brain

At a macroscopic level, AD brain is characterised by significant atrophy in selective brain
regions involved in cognitive function (hippocampus, entorhinal and frontal cortices). The
macroscopic features include a typical symmetric pattern of cortical atrophy, which affects
predominately the medial temporal lobes. Brain atrophy is accompanied by enlargement
of the frontal and temporal horns of the lateral ventricles, while medial temporal atrophy
has been shown to affect the amygdala and the hippocampus (DeTure & Dickson, 2019).
In addition, the AD affected individuals present decreased brain weight. Moreover, the AD
brain is characterised by loss of neuromelanin pigmentation in the locus coeruleus. Among
BPSD, depression is characterized by structural brain alterations in the frontal, temporal
and occipital lobes and its neuropathology is mainly associated with the frontal-subcortical
limbic circuits in AD as well as alterations in hippocampus linked to prefrontal cortex
damage (Y. Chen et al., 2021). Although the above-mentioned stereotypic macroscopic
features are not specific for AD, they are considered supportive and suggestive of the
pathology (Fig.8) (Dickerson, Bakkour, et al., 2009; Dickerson et al., 2011; Dickerson,
Feczko, et al., 2009; Perl, 2010). Nonetheless, the definitive diagnosis of AD can only be
made by examining the post-mortem brain tissue based on the presence of microscopic
characteristics, which are considered the hallmarks of the disease (DeTure & Dickson,
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2019).

Figure 8: Macroscopic features of AD brains (Source: Alzheimer’s Association)

1.8.2 Classical hallmarks of Alzheimer’s Disease

The pathological hallmarks of AD and clues as to its aetiology can be observed only at
the microscopic level and consist of extracellular plaques formed by Aβ peptides and
intracellular NFTs comprised of hyperphosphorylated tau (p-tau) protein, that eventually
lead to loss of neuron and synapses (Bloom, 2014). Therefore, based on the presence of
Aβ plaques and NFTs in AD brains, the Aβ cascade hypothesis and the tau hypothesis,
respectively, have been the mainstream explanations for the pathogenesis of AD.

Abnormal amyloid β accumulation and impaired clearance

Aβ plaques are extracellular deposits consisting mainly of Aβ peptide (36 to 43 amino
acid peptide). Plaques accumulate mainly in the hippocampus and, during the course of the
disease, spread to the cortex and other brain regions, and symptoms of dementia arise as a
clinical manifestation of the resulting severe brain atrophy. The Aβ cascade hypothesis,
which postulates that deposition of Aβ protein is the causative agent of AD, is still widely
accepted as a central process of AD (Selkoe et al., 2016).

Aβ is generated by the proteolytic cleavage of the APP, a transmembrane protein expressed
in many tissues, including the brain, with unknown function. The extracellular part of APP
is shed from the cell surface, either by α-secretase (ADAM10) or by β-secretase (BACE1),
generating extracellular soluble N-terminal fragments soluble APP alpha (sAPPα) or beta
(sAPPβ) respectively. The α-secretase activity on APP occurs within the Aβ sequence;
hence it prevents Aβ formation by generating a non-amyloidogenic carboxy-terminal
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fragment of APP (C83). On the other hand, APP cleavage by β-secretase gives rise to
an amyloidogenic carboxy-terminal fragment (C99), which is subsequently cleaved by
γ-secretase complex [consisting of PSENs, nicastrin, anterior pharynx defective 1, and
PSEN enhancer 2] and results in Aβ generation. Aβ monomers polymerise, generating
first soluble oligomers and then larger insoluble fragments (major species Aβ40, Aβ42),
which precipitate as amyloid fibrils. In this context, the differential APP cleavage follows
either a non-amyloidogenic pathway (regulated by α-secretase) or an amyloidogenic
pathway which leads to Aβ generation (β-, γ- secretase) (O’Brien & Wong, 2011) (Fig.9).
Abnormalities of the APP molecule that renders it more amyloidogenic or defects of
normal APP processing (this appears to be the case in infrequent genetic forms of AD)
results in an abnormally increased production of Aβ protein, which in turn drives excessive
Aβ accumulation and aggregation, and eventually plaque formation (Chow et al., 2010).

Apart from Aβ synthesis, impaired Aβ clearance or degradation is also critical in accumu-
lating Aβ (Yoon & Jo, 2012). Several mechanisms are involved in this process, including
non-enzymatic and enzymatic pathways. The enzymatic ones involve proteases, called Aβ
degrading enzymes, such as neprilysin (NEP), insulin-degrading enzyme (IDE), matrix
metalloproteinase -9 and carboxypeptidase II. Conversely, non-enzymatic clearance is me-
diated by microglia or astrocytic phagocytosis (the main innate immune cells), interstitial
fluid drainage, and transport across the blood vessels walls into the circulation (Yoon &
Jo, 2012). Ultimately, it appears that there is a strong association between AD genetics
and Aβ plaque formation since all high penetrance AD genetic risk alleles (i.e. APOE ε4,
APP mutations, PSEN1 and PSEN2 mutations and Down syndrome) have been shown to
influence Aβ deposition and plaque formation (Tang & Gershon, 2003).
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Figure 9: Scheme of APP processing pathways and formation of extracellular Aβ plaques.
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Hyperphosphorylation of tau protein

NFTs, composed of p-tau protein, constitute another major pathological feature of AD
(Bloom, 2014). The deposition of NFTs occur within the neocortex, hippocampus and
other cognition-related subcortical structures and the number of NFTs correlates with the
severity of dementia in AD (Arriagada et al., 1992). Tau protein, under normal conditions,
is involved in microtubule assembly and stabilisation in neurons, and it is vital for neuronal
functions and axonal transport (Weingarten et al., 1975). Pathological modification of tau
results in tau detachment from microtubules, synaptic loss, neuronal dysfunction, and tau
aggregation (Fig.10). Post-translation regulation of tau may occur through phosphorylation
of its serine (Ser) or threonine (Th) residues (Martin et al., 2011; Zaplatic et al., 2019).
Given that hyperphosphorylation of tau is common to all diseases with NFTs it is considered
necessary for toxicity. Tau can be phosphorylated in different sites, and there are several
protein kinases and phosphatases responsible for its phosphorylation, such as glycogen
synthase kinase-3 beta (GSK3β) (Mandelkow et al., 1992) cyclin-dependent kinase 5
(CDK5) (Baumann et al., 1993) calcium calmodulin kinase (CAMK), mitogen-activated
protein kinase (MAPK) (Billingsley & Kincaid, 1997).

• GSK3β: GSK3β is a proline-directed Ser/Th kinase and constitutes one of the
major kinases that phosphorylate tau at many sites. Its activity is regulated by
phosphorylation at Ser9 (inhibition of GSK3β) and phosphorylation at Tyr216
(activation of GSK3β) (Q. M. Wang et al., 1994). Activation of phosphoinositide
3-kinase (PI3K) pathway inhibits GSK3β by phosphorylation at Ser9 by AKT,
decreasing its activity with a net result being a decrease in tau phosphorylation (van
Weeren et al., 1998). Ca2+ has also been reported to regulate GSK3β activity (an
increase in intracellular Ca2+ results in a prolonged increase in GSK3-dependent tau
phosphorylation. In this context, activation of GSK3β and subsequent promotion of
tau aggregation also occurs by Ca2+-dependent enzymes through dephosphorylation
at Ser9 (W.-Y. Kim et al., 2009) (see also section 1.8.5).

• CDK5: CDK5 is a member of the cyclin kinase family. The activity of CDK5 is
regulated by its binding with neuron-specific activation proteins, including p35 and
p25. Cleavage of p35 to the more stable proteolytic fragment p25 is increased in the
AD brain, leading to subsequent upregulation of CDK5 activity (Tseng et al., 2002).
The p25 protein generation from p35 precursor can occur by the Ca2+ -dependent
protease calpain, and indeed, it has been shown that calpains are upregulated in the
AD brain (Ferreira, 2012; Lee et al., 2000). Aberrant activation of CDK5 is capable
of phosphorylating tau at several epitopes of relevance to AD such as Ser202, Th181,
Th231 and Ser396/404, and its activity involves several kinases (Noble et al., 2003).
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• ERK½: In the MAPK family, the extracellular signal-regulated protein kinases
(ERKs), including p44 ERK1 and p42 ERK2, and PK40 ERK, have been involved
in tau hyperphosphorylation (Drewes et al., 1992). The activated ERK½, as the
downstream kinases of Raf and MEK½ (Kolch, 2000) has been shown to phosphory-
late many substrates, being cytoskeleton proteins like tau among them (T. Li et al.,
2018). In particular, in vitro results demonstrated ERKs associated phosphorylation
of tau at Ser199, Ser202, Th205 and Ser404 (Cai et al., 2012). Interestingly, ERK
dysregulation and subsequent tau phosphorylation have been reported to result from
ROS (Haque et al., 2019; G. Perry et al., 1999).

Additionally, increasing evidence suggests that Aβ can trigger tau aggregation. For
example, Aβ peptide has been shown to induce tau phosphorylation in vitro (Busciglio
et al., 1995; A. Ferrari et al., 2003; Zheng et al., 2002) and enhance tau tangle formation
in mutant tau mice (Götz et al., 2001; Lewis et al., 2001); however, the responsible
signalling pathways still need to be elucidated. Interestingly, Aβ has been reported to
activate GSK3β in vitro and in transgenic AD models (Takashima et al., 1996; Terwel et al.,
2008). Interestingly, PSEN1 mutations have been involved in the inhibition of PI3K/AKT
signalling, promoting GSK3 and tau phosphorylation (Baki et al., 2004). Additionally,
Aβ has been shown to induce tau hyperphosphorylation via the CDK5 pathway (Town et
al., 2002). Another possible connection between Aβ and tau phosphorylation has been
reported to be Aβ-induced Ca2+ through NMDA receptors and subsequent activation of
CAMKK and ERK½ (Danysz & Parsons, 2012). Collectively, deposition of p-tau insoluble
polymers in the neuronal body and NFTs formation lead to neurofibrillary degeneration.

Figure 10: Process of tau hyperphosphorylation mediated by major tau kinases such as CDK5, GSK3β,
ERK½.
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1.8.3 Neuroinflammation in Alzheimer’s Disease

In the context of neurodegeneration, neuroinflammation, which generally refers to an
inflammatory response within the CNS, tends to be a chronic process that fails to resolve
by itself (Heneka et al., 2014; Lucas et al., 2006). Neuroinflammation is considered an
early characteristic of neurodegeneration and AD, with discrete components contributory
to AD pathology, while emerging genetic and clinical evidence suggests that might also be
a vital component in the initiation of AD (Fu et al., 2019; Hensley, 2010; Podtelezhnikov
et al., 2011).

The innate immune cells involved in this process are primarily microglia and astrocytes
(Fig.11). Microglia physiologically exerts a surveillance function with an important role in
neuronal apoptosis and synaptic plasticity, among others (Deverman & Patterson, 2009;
Wu et al., 2015). Once triggered by pathological factors like neuronal death or protein
aggregates, microglia initiates an innate immune response by producing pro-inflammatory
cytokines such as tumor necrosis factor-alpha (TNF-α), interleukins (ILs) [(e.g. IL-1β,
IL-6, IL-18) and chemokines [(e.g. C-C Motif Chemokine Ligand (CCL) 1, CCL5,
chemokine C-X-C motif ligand 10 (CXCL10)] (Du et al., 2017; S. U. Kim & Vellis, 2005).
Microglia activation is a complex process; under different circumstances, it can represent
a pro-inflammatory phenotype characterised by increased pro-inflammatory cytokines
(M1 state, detrimental phenotype) or an anti-inflammatory phenotype characterised by
secretion of anti-inflammatory cytokines, such as IL-4, IL-10 and transforming growth
factor-beta (TGFβ) (M2 state, protective phenotype) or a surveillance state (M0) (Orihuela
et al., 2016). In the ageing CNS, microglia is characterised by functional impairments
and senescence, leading to sustained activation and enhanced sensitivity to further insults
(a phenomenon termed priming), which may partially contribute to neurodegenerative
diseases pathogenesis (V. H. Perry & Teeling, 2013).

Similarly, astrocytes regulate homeostasis, synaptic plasticity and provide neuroprotection
under normal circumstances, whereas astrocytes respond through reactive gliosis upon
pathological insults. Reactive astrocytes characterised by upregulation of GFAP release
cytokines, ILs, and nitric oxide, among others, hence exacerbating neuroinflammatory
response (K. Li et al., 2019; Rossi & Volterra, 2009).

In AD, both Aβ and tau oligomers have been shown to induce abnormal glial (astrocytic
and microglial) activation leading to neuronal dysfunction and death, while according
to the amyloid cascade-inflammation hypothesis, microglial activation acts as a bridge
between Aβ plaques and NFTs (Leng & Edison, 2021; Serrano-Pozo et al., 2011) (Fig.11).
Notably, both astrocytes and microglia activations are involved in Aβ clearance mech-
anisms and are associated with the expression of extracellular Aβ degrading proteases.
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Additionally, microglia mediate clearing pathways through phagocytosis. In this context,
increased cytokine levels may impair microglia phagocytic capacity and downregulate
Aβ phagocytosis receptors such as myeloid-lineage gene Triggering receptor expressed
on myeloid cells 2 (TREM2) (Nizami et al., 2019). Interestingly, rare polymorphisms in
TREM2 have been associated with an increased risk of developing AD, constituting further
evidence of a direct relationship between altered immune function and AD pathogenesis
(Guerreiro et al., 2013; Jonsson et al., 2013).

Figure 11: Inflammatory process in glial cells- triggered by and triggering AD features such as Aβ plaque
formation, NFTs and ROS generation, leading synergistically to neuronal loss.

1.8.4 Oxidative stress and mitochondrial dysfunction in Alzheimer’s
Disease

Oxidative stress (OS), characterised by overproduction of ROS, is thought to play a crucial
role in AD, which accelerates the pathology, being at the same time one of the earliest
events in AD pathogenesis (Zhao & Zhao, 2013). OS is a process that refers to an
imbalance between the generation of reactive oxygen/nitrogen species (ROS/RNS) and the
antioxidant defence. Among multiple sources of ROS, including endoplasmic reticulum
(ER), peroxisomes, NADPH oxidases family and enzymes such MAO, mitochondria are the
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main cellular generators of ROS and RNS (Fig.12). In the mitochondrial inner membrane,
inefficient electron transport through the mitochondrial respiratory complexes can lead
to reduced ATP synthesis and an initial superoxide anions formation (O−

2 ) which further
reacts and generates other types of ROS [e.g. hydrogen peroxide (H2O2), hydroxyl radicals
(OH) and hydroxyl ions (OH−)] and RNS [e.g. peroxynitrite, nitrogen (ONOO−) dioxide
(·NO2)] (Koopman et al., 2010). ROS and RNS generation can also occur under astrocytes
and microglia activation (Pawate et al., 2004). Under normal conditions, antioxidant
enzymes such as superoxide dismutase (SOD), glutathione peroxidase (GPX) and catalase
(CAT), among others, mediate ROS levels by acting as radical scavengers. An additional
antioxidant mechanism involves the activation of the nuclear factor erythroid-2-related
factor (Nrf2), which, when translocated to the nucleus, activates the transcription of
genes related to antioxidant defence such as glutathione S transferase, SOD, GPX, heme
oxygenase-1 (HMOX1), NADPH: quinone oxidoreductase-1. However, increased ROS
and RNS, as well as impaired antioxidant defence, mediate lipid, protein, DNA and RNA
oxidation and glycoxidation (Uttara et al., 2009). The products of these reactions have been
shown to have detrimental effects, being in most cases indicatives of oxidative damage
(Yu, 1994).

The processes that ultimately cause the redox imbalance in AD are still unclear; however,
their close relationship is well documented. Increased OS is a major sign of aged brain,
suggesting that insufficient protection against ROS production during ageing can be an
important factor in AD progression and one of the possible triggering causes of the disease.
In fact, in the ageing brain, OS imbalance could result in functional and organelle (e.g.
mitochondria) deficits that in turn would lead to synaptic loss and cell death and eventually
to the manifestation of clinical symptoms of AD (Tönnies & Trushina, 2017).

Furthermore, both major AD hallmarks Aβ and p-tau, have been shown to result in ROS
formation, mitochondria dysfunction and ultimately apoptosis (Cheignon et al., 2018;
Moreira et al., 2009). In fact, OS has been shown to be one of the first consequences
under Aβ and tau proteins accumulation in vivo and in vitro (Butterfield & Lauderback,
2002; Uddin & Kabir, 2019). Interestingly, an inverse relationship between AD and OS
has also been suggested, since OS has been demonstrated to induce Aβ overproduction
and accumulation (L. Chen et al., 2008; Oda et al., 2010; Tamagno et al., 2002) as well as
to assist in the polymerisation and phosphorylation of tau (Gamblin et al., 2000; Melov
et al., 2007). Therefore, it seems that a malicious cycle is created that stimulates the
progression of the disease (Fig.12). Furthermore, ROS overproduction has been implicated
in explanations for the disease mechanisms, other than the Aβ cascade hypothesis, related
to mitochondrial dysfunction. In this context, the mitochondrial cascade hypothesis
states that in sporadic, late-onset AD, the age-associated loss of mitochondrial function
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resulting in ROS production affects the expression and processing of APP initiating Aβ
accumulation as well as tau pathology, contributing to the early stages of AD prior to the
onset of clinical symptoms (Swerdlow et al., 2010). Ultimately, OS association with AD
is further supported by evidence indicating a relationship between the risk gene factor
APOE4 and OS. In fact, in the hippocampus of AD patients, APOE4 was associated with
higher OS and reduced antioxidant enzyme activity (Cioffi et al., 2019).

Figure 12: Generation of ROS and RNS in mitochondria promotes neurodegenerative processes; a malicious
cycle is created that eventually result in cell death.

1.8.5 Dysregulation of calcium homeostasis in Alzheimer’s disease

Along with the causative hypotheses other than Aβ pathology and tau, Ca2+ dysregulation
possesses an important role in AD pathogenesis. In fact, ageing has been linked to Ca2+ dys-
regulation, and this age-related Ca2+ disruption may also contribute to Ca2+dysregulation
in AD and consequently to synaptic deficits and AD hallmarks accumulation (Tong et al.,
2018).

Ca2+ signalling is involved in multiple physiological activities, including neurite growth,
differentiation, synaptic transmission, plasticity learning and memory, as well as in patho-
physiological conditions including apoptosis, autophagy deficits, necrosis and degeneration
(Kawamoto et al., 2012; Pinton et al., 2008). Generally, Ca2+ signals are generated by
Ca2+ from intracellular stores in the endoplasmic reticulum (ER) and mitochondria or by
an influx of Ca2+ from the extracellular environment. In AD, Ca2+ signals are produced in
response to various stimuli, including Aβ aggregates, NFTs, inflammatory mediators and
ROS (Bojarski et al., 2008; Esteras et al., 2021; Sama & Norris, 2013). For example, Aβ
aggregates can disrupt Ca2+signalling in several ways as it can trigger Ca2+ release from
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ER stores through the corresponding receptors (Inositol triphosphate receptor, InsP3R
and Ryanodine) and allow Ca2+ influx, rendering neurons vulnerable to apoptosis. More-
over, inappropriate levels of Ca2+ influx into the cytoplasm through NMDA receptors can
contribute to neuronal loss through excitotoxicity (Ndountse & Chan, 2009) (Fig.13).

Due to the increased Ca2+ influx, Ca2+-buffer and Ca2+-sensitive proteins (e.g. calmodulin)
are altered, leading to activation of signalling cascades of phosphorylation, mediated
primarily by CAMKs, and dephosphorylation by phosphatases (Marambaud et al., 2009).
In this context, calcineurin (CaN), a Ca2+-sensitive Ser/Th phosphatase also known as
protein phosphatase protein 2B, is significant in AD pathological events. Elevated Ca2+

intracellular levels have been reported to lead to CaN increase and subsequent hyperactivity
on downstream proteins and transcriptional factors associated with neuroinflammation
such as a nuclear factor of activated T cells (NFAT), and synaptic plasticity and memory
impairment such as cAMP response element-binding protein (CREB) (Reese & Taglialatela,
2011).

NFAT transcription factor shuttles to and from the nucleus depending on the phospho-
rylation status, which is altered in response to changes in Ca2+ intracellular levels and
regulates the expression of genes upon immune cell activation. In the hippocampus of
AD patients, an accumulation of nuclear NFAT has been reported, which can be likely
attributed to aberrant CaN signalling (Abdul et al., 2009, 2010).

Transcriptional factor CREB is involved in pathways and mechanisms activated during the
process of memory formation. When phosphorylated through CAMKs cascade, cAMP-
protein kinase A (PKA) pathway and MAPK pathway, among others, phosphorylated
CREB (p-CREB) regulates the expression of memory-associated genes such as brain-
derived neurotrophic factor (BDNF). Hyperactivated CaN has been shown to decrease
CREB phosphorylation via disinhibition of protein phosphatase 1 (PP1) (Groth et al.,
2003; Hagiwara et al., 1992). In the signalling cascade downstream of PKA to CREB
activation, dopamine- and cAMP-regulated phosphoprotein 32 kDa (DARPP-32) is one
of the key molecules involved in the activation state of PKA-CREB (Svenningsson et al.,
2004). Phosphorylated DARPP-32 (p-DARPP32) at Th75 by CDK5 inhibits PKA and
subsequently CREB phosphorylation. In contrast, phosphorylation of DARPP-32 at Th34
by PKA has been shown to inhibit PP1 and increase CREB phosphorylation (Hemmings et
al., 1990). Of note, apart from mediating disinhibition of PP1, CaN also dephosphorylates
p-DARPP32 at Th34 (inactivation), thus promoting CREB dephosphorylation indirectly
(Nishi et al., 2002). To sum up, disruption of Ca2+ homeostasis and kinases/phosphatase
dysregulation results in reduced CREB activation and may underlie the impaired memory-
and learning-associated activation of CREB in AD. The list of CaN substrates also includes
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Bcl-2 associated death protein (BAD) which regulates apoptotic cell death, as well as
GSK3β, which, as already mentioned, is implicated in tau hyperphosphorylation (Reese &
Taglialatela, 2011) (Fig.13). Overall, it becomes clear that Ca2+ homeostasis dysregulation
plays an essential role in orchestrating the dynamic of the neuropathology of AD and
associated memory loss and cognitive function; however, it is still controversial whether
these alterations are secondary to neurodegeneration or underlie the disease pathogenesis.

Figure 13: Schematic of Ca2+ dysregulation in AD. Aβ plaques, NFTs as well as inflammatory mediators
and ROS released by glial cells trigger Ca2+ influx which subsequently initiate signaling cascades involved
in synaptic loss, neuroinflammation and apoptosis.
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1.8.6 Neuronal and synaptic loss in Alzheimer’s Disease

Neurodegeneration drives synaptic and neuronal death, which are the most prominent
AD features at the functional level, linked to early signs of cognitive decline (Kashyap
et al., 2019; Spires-Jones & Hyman, 2014; Terry et al., 1981). Neuronal loss affects
predominately the basal forebrain cholinergic neurons, their projections to the hippocampus
and cerebral cortex, and is the main pathological substrate of cortical atrophy that correlate
with the severity of memory decline (Giannakopoulos et al., 2003). Likewise, loss or
damage of the synapses, the essential parts of neurons that form the requisites connection
of the neuronal networks that underlie cognition, correlates most strongly with cognitive
decline in AD. AD-associated alterations in both presynaptic proteins (e.g. synaptophysin,
synaptobrevin, SNAP 25, synaptotagmin, syntaxin, rab3a, synapsin), and postsynaptic
proteins (e.g. postsynaptic density protein 95 (PSD95), drebrin) have been reported and
are widespread in brain regions, including the hippocampus, frontal temporal and parietal
lobes (Counts et al., 2006; Marksteiner et al., 2002; Scheff et al., 2014; Tannenberg et al.,
2006).

Cell death can be divided into necrosis and apoptosis. Apoptosis plays a pivotal role in
AD-associated neuronal cell death. Apoptosis occurs either through an intrinsic pathway,
also known as the mitochondrial pathway or through a death receptor-mediated/extrinsic
apoptotic pathway, which both converge to the activation of caspases and eventually lead to
DNA fragmentation and cell death. Some of the most critical apoptotic mediators forming
members of the B-cell lymphoma protein 2 (Bcl-2) family, such as Bax, Bcl-2, Bcl-xL,
and caspases 2,3 8, 9 are involved in this process (Obulesu and Lakshmi 2014). Moreover,
Ca2+-dependent proteases calpains have been implicated in the apoptotic pathway by
processing several members of the Bcl-2 family (Raynaud and Marcihac 2006). In AD, a
distorted expression of apoptotic and anti-apoptotic proteins has been observed. Although
the mechanism progression to neuronal apoptosis is unclear, pathological features of AD,
including Aβ peptides, Ca2+ dysregulation, OS and neuroinflammation, has been shown
to trigger the initiation of apoptotic cell death (Bamberger & Landreth, 2002; Calissano et
al., 2009; Tönnies & Trushina, 2017) (Fig.13).

Neurotrophins are considered important for neuronal survival, maintenance and regener-
ation (Huang & Reichardt, 2001). The family of neurotrophins consist of nerve growth
factor (NGF), BDNF, Neurotrophin (NT) 3 and NT4 which functions are mediated by the
pan-neurotrophin receptor p75 (p75NTR) and tyrosine kinase (Trk) receptors. Among
them, NGF promotes and maintains synaptic contact with hippocampal and cortical neu-
rons, while BDNF possesses a pivotal role in the survival and function of hippocampal
cortical cholinergic and dopaminergic neurons (Alderson et al., 1990; Ghosh et al., 1994;
Hyman et al., 1991; Lindholm et al., 1996). BDNF is a key molecule in synaptic plasticity,
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long term potentiation (LTP) and memory formation (Lu et al., 2008). In AD brains,
decreases in either NGF, BDNF levels or their binding to the correspondent receptors
contribute to cholinergic atrophy, deficits in LTP and impaired synaptic plasticity, which
explain the subsequent cognitive deficits and memory impairments observed in early-stage
AD (Allen et al., 2011, 2013). Of note, the importance of BDNF in AD is associated
not only with the cognitive symptoms of the disease but also with the non-cognitive ones
such as depression (Karege et al., 2002). BDNF expression is trophic for serotoninergic
neurons (Mamounas et al., 1995), which are affected in AD, being likely responsible for
the depressive symptoms and, as a result, a potential target for BPSD management.

1.9 Treatment of Alzheimer’s Disease

1.9.1 Current approved treatments

Current AD drugs including acetylcholinesterase (AChE) inhibitors [donepezil (Aricept®),
rivastigmine (Exelon®) and galantamine (Razadyne®)] and an NMDA receptor antagonist
[memantine (Ebixa®)] address only symptoms of AD. AChE inhibitors were developed
to facilitate cholinergic neurotransmission by inhibiting AChE, an enzyme responsible
for synaptic recycling of acetylcholine in grey matter (Čolović et al., 2013). AChE
inhibitors are prescribed to patients with mild to moderate AD, and they are currently
considered the standard and first-line treatment for AD. The benefit of the AChE inhibitors
on cognition are modest (Lleó, 2007; Xu et al., 2021). Memantine, approved by European
Medicines Agency (EMA) in 2002 and by Food and Drug Administration (FDA) in 2003
is an uncompetitive low-affinity NMDA receptor antagonist involved in the mitigation of
glutamate-induced excitotoxicity (Parsons et al., 2007). Memantine is used for patients
with moderate to severe AD. Additionally, memantine has been shown to deliver beneficial
effects on BPSD (Maidment et al., 2008). Combination therapy of memantine with AChE
inhibitors has been studied with mixed results, supporting either a moderate benefit on
cognition without differences in adverse effects or no additional cognitive effect (Farlow
et al., 2010; Feldman et al., 2006; Howard et al., 2012; Tariot et al., 2004). The above-
mentioned approved drugs cannot cure the disease or reverse its progression. Recently,
FDA has granted accelerated approval to aducanumab, a monoclonal antibody that lowers
Aβ levels. Aducanumab is the first drug approved by FDA since 2003 for AD treatment
and the first approved disease-modifying treatment in the history of AD; however, there
is controversy with respect to its approval due to lack of strong evidence concerning its
beneficial effects on cognition (Mullard, 2021).

The management of BPSD, i.e. comorbid depression in AD consists of the use of sero-
tonin reuptake inhibitors (e.g. fluoxetine, citalopram, sertraline, paroxetine), as well as
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combined selective noradrenaline and serotonin inhibitors (e.g. mirtazapine, venlafaxine
duloxetine and bupropion) (Ballard & Corbett, 2010; F. Wang et al., 2016; Zec & Burkett,
2008). For the management of psychotic symptoms of agitation/aggression in AD patients,
antipsychotics and atypical agents (e.g. olanzapine, risperidone, quetiapine) are used
while treatment with benzodiazepines aims to reduce agitation and anxiety in AD patients.
However, the use of these drugs for BPSD management has been associated with the
appearance of adverse effects and even worsening of cognitive impairment (Devanand &
Schultz, 2011; Tampi et al., 2016).

1.9.2 Emerging disease-modifying therapies in clinical trials

Most of the agents that are currently in AD clinical trials are disease-modifying agents
(82,5% of the total number of drugs in trial), which aim to alter AD biology by targeting its
pathological mechanisms and features and hence, to deliver neuroprotection. In contrast,
the 10,3% of the under development agents target cognitive enhancement while the 7,1% of
drugs target the neurophychiatric and behavioral symptoms of AD (Cummings et al., 2021).
Disease-modifying agents that target the Aβ pathology, including monoclonal antibodies
(e.g. Gantenerumab, solenazumab, lecanemab) and a small molecule which ameliorates
Aβ pathology through inflammatory-associated effects (Azeliragon) are currently in phase
3 clinical trials. In contrast, several BACE inhibitors were shown to be toxic or futile
thereby, clinical trials were discontinued. Similarly, inhibitors of γ-secretase were proven
to be unsuccessful due to side effects; however, γ-secretase modulators are in development.
Likewise, several agents that target tau, are currently in AD trials and other tauopathies
trials, including monoclonal antibodies, which aim to tau removal and propagation pre-
vention and several small molecules that inhibit tau synthesis and aggregation. Among
them, a tau protein aggregation inhibitor (TRx0237) is currently in phase 3 clinical trial. In
addition, agents with neuroprotective or anti-inflammatory mechanisms, MAO inhibitors,
molecules addressing oxidative damage, proteosasis, metabolism as well as growth factors,
and hormones are being studied. Several epigenetic regulators are also in trial being one
agent [Lamivudine (3CT)] currently in phase 2 clinical trial. Other under development
agents aim to improve the neuropsychiatric symptoms presented in AD patients. Among
them, several target agitation symptoms in AD such as brexpiprazole, a D2 receptor par-
tial agonist/serotonin-dopamine modulator, escitalopram a selective serotonin reuptake
inhibitor, and mirtazapine, an α2-AR antagonist, being in phase 3 clinical trials (Cummings
et al., 2021).
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1.10 Alzheimer’s Disease Mouse Models

In the preclinical research in AD pathogenesis and development of potential therapeutics,
several animal models have been generated, including fruit fly, Zebrafish, worms, mouse,
rabbit, dog, and non-human primates (Van Dam & De Deyn, 2011). More recent models
incorporate newer technologies such as genomics and stem cell biology, including human
induced pluripotent stem cells (iPSCs) that contribute even more powerfully in developing
effective vaccines, drugs, and medical devices (Penney et al., 2020). Among the animal
models, the mouse is the most popular model in the neuroscience umbrella. In the AD
field, rodent models have been primarily used in the last decades to evaluate the efficacy
of new agents in preclinical studies and to study the underlying molecular mechanisms
of AD. AD mouse models can be classified into transgenic and non-transgenic models.
The former ones consist of single or multi transgenic models harbouring human mutations
in Aβ-related genes (APP, PSENs), and/or other genes related to AD markers like tau or
models carrying APOE mutations. The non-transgenic models include models of ageing,
and models produced by injections in the brain, e.g. Aβ injection or tau (Van Dam & De
Deyn, 2011).

It is important to note that even the existing AD mouse models present histopathological
features and symptoms of AD being invaluable in the AD research field, none of them
alone recapitulates all aspects of the multifactorial disease; hence a combination of both
transgenic and non-transgenic models in preclinical studies could overcome limitations of
the different models.

1.10.1 5XFAD mouse model for early-onset familial Alzheimer’s
Disease

The 5XFAD mouse model is a widely used AD mouse model originally designed to investi-
gate APP and Aβ related pathology. The 5XFAD is a double transgenic APP/PSEN1 model
that co-expresses five AD mutations. The model was generated by introducing human
APP Swedish (K670N)/ Florida(1716V)/London(V717I) mutations and PSEN1 M146L
and L286V mutations into APP (695) and PSEN1 cDNAs via site-directed mutagenesis
(Oakley et al., 2006).

APP Swedish mutation increases Aβ production while APP Florida, London, and PSEN1
mutations result in higher Aβ42 levels in comparison to Aβ40. As a result, 5XFAD mice
express high Aβ42 levels and present early amyloid deposition and Aβ plaque formation,
starting at the 2 months, increasing with age and reaching massive levels by 6 months
(Oakley et al., 2006; Richard et al., 2015). In 5XFAD brains, the Aβ plaques first appear in
cortex and subiculum, while in later stages, plaques spread to other brain areas, including
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hippocampus. Given the close relationship between Aβ pathology and neuroinflammation,
5XFAD mice present neuroinflammatory characteristics, particularly astrogliosis and
microgliosis, which start at 2 months old and increase with age in parallel with Aβ
deposition. By 9 months, 5XFAD mice are characterised by severe gliosis in cortex and
hippocampus (Giannoni et al., 2016; Oakley et al., 2006).

Although initial studies did not detect any tau-related pathology in 5XFAD mice, to date,
more and more studies demonstrate the presence of p-tau aggregates in the 5XFAD cortex
and hippocampus. In particular, at ages ranging from 2 to 6 months, the 5XFAD mice
present increased tau phosphorylation in different tau epitopes such as Ser396, Ser202 and
Th205. Moreover, age-related increased tau phosphorylation appears to be accompanied by
increased GSK3β activity (Cho et al., 2020; Kanno et al., 2014; Shin et al., 2021; Shukla et
al., 2013). 5XFAD mice also exhibit neuron loss and age-dependent synaptic degeneration
indicated by a reduction of synaptic markers (Buskila et al., 2013; Oakley et al., 2006).
By the age of 12 months 5XFAD mice present an approcimately 40% loss of layer V
pyramidal neurons (Jawhar et al., 2012). The neuronal degeneration was reported to be
potentially attributed to increased intraneuronal Aβ that occur before the start of amyloid
deposition in 5XFAD mice (Oakley et al., 2006). Notably, the 5XFAD model is one of
the few currently available AD mouse models known to develop neuron loss. Cognitive
deficits and behavioural alterations accompany the accelerated severe AD-like pathology
exhibited by 5XFAD mice as assessed in several behavioural paradigms. The model is
characterised by impaired spatial working memory starting at the age of 3-4 months of age,
and behaviours akin to BPSD in AD patients such as anxiety disturbances, reduced social
investigation and signs of aggression when compared to their wildtype (WT) littermates
(Jawhar et al., 2012; Kosel et al., 2019) (Fig.14).

Overall, the 5XFAD model presents rapid onset AD-like amyloid pathology, gliosis, and
neurodegeneration, accompanied by memory deficits. As a result, it constitutes a valuable
animal model in the AD field, pivotal for molecular studies and drug evaluation for AD.

1.10.2 SAMP8 mouse model for ageing, neurodegeneration, and
sporadic Alzheimer’s Disease

The senescence-accelerated mouse prone 8 (SAMP8) model has drawn attention in geron-
tological research of dementia, especially in AD research, since it presents many of the
behavioural and histopathological indicators of AD, triggered by a combination of age-
related events and unknown risk factors. Thus, the SAMP8 model has been proposed as a
neurodegeneration model to study sporadic LOAD related to ageing (Akiguchi et al., 2017;
Pallàs, 2012).
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The senescence-accelerated mouse (SAM) strains are inbred strains characterised by stable
homozygosity and pathologic phenotypes and were established in 1973, by professor
Takeda, through phenotypic selection (senescence scores, lifespan, pathological pheno-
types) from an AKR/J mice pool (Flood & Morley, 1998; Takeda, 1999; Takeda et al., 1991,
1997). In particular, selective breeding, using sister-brother mating through subsequent
generations, gave rise to several sublines of SAM prone (SAMP) mice, which are charac-
terised by age-associated disease phenotypes (lifespan: 10-12 months, median survival
time: 9.7), and SAM resistant (SAMR) mice which present typical ageing characteristics
(lifespan: 19-21 months, median survival time 16.3). In total, there are 9 SAMP lines
and 3 SAMR sublines. Among SAMP lines, the SAMP8 is characterised by progressive
age-related cognitive decline and emotional alterations, which represent the model’s main
phenotypic characteristics. In addition, accelerated senescence in SAMP8 manifests as
reduced lifespan, lordosis, hair loss, skin ageing, heart ageing, hearing loss, and reduced
physical activity, characteristics similar to the ones presented by aged humans, in contrast
to SAMR1 strain, which shows a normal ageing pattern (Takeda, 1999).

AD-like cognitive and emotional alterations in SAMP8 mice

First Miyamoto et al. (Miyamoto et al., 1986) and then several studies reported an age-
related cognitive decline in SAMP8 mice, translated into memory and learning deficits
in several behavioural tasks. SAMP8 mice develop an early-onset age-related decline in
spatial learning and memory in hippocampal-dependent tasks such as Morris water maze
test and other mazes. SAMP8 impairment in spatial memory can be detected as early
as 4-month-old (or earlier depending on the task) and increases with age (Pallas et al.,
2008). SAMP8 mice also exhibit impairments in different avoidance tasks compared to
SAMR1 mice (Flood & Morley, 1998; Miyamoto, 2004). Ultimately, SAMP8 mice exhibit
cortex-dependent declarative memory deficits, evaluated by object recognition memory
tests (Pallas et al., 2008; Takeda, 1999).

In SAMP8 mice, cognitive decline is accompanied by non-cognitive symptoms, and in
particular age-related emotional alterations that occur in SAMP8 as young as 4 months old.
These include anxiety disturbances manifested as either reduced or increased anxiety-like
behaviour depending on the sex, age and experimental conditions (G.-H. Chen et al.,
2007; Miyamoto et al., 1992; Yanai & Endo, 2016). Moreover, SAMP8 mice exhibit
depressive-like behaviour and increased aggression compared to SAMR1 mice (Maes et
al., 2020; Pérez-Cáceres et al., 2013). Of note, these emotional changes in SAMP8 have
been associated with learning tasks impairments (Miyamoto, 1997); (unpublished data).
Ultimately, SAMP8 strains are characterised by circadian rhythm abnormalities (McAuley
et al., 2004). Overall, these emotional changes could substantially mimic the AD-like
non-cognitive symptoms, namely the BPSD, further reinforcing the utility of the SAMP8
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model in AD research.

AD-like pathological features in SAMP8 mice

Age-related neuropathologic characteristics identified in SAMP8 brains include neuron and
dendrite spine loss, cholinergic deficits in the forebrain, degeneration of dopamine neurons
(substancia nigra) and noradrenaline neurons (in locus coeruleus), and synaptic dysfunction
(Akiguchi et al., 2017; Karasawa et al., 1997; Kawamata et al., 1998). Additionally,
SAMP8 brains show a model-unique spongiosis as well as characteristic age-related
increased permeability of blood-brain barrier (BBB) (Vorbrodt et al., 1995) more evident
in 12-month-old SAMP8 mice compared to SAMR1.

Age-associated abnormal glial responses have been detected in SAMP8 mice. In particular,
SAMP8 brains present severe astrogliosis characterised by significant age-related increases
in GFAP expression (García-Matas et al., 2008; Wu et al., 2005) mostly in the hippocampus
and reactive microgliosis detected in the hippocampus and cerebral cortex, which also
increases with age (Akiguchi et al., 2017). Moreover, the strain in whole shows increased
expression of inflammatory markers compared to SAMR1, while this neuroinflammaging
profile correlates with earlier cognitive impairment and the neurodegeneration process
(Griñan-Ferré et al., 2016). In addition, oxidative damage in SAMP8 is well-documented
(Morley et al., 2012; Pallas et al., 2008; Sato, Kurokawa, et al., 1996; Sato, Oda, et al.,
1996); from 6-12 months, oxidative stress in SAMP8 brains is markedly increased and
accompanied by altered expression of genes and activity of enzymes associated with ROS
and antioxidant defence (Butterfield et al., 1997; Kurokawa et al., 2001; Sureda et al.,
2006). Indeed, OS has been considered the main mechanism that leads to accelerated
senescence that characterises the SAMP sublines (Hosokawa, 2002; Mori et al., 1998). OS
has also been associated with relatively early mitochondrial dysfunction, which is shown
in SAMP8 brains compared to SAMR1 mice (Nishikawa et al., 1998) (Fig.14).

Several studies in SAMP8 mice reported age-dependent Aβ deposition and impaired Aβ
clearance. In fact, SAMP8 brains show overproduction of APP jointly with increased
cortical and hippocampal APP mRNA expression (V. B. Kumar et al., 2000, 2001; Morley
et al., 2000) as well as increased Aβ levels compared to SAMR1, detected by a polyclonal
antibody to Aβ1-42 and Aβ1-40, (Fukunari et al., 1994; Takemura et al., 1993). Moreover,
SAMP8 showed increased levels of enzymes involved in Aβ generation, e.g. BACE1,
PSEN 1 and PSEN2 (Griñan-Ferré et al., 2016; V. B. Kumar et al., 2009; Wei et al., 1999)
as well as decreased Aβ-degradation enzymes such as IDE and NEP. Of note, evidence
strongly suggests that alterations in Aβ dynamics contribute to cognitive decline in SAMP8
(Banks et al., 2007; Butterfield & Poon, 2005). Likewise, tau hyperphosphorylation (e.g.
Ser396 and Ser404 sites of tau) is detected in the cortex and the hippocampus of SAMP8
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mice as early as 5 months of age (Pallas et al., 2008). In addition, several enzymes
involved in tau hyperphosphorylation have been altered consistently in SAMP8 brains. For
example, increased CDK5 and activated GSK3β levels were reported in SAMP8 brains
(Canudas et al., 2005; Liu et al., 2020), as well as altered Ca2+ dependent enzymes (e.g.
CAMKII) (Armbrecht et al., 1999). The latter findings are further supported by the fact
that SAMP8 mice also presented Ca2+ dysregulation. Overall, the presence of cognitive
and non-cognitive symptoms accompanied by alterations in several AD-like pathologies
and processes involved in age-related cognitive decline reinforce the utility of the model
not only as a robust model of ageing but also as a valuable model for age-related LOAD
(Fig.14)

Figure 14: AD characteristics of SAMP8 and 5XFAD animal models and approximate age of appearance.





Chapter 2

Objectives

With the rapid growth in the proportions of the older population worldwide, cognitive
decline and dementia are becoming an increasing burden. At present, there are not
successful pharmacological treatments for modifying the progression of AD, and therefore
the identification of new pharmacological targets for effective treatment is an active area
of research.

I2-IR has been identified as one of the promising biological targets that deserve further
investigation to permit researchers to build a complete map of their pharmacological possi-
bilities. Dysregulation of I2-IR have been associated with ageing and neurodegenerative
diseases, while I2-IR activation has been shown to exert neuroprotection. This evidence
suggests that selective I2-IR ligands could contribute to the delay of neurodegeneration.
However, their potential therapeutic value in AD is still underexplored.

In this context, the general aim of the present doctoral thesis has been to foster scientific
knowledge regarding the pharmacological modulation of the I2-IR under neurodegenerative
processes by assessing the pharmacological effects delivered by selective I2-IR ligands in
in vivo models of LOAD and EOAD.

In order to pursue this aim, several specific objectives have been established:

1. Evaluate the neuroprotective effect of the novel I2-IR ligands MCR5, MCR9
in aged 12-month-old female SAMP8 mice.

• To determine the effects of MCR5, MCR9 on cognitive decline and behavior.

• To investigate molecular alterations in major pathophysiological pathways of
AD (APP processing and tau hyperphosphorylation, neuroinflammation and
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OS) after I2-IR treatment.

2. Assess the effect of the novel I2-IR ligand MCR5 on cognitive and non-cognitive
symptoms of AD presented by 10-month-old male SAMP8.

• To evaluate the effect of MCR5 on cognitive and psychological symptoms of
dementia.

• To investigate a possible involvement of MCR5 treatment in serotoninergic
system, as well as alterations in molecular pathways related to neurotrophic
factors, synaptic plasticity and neuroinflammation after I2-IR treatment.

3. Delineate the molecular mechanisms involved in the neuroprotective effect of
I2-IR by evaluating the novel improved I2-IR ligand B06, in 12-month-old
SAMP8 female mice.

• To evaluate the cognitive and behavioural status of aged SAMP8 mice after
B06 treatment.

• To determine the effect of chronic B06 treatment on age-related and AD
neurodegenerative processes.

• To identify key neurodegenerative mechanisms modulated by I2-IR ligands in
vivo.

4. Validate the I2-IR as a pharmacological target for AD treatment by assessing
the disease-modifying effect of the I2-IR ligand LSL60101 alone and in com-
bination with the AChE inhibitor donepezil using 7-month-old female 5XFAD
mice.

• To assess the cognitive and behavioural changes after treatment with LSL60101,
donepezil and co-treatment.

• To explore the LSL60101, donepezil and combination treatment effects on ad-
vanced AD pathology marked by severe amyloidosis, tau hyperphosphorylation
and gliosis.

• To unravel the effect of LSL60101 on inflammatory response by identifying
alterations in the gene expression of several inflammatory mediators in 5XFAD
and WT mice after chronic treatment.
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SUMMARY

AD, the most common age-related neurodegenerative disease and main cause of dementia
in the elderly, remains an unmet medical need as the life expectancy increases, especially
provided that the scientific community still lacks an effective cure. Thus, the identification
of new targets is essential to reverse the cognitive decline and halt the progression of the
disease. In the CNS, I2-IR have been found to increase with age and more importantly, a
dysregulation of the receptors has been linked to neurodegeneration and brain disorders.
Thus, we hypothesize that modulation of I2-IR by high-affinity selective I2-IR ligands
could lead to beneficial outcomes by contributing to the delay of neurodegeneration.

Here, we evaluated for the first time in vivo, the effect of structurally novel I2-IR ligands,
MCR5 and MCR9, on the behavioral alterations, cognitive decline and neurodegenerative
molecular processes presented by aged SAMP8 mice after oral administration. To this end,
behavioral tests (Novel object recognition test, Open Field, Elevated Plus Maze test) were
performed, as well as cellular and biochemical assessment of AD associated parameters in
SAMP8 brains.

I2-IR ligands were able to deliver a beneficial effect on cognition and anxiety-like behavior
in 12-months old female SAMP8. Changes in synaptic markers such as PSD95 and synap-
tophysin and in apoptotic factors such as caspase-3, Bcl-2, Bax were consistent with the
behavioral results obtained. Accordingly, I2-IR treatment attenuated neuroinflammation
in SAMP8 brains by decreasing GFAP protein levels and inflammatory markers gene ex-
pression. A beneficial effect on OS levels was also determined after treatment. Ultimately,
I2-IR treatment ameliorated the APP processing and Aβ degradation, as well as diminished
tau hyperphosphorylation, which we found to be accompanied by alterations in signaling
pathways involved in this process.

Collectively, we demonstrated the neuroprotective role of these new I2-IR ligands in a
mouse model of brain aging and neurodegeneration and this evidence suggest the potential
of I2-IR as therapeutic targets in brain disorders and age-related neurodegenerative diseases
such as AD.
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ABSTRACT

As populations increase their life expectancy, age-related neurodegenerative disorders
such as Alzheimer’s disease have become more common. I2-Imidazoline receptors (I2-
IR) are widely distributed in the central nervous system, and dysregulation of I2-IR in
patients with neurodegenerative diseases has been reported, suggesting their implication
in cognitive impairment. This evidence indicates that high-affinity selective I2-IR ligands
potentially contribute to the delay of neurodegeneration. In vivo studies in the female
senescence accelerated mouse-prone 8 mice have shown that treatment with I2-IR ligands,
MCR5 and MCR9, produce beneficial effects in behavior and cognition. Changes in
molecular pathways implicated in oxidative stress, inflammation, synaptic plasticity, and
apoptotic cell death were also studied. Furthermore, treatments with these I2-IR ligands



48 Chapter 3. Methods and Results

diminished the amyloid precursor protein processing pathway and increased Aβ degrading
enzymes in the hippocampus of SAMP8 mice. These results collectively demonstrate the
neuroprotective role of these new I2-IR ligands in a mouse model of brain aging through
specific pathways and suggest their potential as therapeutic agents in brain disorders and
age-related neurodegenerative diseases.

3.1.1 INTRODUCTION

Imidazoline receptors (non-adrenergic receptors for imidazolines) [1] have been identified
as a promising biological target that deserves further investigation using multidisciplinary
approaches to build a comprehensive understanding of their pharmacological possibilities.
To date, three main imidazoline receptors, I1-, I2- and I3-IR, have been identified as
binding sites that recognize different radiolabeled ligands involving different locations and
physiological functions [2-4]. The pharmacological characterization of I1-IR is understood
the best, and they are used in the antihypertensive drugs moxonidine [5] or rilmenidine
[6]. To date, I2-IR have not been structurally described, although García-Sevilla’s group
has defined distinct binding proteins corresponding to subgroups of I2-IR sites [7]. I2-
IR are involved in analgesia [8] glial tumors [9], inflammation [10] and a plethora of
brain disorders, such as Alzheimer’s Disease (AD) [11,12], Parkinson’s disease (PD)
[13], and different psychiatric disorders [14-16]. The efficacy of the analgesic CR4056 in
osteoarthritis has advanced this compound in the first-in-class I2-IR ligand to achieve phase
II clinical trials [17]. I2-IR are widely distributed in the CNS, binds imidazoline-based
compounds [18, 19], such as idazoxan or valldemossine [20], and have been associated
with the catalytic site of monoamine oxidase enzyme (MAO) [21]. A neuroprotective
role for I2-IR was described through the pharmacological activities observed for their
ligands [22]. Idazoxan reduced neuron damage in the hippocampus after global ischemia
in the rat brain [23] and agmatine, identified as the endogenous I2-IR ligand [24], has
demonstrated modulatory actions in several neurotransmitters that produce neuroprotection
both in vitro and in rodent models [25]. The compelling evidence has demonstrated that
other selective I2-IR ligands (Figure 1) provide benefits such as being neuroprotective
against cerebral ischemia in vivo [26, 27], inducing beneficial effects in several models
of chronic opioid therapy, leading to neuroprotection by direct blocking of N-methyl-
D-aspartate receptor (NMDA) mediated intracellular [Ca2+] influx [28], or provoking
morphological/biochemical changes in astroglia that are neuroprotective after neonatal
axotomy [22].

At a cellular level, I2-IR are situated in the outer membrane of the mitochondria in
astrocytes [29], and a direct physiological function of glial I2-imidazoline preferring
sites that regulate the level of the astrocyte marker glial fibrillary acidic protein (Gfap)
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Figure 1: Representative I2-IR ligands.

has been proposed [30]. In addition, astrogliosis is a pathophysiological trend in brain
neurodegeneration as in AD [31]. The density of I2-IR is markedly increased in the brains
of patients with AD [13], and in gliosis associated wiht brain injury [32].

The pharmacological characterization of these receptors relies on the discovery of selective
I2-IR ligands devoid of a high affinity for I1-IR and α2-adrenoceptors. The reported I2-IR
ligands are structurally restricted, featuring rigid substituted pattern imidazolines, and
most of which are not entirely selective and thus interact with α-adrenoceptors [19], which
causes side effects [33]. Our chemistry program aimed to find new selective I2-IR ligands
to increase the arsenal of pharmacological tools to exploit the therapeutic potential of I2-IR
in neuroprotection.

We have recently synthesized a series of new chemical scaffolds, 2-imidazolin-4-yl)
phosphonates [34], by an isocyanide-based multicomponent reaction under microwave
irradiation to avoid using solvents. The experimental synthetic conditions fulfill the
principles of green chemistry, giving access to novel compounds with high selectivity and
affinity for I2-IR. Among them, we tested MCR5 [diethyl (1-(3-chloro-4-fluorobenzyl)-
5,5-dimethyl-4-phenyl-4,5-dihydro-1H-imidazol-4-yl)phosphonate] in previous work to
demonstrate its neuroprotective and analgesic effects, and it showed promising results
in models of brain damage [35]. In particular, mechanisms of neuroprotection related
to regulating apoptotic pathways or inhibiting p35 cleavage mediated by this new active
compound have been found. In the present work, we explored the behavioral and cognitive
status, including molecular changes associated with age and neurodegenerative processes,
presented by SAMP8 mice when treated with the new highly selective I2-IR ligands MCR5
and MCR9 [methyl 1-(3-chloro-4-fluorobenzyl)-5,5-dimethyl-4-phenyl-4,5-dihydro-1H-
imidazole-4-carboxylate] (Figure 2). SAMP8 is a naturally occurring mouse strain that
displays a phenotype of accelerated aging with cognitive decline, as observed in AD, and
is widely used as a feasible rodent model of cognitive dysfunction [36]. To the best of our
knowledge, this manuscript reports the first study that includes cognitive and behavioral
parameters of novel I2-IR ligands in a well-characterized animal model for studying brain
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aging and neurodegeneration.

Figure 2: Structure of I2-IR ligands MCR5 and MCR9.

3.1.2 MATERIALS AND METHODS

Synthesis of I2-IR ligands MCR5 and MCR9

The compounds were prepared using our previously optimized conditions [34]. I2-IR pKi
for MCR5 and MCR9 were determined as 9.42±0.16 nM and 8.85±0.21 nM, respectively,
showing that both compounds also had high selectivity against α2 adrenergic receptors
(457 and 1862, respectively) [35].

The blood-brain barrier (BBB) determination method

The in vitro permeability (Pe) of the novel compounds through a lipid extract of the
porcine brain was determined using a mixture of PBS/EtOH 70:30. The concentration
of drugs was determined using a UV/VIS (250-500 nm) plate reader. Assay validation
was carried out by comparing the experimental and reported permeability values of 14
commercial drugs (see supporting information), which provided a good linear correla-
tion: Pe (exp) = 1.003Pe (lit) − 0.783 (R2 = 0.93). Using this equation and the limits
established by Di et al. [37] for BBB permeation, the following ranges of permeability
were established: Pe(10−6cm · s−1) > 5.18 for compounds with high BBB permeation
(CNS+); Pe(10−6cm · s−1) < 2.06 for compounds with low BBB permeation (CNS-); and
5.18 > Pe(10−6cm · s−1) > 2.06 for compounds with uncertain BBB permeation (CNS±).

Measurements of hypothermic effects

For this study, 25 adult male CD-1 mice (30-40 g) bred in the animal facility at the Univer-
sity of the Balearic Islands were used. Mice were housed in standard cages under defined
environmental conditions (22°C, 70% humidity, and a 12-h light/dark cycle, lights on
at 8:00 AM) and with free access to a standard diet and tap water. Experimental proce-
dures followed the ARRIVE [38] and standard ethical guidelines (European Communities
Council Directive 86/609/EEC and Guidelines for the Care and Use of Mammals in Neu-
roscience and Behavioral Research, National Research Council 2003) and were approved
by the Local Bioethics Committee (UIB-CAIB). All efforts were made to minimize the
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number of mice used and their suffering.

Mice were handled and weighed by the same person for 2 days so they could habituate to the
experimenter before any experimental procedures were initiated. For the acute treatment,
mice received a single dose of MCR9 (20 mg/kg, i.p., n=6) or vehicle (a mixture of equal
parts of DMSO and saline, i.p., n=7). For the repeated treatment, mice were daily treated
with MCR9 (20 mg/kg, i.p., n=6) or vehicle (a mixture of equal parts of DMSO and
saline, i.p., n=6) for 5 consecutive days. The hypothermic effect of compound MCR9 was
evaluated by measuring rectal temperature before any drug treatment (basal value) and 1 h
after drug injection by a rectal probe connected to a digital thermometer (compact LCD
thermometer, SA880-1M, RS, Corby, UK). Mice were sacrificed immediately after the last
measurement of rectal temperature.

SAMP8 mouse in vivo experiments

SAMP8 female mice (n=26) (12 months old) were used to carry out cognitive and molecular
analyses. We divided these animals randomly into three groups: SAMP8 Control (SP8-Ct,
n=10) and SAMP8 treated with I2-IR ligands (MCR5, n=8 and MCR9, n=8). Animals
had free access to food and water and were kept under standard temperature conditions
(22±2°C) and a 12-h light/dark cycle (300 lux/0 lux). MCR5 and MCR9 (5 mg/Kg/day)
were dissolved in 1,8% 2-hydroxypropyl-β-cyclodextrin and administered through drinking
water for 4 weeks. Water consumption was controlled each week, and I2-IR ligand
concentrations were adjusted accordingly to reach the optimal dose. Studies and procedures
involving mice brain dissection and subcellular fractionation were performed by the
ARRIVE [38] and international guidelines for the care and use of laboratory animals
(see above) and approved by the Ethics Committee for Animal Experimentation at the
University of Barcelona.

Open field (OFT), elevated plus maze (EPM), and novel object recognition test (NORT)

The OFT apparatus was a white polywood box (50x50x25 cm). The floor was divided
into two areas defined as center zone and peripheral zone (15 cm between the center
zone and the wall). Behavior was scored with SMART® ver.3.0 software, and each trial
was recorded for later analysis using a camera situated above the apparatus. Twenty-six
mice (n=8-10 per group) were placed at the center and allowed to explore the box for 5
min. Afterward, the mice were returned to their home cages and the OFT apparatus was
cleaned with 70% EtOH. The parameters scored included center staying duration, rears,
defecations, and the distance traveled, calculated as the sum of total distance traveled in 5
min.
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The EPM apparatus consists of opened arms and closed arms, crossed in the middle
perpendicularly to each other, and a central platform (5×5cm) constructed of dark and
white plywood (30×5×15 cm). To initiate the test session, 26 mice (n=8-10 per group) were
placed on the central platform, facing an open arm, and allowed to explore the apparatus
for 5 min. After the 5-min test, mice were returned to their home cages, and the EPM
apparatus was cleaned with 70% EtOH and allowed to dry between tests. Behavior was
scored with SMART® ver.3.0 software, and each trial was recorded for later analysis using
a camera fixed to the ceiling at a height of 2.1 m and situated above the apparatus. The
parameters recorded included time spent on opened arms, time spent on closed arms, time
spent in the center zone, rears, defecation and urination.

The NORT protocol employed was a modification of that of Ennaceur and Delacour [39].
In brief, 26 mice (n=8-10 per group) were placed in a 90°, two-arm, 25-cm-long, 20-
cm-high, 5-cm-wide black maze. The walls could be removed for easy cleaning. Light
intensity in mid-field was 30 lux. Before performing the test, the mice were individually
habituated to the apparatus for 10 min for 3 days. On day 4, the animals were submitted to
a 10-min acquisition trial (first trial), during which they were placed in the maze in the
presence of two identical, novel objects (A+A or B+B) at the end of each arm. A 10-min
retention trial (second trial) was carried out 2 h and 24 h later, with one of the two objects
changed. During these second trials, mice behavior was recorded with a camera. The
time with the new object (TN) and the time with the old object (TO) were measured. A
discrimination index (DI) was defined as (TN-TO)/(TN+TO). The maze and the objects
were cleaned with 96% EtOH after each test to eliminate olfactory cues.

Brain processing

Mice were euthanized by cervical dislocation 1 day after the behavioral and cognitive tests
finished. Brains were immediately removed from the skull. The hippocampus of each
mouse was then isolated and frozen in powdered dry ice. Each hippocampus was main-
tained at -80°C for further use. Tissue samples were homogenized in lysis buffer containing
phosphatase and protease inhibitors (Cocktail II, Sigma-Aldrich). Total protein levels were
obtained, and the Bradford method was used to determine protein concentration. Protein
levels determination by western blot (WB) For WB, aliquots of 15 µg of hippocampal
protein were used. Protein samples from 15 mice (n=5 per group) were separated by
SDS-PAGE (8%-12%) and transferred onto PVDF membranes (Millipore). Afterward,
membranes were blocked in 5% non-fat milk in 0,1% Tween20 TBS (TBS-T) for 1 h at
room temperature, followed by overnight incubation at 4°C with the primary antibodies
listed in Table 1 (Supporting Information). Membranes were washed and incubated with
secondary antibodies for 1 h at room temperature. Immunoreactive proteins were viewed
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with a chemiluminescence-based detection kit, following the manufacturer’s protocol (ECL
Kit; Millipore) and digital images were acquired using a ChemiDoc XRS+ System (Bio-
Rad). Semi-quantitative analyses were carried out using ImageLab software (BioRad), and
results were expressed in arbitrary units, considering control protein levels as 100%. Pro-
tein loading was routinely monitored by immunodetection of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH).

Determination of OS in the hippocampus

Hydrogen peroxide (H2O2) from 12 mice (n=4 per group) was measured in hippocampal
tissue protein extracts obtained as described above. It was used as an indicator of OS
and was quantified using a hydrogen peroxide assay kit (Sigma-Aldrich, St. Louis, MI)
according to the manufacturer’s instructions.

RNA extraction and gene expression determination

Total RNA isolation was carried out using the TRIzol® reagent according to manufacturer’s
instructions. The yield, purity, and quality of RNA were determined spectrophotometri-
cally with a NanoDrop™ ND-1000 (Thermo Scientific) apparatus and an Agilent 2100B
Bioanalyzer (Agilent Technologies). RNAs with 260/280 ratios and RIN higher than 1.9
and 7.5, respectively, were selected. Reverse Transcription-Polymerase Chain Reaction
(RT-PCR) was performed as follows: 2 µg of mRNA was reverse-transcribed using the high
capacity cDNA reverse transcription kit (Applied Biosystems). Real-time quantitative PCR
(qPCR) was employed to quantify the mRNA expression of OS genes heme oxygenase (de-
cycling) 1 (Hmox1), aldehyde oxidase 1 (Aox1), cyclooxygenase 2 (Cox2), inflammatory
genes interleukin 6 (Il-6), interleukin 1 beta (Il-1β), tumor necrosis factor alpha (Tnf-α),
amyloid processing gene disintegrin, and metalloproteinase domain-containing protein 10
(Adam10) and amyloid degradation gene neprilysin (NEP). The primers are listed in Table
2 (Supporting Information).

SYBR® Green real-time PCR was performed in a Step One Plus Detection System
(Applied-Biosystems) employing SYBR® Green PCR Master Mix (Applied-Biosystems).
Each reaction mixture contained 7.5 µL of cDNA (a 2-µg concentration), 0.75 µL of each
primer (a 100-nM concentration, each), and 7.5 µL of SYBR® Green PCR Master Mix
(2X).

TaqMan-based real-time PCR (Applied Biosystems) was also performed in a Step One
Plus Detection System (Applied-Biosystems). Each 20 µL of TaqMan reaction contained
9 µL of cDNA (25 ng), 1 µL 20X probe of TaqMan Gene Expression Assays and 10 µL of
2X TaqMan Universal PCR Master Mix.
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Data were analyzed using the comparative cycle threshold (Ct) method (∆∆Ct), where
the housekeeping gene level was used to normalize differences in sample loading and
preparation. Normalization of expression levels was performed with actin for SYBR®
green-based real-time PCR results and Tbp for TaqMan-based real-time PCR. Each sample
(n=4-5 per group) was analyzed in duplicate, and the results represent the n-fold difference
of the transcript levels among different groups.

Statistical analysis

The statistical analyses were conducted using GraphPad Prism ver. 6 statistical software.
Data were expressed as the mean ± standard error of the mean (SEM). Means were
compared with one-way analysis of variance (ANOVA) and Tukey’s post hoc test or
two-tailed Student’s t-test when necessary. Statistical significance was considered when
p values were <0.05. Statistical outliers were performed out with Grubbs’ test and were
removed from the analysis.

3.1.3 RESULTS

BBB permeation assay for I2-IR ligands MCR5 and MCR9

The tested compounds MCR5 and MCR9 had Pe values of 13.5±0.9 and 26.9±1.7, respec-
tively, well above the threshold for high BBB permeation, so they were predicted to be able
to cross the BBB and reach their biological target in the CNS. Supplementary information
on results analysis can be found in the supporting material (Table 3).

Hypothermic effects of MCR9 in mice

Selective I2-IR ligands induce hypothermia in rodents [4]. In particular, the hypothermic
effect of compound MCR5 in mice was evaluated in a recent study from our research
group (results for compound 2c in ref 35) [35]. Similar to MCR5, MCR9 induced mild
hypothermia as assessed by a moderate reduction (-2.3°C) in rectal temperature 1 h after
injection at the tested dose of 20 mg/kg in adult CD-1 mice and as compared with vehicle-
treated controls (Figure 3a, day 1). While repeated (5 days) administration (20 mg/kg)
revealed persistent the hypothermic effects of MCR9 from days 1 to 4 (range from -2.3 to
-3.2°C), on day 5 no significant change was observed in body temperature (-1.8°C change)
as compared with vehicle-treated controls (Figure 3b).
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a b

Figure 3: Acute and repeated measurement of the hypothermic effect of compound MCR9 in mice.
(a) Effect of acute treatment with MCR9 (20mg/kg, i.p.) on rectal body temperature in mice. Columns
are means ± SEM of the difference (∆, 1h - basal value) in body temperature (°C) for MCR9-treated mice
compared to vehicle-treated Control mice. Data were analyzed using Student t-test. **p<0.01. (b) Effect
of repeated (5 days) treatments with MCR9 (20mg/kg, i.p., closed circles) on rectal body temperature
in mice. Circles are means ± SEM of the difference (∆, 1h - basal value) in body temperature (°C) for
MCR9-treated mice compared to vehicle-treated Controls. Data were analyzed by using repeated measures
ANOVA followed by Sidak’s multiple comparison test. **p<0.01, ***p<0.001; (n=6-7 animals per group).

Beneficial effects on behavior and cognition induced by MCR5 and MCR9 in SAMP8
mice

Results obtained in OFT demonstrated that both compounds increased locomotor activity
and time spent in the center zone (Figure 4a and b). Furthermore, a significant increment in
the vertical activity, quantified by the number of total rears, was observed in mice treated
with MCR5 or MCR9 in OFT and the EPM (Figure 4c and f). EPM data indicated a
reduction in anxiety-like behavior by a significant decrease in time spent in closed arms
for treated animals compared with controls (Figure 4e). These results are supported by a
preference for opened arms, although not significant, for MCR5 (Figure 4d). Moreover, a
significant increase in the DI indicates an improved performance in recognition of the new
object in the NORT between MCR5- and MCR9-treated SAMP8 mice compared with the
control group. A robust effect in short (2 h) and long-term (24 h) memory was found for
the two tested compounds (Figure 4g and h).
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Figure 4: Behavioral and cognitive improvement in SAMP8 12-month-old treated mice with both
I2-IR ligands. (a) A significant increase in the distance travelled in the open field test in I2-IR ligands
treated groups in comparison with the Control group. (b) A significant increase in the percentage of time
in the center zone of the opened field test in MCR5 treated group compared to the Control group, and no
significant difference between MCR9 and the Control group. (c) A significant increase in the number of
total rears of the opened field test among groups. (d) The time spent in the opened arms of the EPM did not
differ among groups. (e) A significant increase in the time spent in the closed arms among Control group in
comparison with treated groups. (f) A significant increase in the number of total rears of the EPM in MCR5
group in comparison with Control group. (Continued)
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Figure 4: (Continued) (g) The results of the NORT in the short-term memory 2h revealed a significant
increase in both I2-IR ligands treated groups in comparison with the Control group as well as a significant
reduction in the DI of MCR9 group compared to MCR5 group, and (h) a significant increase in the DI of the
long-term memory 24h in both I2-IR ligands treated groups compared to the Control group. Data expressed
as means ± SEM (n=8-10 animals per group) and analyzed using a One-way ANOVA followed by Tukey’s
post hoc test for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

OS and inflammatory markers reduced by MCR5 and MCR9 in SAMP8 mice

OS and neuroinflammation are thought to be key risk factors in the development of
neurodegeneration. The hydrogen peroxide levels in the hippocampus were significantly
reduced in brains of mice treated with either MCR5 or MCR9 compared with the control
group (Figure 5a). Of note, superoxide dismutase 1 (SOD1) protein levels in treated mice
were reduced by MCR5 but not by MCR9 (Figure 5b). Moreover, Hmox1 gene expression,
an important key enzyme in cellular antioxidant-defense, was also significantly increased
with both MCR5 and MCR9 (Figure 5d). Other OS markers, such as Aox1 or Cox2, were
not significantly altered (Figure 5d). Regarding the inflammation markers, no changes
were observed in Il-6 gene expression for tested compounds, but a significant decrease
in Il-1β and Tnf-α for MCR5 treated SAMP8 mice was found (Figure 5e). Moreover, a
significant diminution in GFAP protein levels was determined, reinforcing the prevention
of inflammatory processes by MCR5 and MCR9 (Figure 5c).

Changes in synaptic markers and apoptotic factors induced by MCR5 and MCR9 in
SAMP8 mice

MCR5, but not MCR9, induced an increase in postsynaptic density protein 95 (PSD95)
protein levels (Figure 6a). Protein levels for synaptophysin (SYN), a presynaptic protein,
showed a slight increase for both compounds, although it did not reach significance
(Figure 6b). To determine the implication of proteolytic processes in the MCR5 and
MCR9 compounds, we found reduced levels of calpain (data not shown) with a significant
diminution in 150 α-spectrin breakdown fragment (SPBD) (Figure 6c). Furthermore,
MCR9 and MCR5 reduced caspase-3 activity in SAMP8 mouse hippocampi, because
of the diminution of caspase-3 protein levels and 120 SPBD fragments, which reached
significance for MCR9 (Figure 6c and d). Moreover, B-cell lymphoma 2 (Bcl-2) levels
were diminished, and Bcl-2-associated X (Bax), a key protein in the apoptotic cascade,
was reduced by MCR5 (Figure 6e and f), supporting a possible implication of I2-IR in
apoptosis processes.
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Figure 5: Reduced OS and inflammatory markers in SAMP8 12-month-old treated mice with both
I2-IR ligands. (a) There was a significant reduction in hydrogen peroxide concentration in both I2-IR
ligands treated groups in comparison with the Control group in homogenates of the hippocampus tissue.
(b) A significant reduction in protein levels of SOD1 in MCR5 group compared to the Control group and
no difference between MCR9 and Control group. (c) A significant reduction in protein levels of Gfap in
MCR5 and MCR9 in comparison with the Control group. (d) Gene expression of antioxidant enzymes in
the mice hippocampus. A significant increase in Hmox1 gene expression, but not for Aox1 and Cox2, among
both I2-IR ligands and Control group. (e) Significant reduction in gene expression of Il-1β and Tnf-α in
MCR5 group in comparison with the Control group, and a tendency to reduce in MCR9 group for the same
genes. However, Il-6 gene expression did not differ among groups. Values in bar graphs are adjusted to
100% for protein level of the Control group. Gene expression levels were determined by real-time PCR. Data
expressed as means ± SEM (n=4-5 animals per group) and analyzed using a One-way ANOVA followed by
Tukey’s post hoc test for multiple comparisons. *p<0.05.
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Figure 6: Changes in synaptic markers and apoptotic factors in 12-month-old treated SAMP8 mice
with both I2-IR ligands. (a) A significant increase in protein levels of PSD95 in MCR5 group in comparison
with the other two groups. (b) A tendency to increase in protein levels of SYN in both I2-IR ligands treated
groups in comparison with the Control group.
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Figure 6: (Continued) (c) There was a tendency to reduce in the spectrin fragment SPBD 150, and a
significant reduction in the spectrin fragment SPBD 120 in MCR9 group in comparison with the Control
group. (d) A significant reduction in Caspase-3 protein levels in both I2-IR ligands group in comparison
with the Control group. (e) A significant reduction in Bcl-2 protein levels in both I2-IR ligands group in
comparison with the Control group. (f) A significant reduction in Bax protein levels among the MCR9
group and the other groups. Values in bar graphs are adjusted to 100% for protein level of the Control group.
Representative WB for each protein in the hippocampus mice was showed. Data expressed as means ±
SEM (n=5 animals per group) and analyzed using a One-way ANOVA followed by Tukey’s post hoc test for
multiple comparisons. *p<0.05, **p<0.001.

Changes in mitogen-activated protein kinase (MAPK) signaling pathways reduced
hyperphosphorylation of Tau induced by MCR5 and MCR9 in SAMP8 mice

Key proteins associated with molecular pathways disturbed in brain disorders and neurode-
generation were evaluated by WB. Interestingly, MCR5, but not MCR9, increased the
p-AKT/AKT ratio (protein kinase B) (Figure 7a). Accordingly, higher levels of inactivated
glycogen synthase kinase 3 beta (GSK3β), phosphorylated in Ser9, were determined
(Figure 7b). Extracellular signal-regulated kinase (ERK½) inhibition by MCR5 and
MCR9 was demonstrated by a reduction of the p-ERK½ ratio (Figure 7c). Furthermore,
cyclin-dependent kinases 5 (CDK5) measured by the p-CDK5/CDK5 and p25/p35 ratios
were also reduced (Figure 7d and e). Taking into account the results obtained on kinases
CDK5, GSK3β, AKT, and ERK½, we studied Tau hyperphosphorylation levels in the
hippocampi of SAMP8 mice. A significant reduction in Tau phosphorylation in treated
SAMP8 mice was found, specifically for the Ser404 phosphorylation site, whereas the
Ser396 phosphorylation site was reduced without reaching significance (Figure 7f).

Changes in APP processing and Aβ degradation induced by MCR5 and MCR9 in
SAMP8 mice

We found a significant increase in sAPPα protein levels in MCR9 treated SAMP8 mice
(Figure 8a) and a significant reduction in sAPPβ protein levels in MCR5 treated SAMP8
mice (Figure 8b). Furthermore, a significant increase in gene expression for Adam10, an
α-secretase that cleaves APP and NEP, an Aβ degrading enzyme (Figure 8c and d) was
observed in both treated mice groups compared with that in non-treated animals.
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Figure 7: Changes in kinase signaling pathways reduced hyperphosphorylation of Tau in 12-month-
old SAMP8 mice treated with both I2-IR ligands.(a) A significant increase in the p-AKT ratio in the
MCR5 group compared with the other two groups. (Continued)
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Figure 7: (Continued) (b) A significant increase in inactive p-GSK3β (Ser9) protein levels in both I2-IR
ligand treated groups compared with the Control group. (c) A significant reduction in p-ERK½ in both I2-IR
ligand treated groups compared with the Control group. (d) Changes in the p-CDK5/CDK5 ratio induced by
MCR5 and MCR9 treatment.(e) Changes in the p25/p35 ratio in the MCR5 and MCR9 groups compared
with the Control group. Representative WB are shown. (f) A reduction in p-Tau (Ser396), as well as a
significant reduction in p-tau (Ser404) in both I2-IR ligand treated groups compared with the Control group.
Values in bar graphs are adjusted to 100% for protein level of the Control group. Data are expressed as
means ± SEM (n=5 animals per group) and analyzed using one-way ANOVA followed by Tukey’s post hoc
test for multiple comparisons. *p<0.05, **p<0.01, ***p<0.001.

a b

c d

Figure 8: Changes in APP processing and Aβ degradation enzymes in SAMP8 12-month-old treated
with both I2-IR ligands. Representative WB of the APP, and its fragments. (a) Significant increase in
sAPPα protein levels in MCR9 group compared to the Control group, and no significant difference between
MCR5 and the Control group. (b) Significant reduction in sAPPβ in protein levels in MCR5 group compared
to the Control group, and no significant difference between MCR9 and the Control group. (c) Significant
increase in gene expression of Adam10 in MCR5 group compared to the Control group, and no significant
difference in MCR9 group. (d) There was a significant increase in gene expression of NEP in MCR5 group
compared to the Control group, and no significant difference in MCR9 group. Values in bar graphs were
adjusted to 100% for protein level of the Control group. Gene expression levels were determined by real-time
PCR. Data expressed as means ± SEM (n=4-5 animals per group) and analysed using a One-way ANOVA
followed by Tukey’s post hoc test for multiple comparisons. *p<0.05.
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3.1.4 DISCUSSION

I2-IR are related to several physiological and pathological processes, including those of
the CNS, such as pain [8], neuropathic pain [40], seizures [41, 42], and neurodegenerative
diseases such as AD [14, 43]. Our lab has a research line on developing new high affinity
and selectivity I2-IR ligands, maintaining the imidazoline scaffold and incorporating
several substituents in the imidazoline ring. Some of these were previously tested for their
neuroprotective role [35].

Given the enormous potential of I2-IR and their implications in brain disorders and neu-
rodegenerative diseases such as AD, we set out to explore whether MCR5 and MCR9,
two members of a structurally new family of I2-IR ligands, might improve the behavioral
and cognitive status in SAMP8 model mice. The main chemical structural differences
were a phosphonate substituent on the imidazoline ring for MCR5 in contrast with an ester
group for MCR9 (Figure 2).

Published results from our lab demonstrated that MCR5 presented a pKi for the I2-IR of
9.42±0.16 and high selectivity when compared with the α2 receptor affinity [35]. Likewise,
MCR9 is a high-affinity I2-IR ligand (pKi 8.85±0.21) but with a higher selectivity against
α2 receptors. Both MCR5 and MCR9 were predicted to be able to cross the BBB, an
important drug characteristic when action is expected in the CNS.

Previous studies have evaluated the effects of selective I2-IR ligands on inducing hy-
pothermia in rodents [e.g., idazoxan or BU224] [44]. Accordingly, MCR5 can induce
hypothermia in mice, and showed a neuroprotective role in kainate-induced seizures, modi-
fying levels of a Fas-associated protein with death domain (FADD) receptor [35]. While
acute MCR5 (5 and 20 mg/kg) induced mild hypothermia, repeated (20 mg/kg, 5 days)
administration of MCR5 revealed significantly attenuated hypothermic effects from day 2,
which indicated the induction of tolerance to the hypothermic effects of the drug [35]. For
MCR9, repeated (20 mg/kg, 5 days) administration revealed persistent hypothermic effects
up to day 4. These results suggest that the slow induction of tolerance to the hypother-
mic effects caused by MCR9 might be started following 5 days of drug administration,
although a more extended treatment paradigm might be needed for confirmation.

The hypothermic effects exerted by MCR5 and MCR9 might be relevant to induce neu-
roprotection because it was previously proposed for some of the neuroprotective effects
induced by the I2-IR selective ligand idazoxan. Several experiments have ascertained a
possible role for hypothermia in mediating neuroprotection. For example, small drops in
temperature exerted neuroprotection in cerebral ischemia [45] and are typically used in the
clinic to improve the neurological outcome under various pathological conditions (e.g.,
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stroke, brain injury). Although the mechanisms explaining the neuroprotective effects
mediated by hypothermia are not well understood, some researchers have suggested that
they might be related to the inhibition of glutamate release [46].

SAMP8 mice have been studied as a non-transgenic murine mouse model of accelerated
senescence and late-onset AD. These mice exhibit cognitive and emotional disturbances,
probably due to the early development of pathological brain hallmarks, such as OS,
inflammation, and activation of neuronal death pathways, which mainly affect the cerebral
cortex and hippocampus [47, 48]. To date, this rodent model has not been used to test
I2-IR ligands. Thus, this work is the first investigation of the effects of the improvement of
cognitive impairment and behavior in this mouse model after treatment with I2-IR ligands.

Behavioral and cognitive effects were investigated through three well-established tests in
SAMP8 mice: the OFT, which is an experiment used to assay general locomotor activity
and anxiety in rodents [49]; the EPM, one of the most widely used tests for measuring
anxiety-like behavior [50]; and the NORT, as a standard measure of cognition (for short-
and long-term memory) [51].

The OFT and EPM parameters indicated a reduction in cognitive impairment through
showing improved locomotor activity jointly with an anti-anxiousness effect. Likewise, the
NORT results demonstrated an improvement in cognitive and short- and long-term learning
capabilities in hippocampal memory processes. Therefore, all the assessed parameters
showed robust beneficial effects on cognition and behavior after MCR5 and MCR9
treatment in SAMP8 mice.

The results in cognitive and behavioral effects were supported by a cellular and biochemical
assessment of characteristic parameters related to cognitive decline and AD. The com-
pelling evidence demonstrated a neuroprotective role for I2-IR. The neuroprotective role
can be related to OS and inflammation [52] by measuring OS indicators and inflammation
markers in SAMP8 mouse brain tissue treated with the I2-IR ligands, MCR5 and MCR9.
Results showed significant reduced hydrogen peroxide levels in hippocampal tissue and
increased Hmox1 gene expression in treated MCR5 and MCR9 SAMP8 mice, but not
in other sensors for OS, such as Aox1 or Cox2. SOD1 protein levels were reduced by
MCR5 but not by MCR9. Regarding inflammation markers, no changes were observed in
Il-6 gene expression for tested compounds, but a significant decrease in Il-1β and Tnf-α
for MCR5 treated SAMP8 mice was found. In addition, reduced astrogliosis was found
in treated animals, corroborating a reduced inflammatory environment in hippocampi of
MCR5 and MCR9 treated SAMP8 mice. Altogether these results showed a relatively
weak influence in OS and inflammation mechanisms by I2-IR ligands in SAMP8 mice
[53-57]. However, a role for those two pathological conditions related to I2-IR ligand
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interaction cannot be discarded because MCR5 elicited beneficial effects despite the old
age of the SAMP8 mice. Aged SAMP8 mice present lower inflammation and OS due to
being at the endpoint of the senescence process [56, 57]. Therefore, it can be challenging
to determine drug effects on these processes in aged SAMP8 mice.

MCR5 and MCR9 effects on key molecular markers for synapsis and apoptosis were
studied to unravel the prevention of cognitive decline by I2-IR ligands in SAMP8 mice,
which is characterized by alterations in those processes. In consonance with better cognitive
performance, the compounds tested increased synaptic markers such as SYN and PSD95,
indicating a neuroprotective role for MCR5 and MCR9.

There are several cellular and molecular pathways related to better synaptic performance,
including proteolytic and phosphorylation activities or apoptotic processes. Regarding
proteolytic processes, calpain is an intracellular protease that cleaves the CDK5 activator
p35 to a p25 fragment. MCR5 and MCR9 diminished calpain levels and its activity
with a reduced 150 SPBD fragment. Moreover, a significant reduction in p25 protein
levels was found in treated SAMP8 mice. A decrease in p25 can also influence CDK5
activity, as implicated in Tau phosphorylation [58, 59]. These results indicate that CDK5
phosphorylation activity should be diminished after I2-IR ligand treatment, corroborating
results obtained previously for MCR5 in a kainate model of neuronal damage [60].

Caspase 3 mediated apoptosis was also addressed. A significant reduction of caspase 3
activity and diminution of Bax protein were found in MCR9 treated SAMP8 mice. Because
Bax is described as a pro-apoptotic protein, its diminution indicates a possible protective
role for I2-IR ligands in neurons [61]. By contrast, reduced levels of Bcl-2, considered an
anti-apoptotic protein, deserve further studies. Several authors have indicated that when
Bax is reduced, Bcl-2 is less necessary for blocking Bax dimer to form the mitochondrial
pore; in this situation cells reduce the Bcl-2 levels as a control mechanism [62].

An increase in p-AKT was induced by the I2-IR ligands, whereas a decrease in ERK½
activation was observed. p-AKT inactivated GSK3β, a key kinase involved in the process
of Tau hyperphosphorylation, by phosphorylation in Ser9. To this point, MCR5 and
MCR9 treated SAMP8 mice showed an increase of Ser9 phosphorylated GSK3β and
reduced Tau hyperphosphorylation.

ERK½ inhibition (that reduction of p42/p44) by MCR5 and MCR9 can contribute to the
beneficial effect elicited by I2-IR on synaptic markers and Tau phosphorylation processes.
ERK½ belongs to a subfamily of MAPKs and plays diverse roles in the CNS, such
as neuronal survival or death, synaptic plasticity, and learning and memory through
phosphorylation of regulatory enzymes and kinases [63, 64]. Although crucial for neuronal
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survival, there is some evidence that prolonged activation of the ERK pathway can induce
a deleterious effect to the cell [65, 66]. Interestingly, long-lasting ERK activation in
neurons has been demonstrated in neurodegenerative diseases such as AD [67, 68] and
PD [69]. Here, the inhibition of this kinase participates in post-translational modifications
in cytoskeletal proteins such as Tau, ameliorating the neuronal network functioning, as
demonstrated with an increase in synaptic markers.

The relationship among MAPKs, such as ERK½, [70] and PI3K, such as AKT, and
imidazoline receptors is well defined [71, 72]. In this respect, it has been described that
either ERK or AKT can be associated with the multifunctional Fas/FADD complex [73,
74]. Apoptosis is an important contributor to neurodegeneration [75], and in this regard,
the FADD protein has been suggested as a putative biomarker for pathological processes
associated with the course of clinical dementia [76]. It has been reported that total FADD
has a central role in promoting apoptosis [77, 78] and its phosphorylation at Ser191/194
mediates non-apoptotic actions such as cell growth and differentiation [79]. In our previous
work, we demonstrated that MCR5 modified FADD phosphorylation (i.e., it increased the
p-FADD/FADD ratio) in a kainate-treated rat model [35]. These results could explain the
modulation of proteins from the apoptotic pathway mentioned before (e.g., a diminution
in caspase 3 activation and significant changes in Bcl-2 and Bax), which seems to favor
anti-apoptotic actions mediated through I2-receptors, and especially by MCR5.

Tau hyperphosphorylation is a histological trend in many neurodegenerative diseases
characterized by cognitive decline, including AD. Therefore we studied APP processing
pathways. Aberrant APP processing is a hallmark of cognitive decline diseases [80]. To
assess the capacity of the tested compounds to modify this pathological hallmark, we
evaluated APP fragments, specifically, sAPPα and sAPPβ. Despite neither APP fragment
reaching significance in either I2-IR ligand treated SAMP8 mice group, we found a clear
tendency, which indicates the non-amyloidogenic pathway preference. Moreover, sAPPα
is described as a neuroprotective, neurotrophic and cell excitable regulator with synaptic
plasticity [81]. Adam10 [82] and NEP [83] gene expression were higher in MCR5 and
MCR9 treated mice groups than in non-treated animals. In sum, I2-IR ligands foster a
diminution in the amyloidogenic pathway and higher degradation of β-amyloid in the
SAMP8 mice model.

In conclusion, the effectiveness of the two new I2-IR ligands in an in vivo female model
for cognitive decline was demonstrated in this study. SAMP8 model mice are gated
to neurodegenerative processes, such as AD, and our research has shown that MCR5
and MCR9 can open new therapeutic avenues against these pathological conditions that
currently have unmet medical needs. Although different authors have previously indicated
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the relationship between I2-IR and cognitive decline, this study is the first experimental
evidence that demonstrates the possibility of using this receptor as a target for cognitive
impairment. Here, we demonstrate that this strategy could represent a future approach to
treating devastating conditions such as AD.
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SUPPLEMENTARY MATERIAL

Table 1: Antibodies used in Western blot studies.

Antibody Host Source/Catalog WB dilution
PSD95 Rabbit Abcam/ab18258 1:1000

Synaptophysin (SYN) Rabbit Dako/CloneSY38 1:2000
Caspase-3 Rabbit BD Transduction Laboratories/C31720 1:1000

Bax Rabbit Cell Signaling/#2772 1:1000
Bcl-2 Rabbit Cell Signaling/#2870 1:1000

Spectrin Mouse Millpore/MAB1622 1:1000
GSK3-β Rabbit Cell Signaling/#9315 1:1000

p-GSK3-β (Ser9) Rabbit Cell Signaling/#9336 1:1000
AKT Rabbit Cell Signaling/#9272 1:1000

p-AKT (Ser473) Rabbit Cell Signaling/#D9E 1:1000
CREB Rabbit Cell Signaling/#48H2 1:1000

p-CREB (Ser133) Rabbit Cell Signaling/#87G3 1:1000
SOD1 Sheep Calbiochem/574597 1:1000
sAPPβ Rabbit Covance/SIG-39138-050 1:1000
sAPPα Rabbit Covance/SIG-39139 1:1000
ERK½ Rabbit Cell Signaling/#9102 1:1000

p-ERK½ (Thr202/Tyr204) Rabbit Cell Signaling/#9101 1:1000
CDK5 Rabbit SantaCruz Biotech/sc-173 1:1000

p-CDK5 Rabbit Abcam/ab63550 1:1000
GAPDH Mouse Millipore/MAB374 1:2000

p-Tau Ser396 Rabbit Invitrogen/44752G 1:1000
p-Tau Ser404 Rabbit Invitrogen/44758G 1:1000

Tau total Goat Santa cruz/sc-1995 1:1000
Rabbit-anti-sheep HRP conjugated Abcam/ab97130 1:2000
Goat-anti-mouse HRP conjugated Biorad/#170-5047 1:2000

Donkey-anti-goat HRP
conjugated

Santa Cruz/sc-2020 1:2000

Goat-anti-rabbit HRP
conjugated

Cell Signaling/#7074 1:2000

GAPDH Mouse Millipore/MAB374 1:5000
Actin Mouse Sigma-Aldrich/A5441 1:2500

Goat-anti-mouse HRP
conjugated

Biorad/170-5047 1:5000

Goat-anti-rabbit HRP conjugated Biorad/170-6515 1:5000
Donkey-anti-goat HRP conjugated Santa Cruz/sc-2020 1:5000
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Table 2: Primers and probes used in qPCR.

Target Product size (bp) Forward primer (5’-3’) Reverse primer (5’-3’)
Aox1 286 CATAGGCGGCCAGGAACATT TCCTCGTTCCAGAATGCAGC
Cox2 126 TGACCCCCAAGGCTCAAATA CCCAGGTCCTCGCTTATGATC
Il-1β 179 ACAGAATATCAACCAACAAGTGATATTCTC GATTCTTTCCTTTGAGGCCCA
Il-6 189 ATCCAGTTGCCTTCTTGGGACTGA TAAGCCTCCGACTTGTGAAGTGGT

Tnf-α 157 TCGGGGTGATCGGTCCCCAA TGGTTTGCTACGACGTGGGCT
Gfap 125 CCTTCTGACACGGATTTGGT ACATCGAGATCGCCACCTAC

Adam10 125 GGGAAGAAATGCAAGCTGAA CTGTACAGCAGGGTCCTTGAC
NEP 196 TTGGGAGACCTGGCGGAAAC CATTCCTTGGACCCTCACCCC
Actin 190 CAACGAGCGGTTCCGAT GCCACAGGTTCCATACCCA

Taqman Probes

Target Product size (bp) Reference
Hmox1 69 Mm00516005_m1

Tbp 93 Mm00446971_m1

Parallel Artificial Membrane Permeation Assays- Blood-Brain Barrier (PAMPA-BBB)

To evaluate the brain penetration of the different compounds, a parallel artificial membrane
permeation assay for blood-brain barrier was used, following the method described by Di
et al.(2003). The in vitro permeability (Pe ) of fourteen commercial drugs through lipid
extract of porcine brain membrane together with the test compounds were determined.
Commercial drugs and assayed compounds were tested using a mixture of PBS:ETOH
(70:30). Assay validation was made by comparing the experimental permeability with the
reported values of the commercial drugs by bibliography and lineal correlation between
experimental and reported permeability of the fourteen commercial drugs using the parallel
artificial membrane permeation assay was evaluated (y=1,5481x-1,0128; R2=0,9405).
From this equation and taking into account the limits established by Di et al. for BBB
permeation, we established the ranges of permeability as compounds of high BBB per-
meation (CNS+):Pe(10−6cm · s−1) > 5.179 compounds of low BBB permeation(CNS-
):Pe(10−6cm · s−1) > 2.083 and compounds of uncertain BBB permeation(CNS±):5,179>
Pe(10−6cm · s−1) > 2.083

Table 3 shows permeability results from the different commercial and assayed compounds
(three different experiments in triplicate) and predictive penetration in the CNS.
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Table 3: Permeability [Pe(10−6cm · s−1)] in the PAMPA-BBB assay of 14 commercial
drugs and tested compounds and predictive penetration in the CNS.

Compound Bibliography value(a) Experimental value(b) (n=3) ± S.D. CNS Prediction

Verapamil 16,0 26,4±0,5
Testosterone 17,0 24,9±0,4
Costicosterone 5,1 6,7±0,1
Clonidine 5,3 6,5±0,05
Ofloxacin 0,8 0,99±0,04
Lomefloxacin 0,0 0,7±0,04
Progesterone 9,3 16,8±0,0,3
Promazine 8,8 13,8±0,3
Imipramine 13,0 12,3±0,1
Hidrocortisone 1,9 1,4±0,05
Piroxicam 2,5 1,9±0,02
Desipramine 12,0 17,8±0,1
Cimetidine 0,0 0,7±0,03
Norfloxacine 0,1 0,9±0,02

MCR5 13,5±0,9 CNS+
MCR9 26,9±1,7 CNS+

a) Taken from Di et al. (2003).

b) Values obtained by the authors

Di, L.; Kerns, E. H.; Fan, K.; McConnell, O. J.; CarTer, G. T. High throughput artificial
membrane permeability assay for blood-brain barrier. Eur. J. Med.Chem. 2003, 38,
223-232.

*Poor dissolution
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SUMMARY

Together with the cognitive symptoms, BPSD, including depressive and fear-anxiety-
like behaviour constitute distressing major components of the disease, that affect the
quality of life of both patients and their caregivers. I2-IR density has been shown altered in
neuropsychiatric disorders including depressive syndromes, as well as in neurodegenerative
diseases and AD. Thus, this work aimed to evaluate the effect of I2-IR ligand MCR5 on
cognitive and non-cognitive symptoms exhibited by SAMP8 model of dementia and
neurodegeneration. After oral administration of the I2-IR ligand MCR5 (5mg/kg for four
weeks) in 10-month-old SAMP8 male mice, cognitive and BPSD status of the mice were
evaluated by performing different behavioral tasks (Novel Object recognition test, Tail
Suspension Test, Forced Swimming Test, Elevated Plus Maze, Open Field). Alterations
in molecular pathways underlying depression, anxiety phenotype and memory loss after
I2-IR treatment were assessed by molecular techniques.

I2-IR treatment with MCR5 attenuated depressive-like behavior and fear-anxiety-like
behavior exhibited by SAMP8 male mice compared to sex and age matched SAMR1,
delivering improvement as well in spatial and recognition memory. These beneficial effects
were not attributed to interaction of the I2-IR ligand with serotoninergic system since
MCR5 neither displaced specific ligands 5-HT receptors nor altered their gene expression.
Instead, MCR5 treatment enhanced AKT/mTOR/GSK3β pathways by increasing their
protein levels in SAMP8 brains. Moreover, an increase in PKA and CREB levels was
detected which was consistent with changes in NMDAR phosphorylation state, decrease
in CDK5 and DARPP32 levels. MCR5 treatment reduced pro-inflammatory markers in
SAMP8 brains with a parallel increase in PSD95 and amelioration of TrkB and NGFR
signalling indicating that neuroinflammatory attenuation and synaptic plasticity increase
could explain the cognitive and BPSD improvement.

Collectively, the results of this study highlight and increase the potential of highly selective
I2- IR ligands as therapeutic agents in brain disorders associated with cognitive decline
and age-related BPSD.
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ABSTRACT

Behavioural and Psychological Symptoms of Dementia (BPSD), including fear-anxiety-
and depressive-like behaviour, are present in Alzheimer’s disease (AD), together with mem-
ory decline. I2-imidazoline receptors (I2-IRs) have been associated with neuropsychiatric
and neurodegenerative disorders, further, I2-IR ligands have demonstrated a neuropro-
tective role in the central nervous system (CNS). In this study, we assessed the effect of
the I2-IR ligand MCR5 on both cognitive and non-cognitive symptoms in the Senescence
accelerated mice prone 8 (SAMP8) mouse model. Oral administration of I2-IR ligand
MCR5 (5mg/kg/day for four weeks) in 10-month SAMP8 mice ameliorated both BPSD-
like phenotype and cognitive decline by attenuating depressive-like behaviour, reducing
fear-anxiety-like behaviour and improving cognitive performance using different tasks.
Interaction of I2-IR ligand MCR5 with serotoninergic system did not account for behavioral
or cognitive improvement, although changes in molecular pathways underlying depression
and anxiety phenotype were observed. MCR5 increased levels of p-AKT, phosphorylated
Glycogen synthase kinase 3 β (GSK3β) at Ser9 and phosphorylated mammalian target
of rapamycin complex 1 (mTORC1) levels in SAMP8 treated mice compared to SAMP8
control. Moreover, MCR5 treatment altered NMDA2B phosphorylation, and decreased the
protein levels of phosphorylated Cyclin-Dependent Kinase 5 (p-CDK5) and dopamine- and
cAMP-regulated phosphoprotein of Mr 32 kDa phosphorylated at Thr75 (p-DARPP32),
with a parallel increase in PKA and p-CREB levels. Consistent with these changes MCR5
attenuated neuroinflammation by decreasing expression of pro-inflammatory markers such
as Tumor necrosis factor-alpha (Tnf-α), Interleukin 1β (Il-1β), Interleukin 6 (Il-6), and pro-
moted synaptic plasticity by increasing levels of Postsynaptic density protein 95 (PSD95)
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as well as ameliorating Tropomyosin-related kinase B (TrkB) and Nerve growth factor
receptor (NGFR) signalling. Collectively, these results increase the potential of highly
selective I2-IR ligands as therapeutic agents in age-related BPSD and cognitive alterations.

3.2.1 INTRODUCTION

Nowadays, the global population of the elderly is increasing in parallel to the diagnosis
of neurodegenerative diseases (ND) and psychiatric disorders. Thus, ageing is the main
factor associated with ND, such as Alzheimer’s disease (AD), which is the leading cause
of dementia [1]. So far, the AD research has mainly focused on cognitive impairment
and typical AD hallmarks, although no effective treatments are able to reduce or halt the
progression of the disease [2].

On the other hand, non-cognitive symptoms are becoming increasingly important due
to their prevalence, generating several dysfunctions and representing one of the most
troublesome domains of treating dementia [3]. These non-cognitive symptoms that patients
suffer, commonly referred to as “Behavioral and psychological symptoms of dementia”
(BPSD), mainly include aberrant motor behaviour, hallucinations, aggressive and anxiety
behaviour and depression, among others [4]. The importance of BPSD is increasing due to
several of them can be treated effectively, while the mechanisms are still poorly understood.
In AD, the patients present BPSD since the early stages [5], which, as the disease is
progressing, tend to increase their frequency. BPSD are the cause of higher morbidity
and poor quality of life for patients and caregivers [6].Approximately between 40% and
60% of AD patients experience anxiety and depressive symptoms [7]. Therefore, these
symptoms are associated with cognitive impairment, increasing the risk of persistence for
mild cognitive impairment (MCI) and dementia, being both the most common psychiatric
syndromes [8, 9].

The biogenic monoamine 5-hydroxytryptamine (5-HT), or serotonin, has been tied to
cognitive decline and multiple other BPSD domains [10, 11], while it is well-known
that loss in serotonin transporters and changes in synaptic proteins can fire mechanisms
linked to depression by alteration of specific cerebral circuits [12]. Several studies support
that the mechanisms underlying the complex manifestations of anxiety and depressive
illness involve dysregulation of brain-derived neurotrophic factor (BDNF) [13, 14] and N-
methyl-d-aspartate receptor (NMDAR) [15], promoting disturbances in cellular signalling
and neuronal plasticity. Among cellular pathways affected in the pathophysiology of
depression, we can name the mammalian target of rapamycin (mTOR), mitogen-activated
protein kinases (MAPK) or glycogen synthase kinase 3 (GSK-3) is discussed.

I2-Imidazoline receptors (I2-IRs) have been progressively attracting scientific interest as a
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promising biological target, which modulation could result in potential therapeutic effects.
Several preclinical studies describe I2-IRs involvement in neurological diseases such as
AD, Parkinson´s disease (PD) and multiple psychiatric disorders [16–18]. I2-IRs have
been associated with anxiety and depressive behaviours [16, 19]. In preclinical models of
mood disorders, several I2-IR ligands exerted beneficial effects on non-cognitive symptoms
[20, 21]. Interestingly, agmatine, the endogenous I2-IR ligand [22], has a modulatory
effect on anxiety and depression [23, 24]. Specifically, those studies that had utilized
allegedly α2-selective imidazoline radioligands, i.e., [3H]-clonidine, could be reinterpreted
in terms of the increased number of those receptors in depression. Although the molecular
identity of the I2 binding site remains unknown, an I2 binding site has been reported to be
encoded by monoamine oxidase genes (both MAO-A and MAO-B), suggesting a novel
explanation for the antidepressant efficacy of idazoxan, a prototypic I2-IR ligand. We
have previously described, MCR5 diethyl [(1-(3-chloro-4-fluorobenzyl)-5,5-dimethyl-4-
phenyl-4,5-dihydro-1H-imidazol-4-yl]phosphonate] (Fig 1A) as an I2-IR highly selective
compound over α2-adrenoreceptors and high affinity for the I2-IR [25], characterized by
neuroprotective abilities in models of cognitive decline and AD [26, 27].

The senescence-accelerated mouse prone 8 (SAMP8) is an accelerated ageing model,
established through phenotypic selection from a common genetic pool of AKR/J-strain
of mice [28–30]. Besides the age-related cognitive decline that mainly characterizes
the SAMP8 model, this strain also displays anxiety- and depressive-like behaviour in
comparison to their senescence-acceleration resistant counterparts, SAMR1 mice [28]. In
particular, the SAMP8 mouse presents alterations in the serotoninergic system and BDNF
expression, calcium signalling pathways and increased neuroinflammation that lead to
the development of BPSD and in particular depressive-like behaviour [31]. Collectively,
therefore it is believed that this rodent model is appropriate for studying depressive-like
behaviour in an aged population with cognitive impairment.

In the present study, we assessed the cognitive and non-cognitive effects, especially anxiety-
and antidepressant-like effects as the main BPSD behaviours of the I2-IR ligand MCR5
diethyl [(1-(3-chloro-4-fluorobenzyl)-5,5-dimethyl-4-phenyl-4,5-dihydro-1H-imidazol-4-
yl)phosphonate] in vivo, providing as well the evidence referred to induced molecular
changes that could explain such effects, using the SAMP8 mice model. As aforementioned,
MCR5 tested in previous works of our group, presented neuroprotective and analgesic
effects, showed promising results in models of brain damage [26] and prevented cognitive
decline in SAMP8 aged female mice, including molecular changes associated with age
and neurodegenerative processes [27]. Thus, we studied some molecular pathways related
to neurodegeneration and neuropsychiatric disorders that are characteristic of age-related
behavioural and cognitive abnormalities of SAMP8.
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3.1.3 METHODS

Animals

SAMR1 (n=11) and SAMP8 (n=25) male mice (10-month-old) were used to perform
behavioural and molecular analyses. The animals were divided randomly into three groups:
SAMR1 Control (SR1-Ct) (n=11), SAMP8 Control (SP8-Ct) (n=11) and SAMP8 treated
with I2-IR ligand MCR5 (5mg/Kg) (SP8-MCR5) (n=14). Animals had free access to
food and water and were kept under standard temperature conditions (22±2°C) and a
12-h light/dark cycle (300 lux/0 lux). Control groups received water plus vehicle (1.8%
2-hydroxypropyl-β-cyclodextrin). MCR5 (5 mg/Kg/day) was dissolved in vehicle and
administered through drinking water for 4 weeks. Water consumption was controlled each
week, and I2-IR ligand concentrations in water were adjusted accordingly to reach the
optimal dose.

All experimental procedures involving animals followed the standard ethical guidelines
of European Communities Council Directive 86/609/EEC and by the Institutional Ani-
mal Care and Use Committee of the University of Barcelona (670/14/8102, approved at
11/14/2014) and by Generalitat de Catalunya (10291, approved 1/28/2018).

Figure 1: Scheme of experimental design.

Evaluation of anxiety- and depressive-like behaviour as well as cognitive perfor-
mance

Tail suspension test (TST)

Briefly, to evaluate the potential anti-depressant effect of MCR5 in mice. Animals were
suspended by their tails leads to an immobile posture using adhesive tape and hung
approximately 30 cm above the table. The fragments, 17 cm each, of tape, were cut and an
imprint 2 cm, on each fragment, was placed from one end. The task lasts for 6 min, and
the duration of immobility was evaluated manually. Passively hanging was considered as
immobility. The total time of mobility was subtracted from the 6 min of task time and was
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declared as the immobility time [32, 33].

Forced Swimming Test (FST)

The cylindrical tank (10 cm internal diameter, 50 cm high) filled with water (10 cm height)
at 22–25 °C required for mice forced to swim for 6 min. The mice behaviour to avoid
the aversive situation was recorded during this time. The session was videotaped, and
the time that each mice remain mobile was entirely analyzed. The total time of mobility
was subtracted from the 6 min of task time and was called as the immobility time. The
mice were considered as immobile when they keep floating, doing only those movements
necessary to maintain their heads out of the water [34].

Elevated Plus Maze (EPM)

The anxiety-related behaviour was assessed by elevated plus maze (EPM) [35]. The
apparatus consisted of two open arms (30×5x15 cm), and two enclosed arms (30×5×15
cm) positioned 40 cm above the ground. The junction of four arms formed a central
square platform (5×5 cm). Each mouse was located on the central platform facing and was
allowed to move freely for 5 min. The behaviour parameters evaluated were the number
of entries in the open arms and the percentage of time spent in the open and closed arms,
among others, scored with SMART® vers.3.0 software. In addition, the anxiety index was
calculated as follows: Anxiety Index = 1 - [([Open arm time/Test duration] + [Open arms
entries/Total number of entries])/2] [36]. The tests were recorded using a camera attached
to the roof and located above the apparatus.

Open Field Test (OFT)

In brief, the OFT was performed using a wall-enclosed area as previously described [37].
The ground was divided into two defined as the center and peripheral areas. Behaviour was
evaluated with SMART® ver.3.0 software, and each test was recorded for later evaluation
using a camera located above the apparatus. Mice were located at the center and allowed
to explore the white polywood box (50x50x25cm) for 5 minutes. Then, the animals were
returned to their home cages, and the OFT apparatus was cleaned with 70% ethanol (EtOH).
The parameters measured included center time duration, rearings, defecations, and the
locomotor activity, calculated as the sum of global distance moved in the arena for 5
minutes.
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Novel Object Recognition Test (NORT)

In brief, mice were located in a 90°, two-arm, 25x20x5 cm black maze. The walls could be
removed for easy cleaning. Before the memory phase, a 3-day-habituation was performed
in which the mice were located individually in the apparatus for 10 min. On day 4, the
familiarization phase took place, in which the animals were placed in the maze in the
presence of two identical, novel objects (A+A) or (B+B) located at the end of each corner
arm. During this 10-min acquisition trial, the mice were allowed to explore the two
identical objects. After 2 h and 24 h from that trial, the animals were submitted to a
10-min retention trial in which one of the two objects was replaced by a novel object. The
behaviour of the mice was recorded during the 2 h and 24 h retention trials using a camera
attached to the roof and located above the apparatus. The time spent exploring the new
object (TN) and the time spent exploring the old one (TO) were evaluated manually and the
discrimination index (DI) was calculated as (TN-TO)/(TN+TO) [38]. To avoid olfactory
cues, 70% EtOH was used to clean the arms and objects after test.

Object Location Test (OLT)

The test was performed in a cage (50 × 50 × 25 cm), in which three walls were white
except one that was black and lasted 3 days. On day 1, mice were familiarized to the arena
for 10-min. On day 2, two identical objects (A+A) were located in front of the black wall,
and the mice were freely allowed to explore both objects for 10 min (Trial 1 - training
phase). On day 3, after a retention period of 24 h mice were returned to the testing arena
for another 10 min (Trial 2 – testing phase) with one object moved to a different position
(opposite direction toward the black wall) and were allowed to explore. The trials were
recorded, and the object exploration time was measured manually. The time sniffing the
object in the old position (PO) and the time exploring the object in the new position (TN)
were evaluated. The DI defined as (PN-TO)/(PN+PO) was determined as an indicator of
the cognitive performance [39]. For the elimination of olfactory cues, 70% EtOH was used
to clean the testing arena after each trial.

Determination of transporters, receptors and alterations in molecular pathways

In Vitro Pharmacology: Binding Assays

The purpose of this study was to test MCR5 in Binding assays by using Eurofins radioligand
assays. Briefly, binding for receptors 5-HT1A, 5-HT1B, 5-HT2A, 5-HT2B, ion channel
5-HT3 and 5-HT transporter (SERT) was studied using radioactively labelled ligands
specific for each target in human recombinant cell lines (For details see Table S6). MCR5
was tested at 10 µM. MCR5 interaction was calculated as a % inhibition of the binding
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of a radioactively labelled ligand specific for each target. Percentages were calculated as
follow: percent inhibition of control specific binding = 100 - [(measured specific binding/
control specific binding) *100]. Results showing an inhibition or stimulation higher than
50% are considered to represent significant effects of the test compounds.

Tissue preparation for biochemical analysis Euthanized mice by cervical dislocation 3
days after the behavioural and cognitive tests were finished. Brains were immediately
dissected out from the skull. The hippocampus of each animal was separated, snap frozen
in dry ice and kept at -80°C.

For Western Blot (WB) and immunodetection, hippocampus samples were thawed and
mixed in lysis buffer containing phosphatase and protease inhibitors (Cocktail II, Sigma-
Aldrich). Once mixed, samples were maintained on ice for 30min. Samples were centrifu-
gated at 10,000xg for 30 minutes at 4°C, and the supernatants were collected and saved
at -80°C . Total protein amounts were obtained, and the Bradford method was used to
determine protein concentration.

For ELISA evaluation, samples were processed following the instructions provided by
the kit manufacturer (Biosensis). In brief, hippocampus samples were thawed and mixed
through sonication at 4°C in 200 volumes of RIPA buffer (50 mM Tris-HCl, 150 mM NaCl,
1% (v/v) NP-40 and 0.5% (w/v) sodium deoxycholate, pH=7,5–8) containing a protease
and phosphatase inhibitor cocktail. Once mixed, samples were maintained on ice for
30min. Sample sonication and cooling with ice were performed. Samples were centrifuged
at 14,000×g for 30min at 4°C, and the supernatants were obtained and maintained at -80°C.
Protein amount was quantified through the Bradford method.

Protein levels determination by Western blot

For WB, aliquots of 15 µg of hippocampal protein were used. Protein samples were
isolated by Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis SDS–PAGE (8-
15%) and transferred onto PVDF membranes (Millipore). The membranes were blocked in
5% non-fat milk or 5% bovine serum albumin (BSA) in Tris-buffered saline (TBS) solution
with 0.1% Tween 20 (TBS-T) during 1 h at room temperature. Next, the membranes
were incubated overnight at 4°C containing the primary antibodies listed in Table S1. The
antibodies were dissolved in TBS-T with 5% BSA or 5% non-fat milk.

Membranes were cleaned and incubated with the secondary antibodies for 1 h at room
temperature. Immunoreactive proteins were detected with a chemiluminescence-based
detection kit, following the manufacturer’s protocol (ECL Kit, Millipore). Digital images
were collected using a ChemiDoc XRS+ System (BioRad). Semi-quantitative analyses of
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the band intensities were carried out using ImageLab software (BioRad), and results were
expressed in arbitrary units (AU). Values were normalized to Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) or β-Actin.

Determination of proBDNF and mBDNF levels in the hippocampus

The hippocampal determination of pro-Brain-derived neurotrophic factor (proBDNF) and
mature-Brain-derived neurotrophic factor (mBDNF) protein levels was made according
the instructions of the ELISA kit (Biosensis). 2.3.5. RNA extraction and gene expression
determination RNA isolation from hippocampal samples was performed using the TRIzol®
reagent according to the manufacturer’s protocols (Bioline Reagent). The yield, purity
and quality of RNA were determined with a NanoDrop™ND-1000 (Thermo Scientific)
apparatus and an Agilent 2100B Bioanalyzer (Agilent Technologies). RNAs with 260/280
ratios and RIN higher than 1.9 and 7.5, respectively, were collected. Reverse Transcription-
Polymerase Chain Reaction (RT-PCR) was performed as follows: 2 µg of messenger RNA
(mRNA) was reverse-transcribed using the high capacity cDNA reverse transcription kit
(Applied Biosystems). Real-time quantitative PCR (qPCR) was employed to quantify the
mRNA expression of the genes evaluated listed in Table S2. SYBR® Green real-time PCR
was performed using a Step One Plus Detection System (Applied-Biosystems) employing
SYBR® Green PCR Master Mix (Applied-Biosystems). Each reaction mixture contained
6.75 µL of complementary DNA (cDNA) (2µg concentration), 0.75 µL of each primer
(100nM concentration), and 6.75 µL of SYBR® Green PCR Master Mix (2X).

Data were measured using the comparative cycle threshold (Ct) method (∆∆Ct), where
the housekeeping gene expression β-Actin was used to normalize differences in sample
loading and preparation. Each sample was evaluated per duplicate, and the results represent
the n-fold difference of the gene expression among groups.

Data acquisition and statistical analysis

Data are expressed as mean ± standard error of the mean (SEM). Statistical analyses were
performed using One-Way analysis of variance (ANOVA) with the Tukey’s as a post hoc
tests or two-tail Student’s t-test if it was necessary through GraphPad Prism ver. 8 for Mac
(GraphPad Software). Statistical differences were considered significant when values of p
were < 0.05. Statistical outliers were discriminated using Grubbs’ test and were removed
from the analysis.
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3.2.3 RESULTS

I2-IR ligand MCR5 reduced cognitive loss in SAMP8 male mice

NORT and OLT revealed robust impairment in working, and spatial memory in SAMP8
control in comparison with age and sex mated SAMR1 control (Figs 2B-D). Remarkably,
after treatment with MCR5, a significant increase in the discrimination index (DI) was
obtained both in the NORT short-term memory test (Fig 2B) and the NORT long-term
memory test in treated SAMP8 compared to the SAMP8 control group (Fig 2C). Moreover,
DI for treated SAMP8 group was closer to DI delivered by SAMR1, indicating a neuro-
protective effect for MCR5. Similarly, in OLT, I2-IR treatment significantly improved
spatial memory in treated SAMP8 compared to the SAMP8 control group by increasing
the DI, further demonstrating the beneficial effect of MCR5 on cognitive loss associated to
age in SAMP8 mice (Fig 2D). The summary data of the NORT and OLT are presented in
Supplementary Table S3.

I2-IR ligand MCR5 improved emotional parameters associated with fear- anxiety-
and depressive-like behaviours in SAMP8 male mice

To evaluate the anti-depressant like effect of MCR5, we assessed the TST and FST. By one
hand, an increase in both immobility and floating time was obtained from the TST and FST
respectively between SAMR1 and SAMP8 control groups (Figs 3A-F), corroborating the
depressive-like behaviour described in SAMP8 mice. On the other hand, MCR5 treatment
induced a significant decrease in time of immobility and/or floating in treated SAMP8
when compared to SAMP8 control. Therefore, in both widely used tests for the study
of depression-like behaviour, we were able to observe that MCR5 treatment reversed
the depressive-like signs that SAMP8 mice exhibit, driving them to a similar behaviour
to SAMR1. Behavioural and emotional changes after MCR5 treatment were evaluated
by EPM and OFT. Regarding the EPM, although there were found no differences in the
anxiety-like phenotype between the SAMR1 control group and SAMP8 control group,
MCR5 treatment induced an anxiolytic effect on SAMP8 mice in comparison with both
control groups (Fig 3G). Additional parameters measured in the EPM are presented in
Supplementary Table S4. The OFT demonstrated that SAMP8 control group exhibited
increased fear, presenting decreased time spent in center as well as vertical activity or
rearings (Figs 3H-I). Strikingly, MCR5 treatment induced an anxiolytic effect on SAMP8
mice in comparison with the SAMP8 control group (Figs 3H-I). Furthermore, according to
the results obtained in the OFT paradigm, locomotor activity was improved in SAMP8
treated group (Fig 3J). Additional parameters and statistical scores obtained in the OFT
are depicted in Supplementary Table S5. Thus, results obtained in both EPM and OFT
demonstrated changes in fear-anxiety-like behaviour and locomotor activity after treatment
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Figure 2: Structure of I2-IR ligand MCR5 (A). Results of Novel object recognition test (NORT), and
Object location test (OLT) in male mice at 10-month-old SR1 and SP8 Ct mice groups and SP8 treated
with I2-IR ligand MCR5 (5mg/Kg) mice group. For NORT: Summary of Discrimination Index (DI) from
short-term memory (B), and summary of DI from long-term memory (C). For OLT: Summary of DI (D).
Values represented are mean ± Standard error of the mean (SEM); n = 36 (SR1-Ct n = 11; SP8-Ct n = 11;
SP8-MCR5 n = 14). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

Interaction of I2-IR ligand MCR5 with serotonin receptors and transporter

Provided that the serotoninergic system is implicated in depressive behaviour, it was worth
paying attention to the effect of MCR5 on serotonin receptors and transporter. Binding
studies with 10 µM MCR5 to the 5-HT receptors and 5-HT transporter were performed by
Eurofins (https://www.eurofinsdiscoveryservices.com/). The experiment was performed
following Eurofins validation Standard Operating Procedure. The compound binding was
calculated as a % inhibition of the binding of each radioactively labelled ligand specific
for its target. Results indicated that MCR5 did not display a specific capacity to displace
specific ligands for 5-HT1A, 5-HT1B, 5-HT2A, 5-HT2B, ion channel 5-HT3 and 5-HT
transporter (Table S6). Moreover, we studied the gene expression of 5-HT1A, 5-HT1B
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Figure 3: . Results of Tail suspension test (TST), Forced swimming test (FST), Elevated plus maze (EPM),
and Open field test (OFT) in male mice at 10-month-old SR1 and SP8 Ct mice groups and SP8 treated with
I2-IR ligand MCR5 (5mg/Kg) mice group. For TST: total immobility curve (A), immobility/min (B), and
total immobility (C). For FST: total immobility curve (D), floating/min (E), and total floating (F). For EPM:
anxiety index (G). For OFT: time in the center (H), rearings (I), and locomotor activity (J). Values represented
are mean ± Standard error of the mean (SEM); n = 36 (SR1-Ct n = 11; SP8-Ct n = 11; SP8-MCR5 n = 14).
*p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.

and 5-HT2A receptors. As described, SAMP8 only presented a significant reduction in
gene expression of 5-HT1A and 5-HT2A receptors compared to the SAMR1 control group
(Fig 4A). Interestingly, treatment with MCR5 was only able to produce slight restoration
of 5-HT2A gene expression in SAMP8 (Fig 4A). Likewise, protein levels of SERT were
unchanged between SAMR1 and SAMP8 control groups, and the MCR5 treatment did not
alter the transporter’s protein levels (Figs 4B-C).
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Figure 4: Representative gene expression for 5-HT1A, 5-HT1B, and 5-HT2A (A). Representative Western
Blot and quantification for SERT (B-C). Gene expression levels were determined by real-time PCR. Values
in bar graphs are adjusted to 100% for protein levels of the control SAMR1 (SR1-Ct). Values are the mean ±
Standard error of the mean (SEM); (n = 4-6 for each group). *p<0.05.

MCR5 enhanced AKT/mTOR/GSK3β pathways promoting a reduction of pro-
inflammatory cytokines in SAMP8 male mice

Critical proteins linked to molecular pathways that are altered in the pathology of depres-
sion associated with neuronal inflammation were evaluated. WB analysis showed a signifi-
cant decrease in p-AKT/AKT ratio (protein kinase B) in SAMP8 control in comparison
with the SAMR1 control group. MCR5 administration to SAMP8 promoted a significant in-
crease in p-AKT/AKT ratio compared to SAMP8 control (Figs 5A and 5H). We observed a
slight but not significant increase in Phosphatidylinositol 3,4,5-trisphosphate 3-phosphatase
(PTEN) protein levels in SAMP8 mice in comparison with SAMR1. Conversely, we found
a significant diminution in PTEN levels in SAMP8 treated mice compared to the SAMP8
control group (Figs 5B and 5H). Accordingly, protein levels of GSK3β phosphorylated in
Ser9 (p-GSK3β(Ser9)) were significantly increased after MCR5 treatment in SAMP8 mice.
No significant changes between SAMR1 control and SAMP8 control were determined
for this kinase (Figs 5C and 5H). On the other hand, p-mTOR/mTOR ratio was unaltered
among the three experimental groups. (Figs 5D and 5I). Interestingly, MCR5 increased
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in a significant way p-TORC1/TORC1 ratio in SAMP8 treated mice compared to both
control groups (Figs 4E and 4H). Lastly, albeit did not reach significance, a tendency to
increase p-p70S6K/p70S6K ratio after I2-IR ligand treatment compared to both control
groups, was observed (Figs 5F and 5H).

Considering the results obtained on these pathways, we studied pro-inflammatory cytokines
markers in the hippocampus of SAMR1 and SAMP8 mice. Significantly increased gene
expression of Il-1β and Il-6 in SAMP8 control in comparison with SAMR1 mice was
determined, confirming the inflammatory phenotype related to anxiety- and depressive-like
behaviours presented by SAMP8 (Fig 5H). A significant reduction of Tnf-α gene expression
in MCR5 treated SAMP8 mice group compared to both control groups was found (Fig 5I).
By last, a tendency to reduce Il-1β and Il-6 gene expression in MCR5 treated SAMP8 mice
group compared to the SAMP8 control group, restoring levels to those of SAMR1 control
strain was found (Fig 5I). Jointly with the decrease in the proinflammatory cytokines, an
increase in the anti-inflammatory cytokine ratio, TGF-1β monomer/dimer was induced by
MCR5 in SAMP8 treated mice (Figs 5H and 5G).

Changes in PKA/CREB and NMDAR/CDK5/DARPP32 signalling cascades after
treatment with I2-IR ligand MCR5 in SAMP8 male mice

A significant increase in PKA protein levels was found after MCR5 treatment in SAMP8
compared to untreated SAMP8 control, which expressed slightly lower levels of the men-
tioned kinase in comparison with SAMR1 control (Figs 6A and 6G). Accordingly, we
found a diminished p-CREB/CREB ratio in SAMP8 mice group compared to SAMR1
mice group, and MCR5 treatment restored the ratio in SAMP8 treated mice to SAMR1
levels (Figs 6B and 6G). A significant increase in the p-NMDA2B/NMDA2B ratio between
the SAMR1 control, and SAMP8 control was observed (Figs 6C and 6G), and MCR5
increased p-NMDA2B/NMDA2B ratio in treated SAMP8 mice in comparison with the
SAMP8 control. Moreover, we determined a significant reduction in the p-CDK5/CDK5
ratio between SAMR1 control and SAMP8 control (Figs 6D and 6G). Besides, a signifi-
cant reduction in the p-CDK5/CDK5 ratio in SAMP8 treated mice group in comparison
with the SAMP8 control mice was found. Conversely, we found reduced p-DARPP32
(Thr75)/DARPP32 ratio in the SAMR1 control group and SAMP8 treated group compared
to the SAMP8 control, being significant only in the SAMP8 treated group (Figs 6E and
6G). Finally, we found significantly higher levels of ratio p-Erk1/2/Erk1/2 were determined
in SAMP8 control mice when compared to SAMR1 control, whereas MCR5 restored
p-Erk1/2/Erk1/2 to SAMR1 levels (Figs 6F and 6G).
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Figure 5: Representative Western blots and quantifications for the ratio of p-AKT/AKT, PTEN, ratio
p-GSK3β(Ser9)/GSK3β, ratio p-mTOR/mTOR, ratio p-TORC1/TORC1, p-p70S6K/p70S6K, and TGF-
1β monomer/dimer (A-H). Values in bar graphs are adjusted to 100% for protein levels of the control
SAMR1 (SR1-Ct). Representative gene expression for Tnf-α, Il-1β, and Il-6 (I). Gene expression levels
were determined by real-time PCR. Values are the mean ± Standard error of the mean (SEM); (n = 4-6 for
each group). *p<0.05; **p<0.01.
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Figure 6: Representative Western blots and quantifications for PKA a, the ratio p-NMDA2B/NMDA2B, ratio
p-DARPP32(Thr75)/DARPP32, ratio p-CDK5/CDK5, ratio p-CREB/CREB and p-Erk1/2/Erk1/2 (A-G).
Values in bar graphs are adjusted to 100% for protein levels of the control SAMR1 (SR1-Ct). Values
represented are mean ± Standard error of the mean (SEM); (n =4-6 for each group). *p < 0.05; **p < 0.01.

Effects of I2-IR ligand MCR5 on BDNF/TrkB/NGFR(p75) signalling pathway after
treatment with MCR5

An increase in proBDNF protein levels in both SAMP8 groups in comparison with the
SAMR1 control group is observed, albeit no significant differences were found (Fig 7A).
Likewise, no changes in the mBDNF protein levels among experimental groups were found
(Fig 7B). Pursuing BDNF molecular pathways, TrkB levels were also evaluated. Ratio
TrkB-truncated (TL)/Full Length (FL) was slightly higher in the SAMP8 group compared
to the SAMR1 group and was significantly reduced after MCR5 treatment (Fig 7C and
7F). According to these findings, a significant increase in nerve growth factor receptor
(NGFR) protein levels in MCR5 treated SAMP8 in comparison with SAMP8 mice was
found. Besides, a significant increase in NGFR protein levels in SAMR1 mice compared to
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the SAMP8 control was determined (Figs 7D and 7G). By last, we also extend the analysis
of the Postsynaptic density 95 (PSD95) protein levels, a synaptic plasticity marker, which
is regulated by BDNF/TrkB signalling and AKT/mTOR/ GSK3β. Noteworthy, we found
higher levels in SAMP8 treated with MCR5 than in control mice groups (Figs 7F and 7G).
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Figure 7: Protein levels of proBDNF (A), and mBDNF (B). Representative Western Blot and quantifications
for ratio TrkB-TL vs TrkB-FL, NGFR, and PSD95 (C-F). Values represented are mean ± Standard error of
the mean (SEM); (n = 4-13 for each group). *p<0.05; **p<0.01.

3.2.4 DISCUSSION

Besides neurodegeneration, AD has been associated with increased incidents of neuropsy-
chiatric disorders in humans, such as anxiety and depression, among other BPSD. New
research has to be performed to face this collateral complication of AD because current
therapies for both AD and BPSD are not completely effective and safe. On the one hand,
some AD drugs can develop BPSD signs as adverse effects, i.e., memantine. On the other
hand, BPSD drugs exacerbate cognitive impairment [7].

As aforementioned, I2-IR are associated with the pathogenesis of several brain disorders
[40, 41] and neurodegenerative diseases such as AD [18]. Furthermore, I2-IR ligand MCR5
demonstrated neuroprotective effects under different interventions and rodent models [26,
27, 42]. In line with these results, MCR5 treatment improved cognitive decline presented
by older SAMP8 male mice, including working and spatial memory by using NORT and
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OLT, respectively. The behavioural tests applied demonstrated that older SAMP8 presented,
in whole, anxiety- and depressive-like behaviours, as well as fearful behaviour, with less
locomotion and rears, avoiding the OF center zone. In the present study, we showed a
substantial improvement in BSPD and cognitive performance, demonstrating anti-anxiety-
and anti-depressant-like effects after treatment with MCR5 in older SAMP8. Therefore, to
our knowledge, this is the first study in which both changes have been demonstrated in AD
mice for an I2-IR ligand.

Those non-cognitive and cognitive modifications promoted by MCR5 were accompanied
by changes in some molecular pathways associated with ND process presented in these
brain disorders. Previously it has been demonstrated that serotonin receptor densities such
as 5-HT2A did not suffer changes with age in SAMR1 compared to SAMP8 mice, whereas
SERT increases at 9 months of age [31]. Regarding the serotoninergic system, here, we
did not observe any significant change in gene expression of serotonin receptors and SERT
protein levels after MCR5 treatment. Additionally, MCR5 did not bind to these membrane
structures, allowing discarding an antidepressant effect mediated by inhibition of SERT or
by interaction with 5-HT receptors.

It is important to note that, although the dopamine and serotonin pathways are the ma-
jor targets for neuropsychiatric drugs, new mechanisms have been described, including
mechanisms related to the neurodegenerative process presented in AD [43]. Indeed, it is
well-demonstrated that I2-IR neuroprotective effects are mediated by pleiotropic mecha-
nisms.

Accumulating evidence suggests that the pathology of main brain disorders is associated
with neuronal inflammation [44, 45]. It has been described that AKT/GSK3/mTOR
signalling is involved in the immune cell activation, downregulating pro-inflammatory
cytokines such as TNF-α, IL-1β, IL-6, and IFN-γ and upregulating the anti-inflammatory
cytokines [43, 46]. In addition, recent studies have demonstrated that both dopamine and
serotonin exert part of their actions by modulating the activity of this pathway [47]. In this
study, we reported that the I2-IR ligand treatment modified levels of AKT/GSK3/mTOR
key proteins that might explain in part the reduction in the gene expression of the pro-
inflammatory cytokine such as Tnf-α, Il-1β and Il-6. Conjointly with increased pro-
inflammatory markers, a deficit of anti-inflammatory markers such as TGF-1β has been
reported, contributing to inflammaging and cognitive impairment both in AD and other
brain disorders such as depression [48, 49]. I2-IR ligand treatment also increased levels of
active TGF-1β. TGF-1β, besides Smad-mediated pathways, activates Smad-independent
pathways, including the PIK3/AKT [50], further supporting the alterations observed in this
pathway after I2 -IR treatment.
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Phosphorylation of AKT protein has been shown to promote neuroprotection against
cell death, increasing cell survival [51]. On the one hand, we found increased levels
of p-AKT in treated SAMP8 mice in comparison to the SAMP8 control, reaching the
healthy mice group, SAMR1. On the other hand, PTEN a protein that regulates AKT
kinase activity was downregulated in SAMP8 treated mice. In line with our findings,
fluoxetine upregulates the expression of the p-AKT [52]. Of note, SAMP8 mice showed a
higher level of activated GSK3β in comparison with SAMR1 [53, 54]. Moreover, some
antidepressant drugs or atypical antipsychotics such as lithium regulate GSK3 by inhibiting
its activity in the brain [55, 56]. Changes in GSK3β activity described in SAMP8 mice
reinforces the depressive-like behaviour showed. Interestingly, I2-IR treatment was able
to decrease the GSK3β activity, giving clues for the possible pathway modulated through
this receptor rending on anxiety and depression as well as improvement in cognition
observed after MCR5 treatment. It can be kept in mind that inhibition of GSK3β may
result in a reduction in tau hyperphosphorylation leading to the reduction in neurofibrillary
tangles, then neuronal dysfunction accordingly with previous results demonstrating a
neuroprotective role for MCR5 [42]. Moreover, dysregulation of mTOR signalling and
concretely mTORC1, has been described under chronic restrain stress and administration
of escitalopram and paroxetine prevented these changes [57]. Likewise, ketamine has
been reported to activate mTOR and downstream constituents such as p70S6K resulting in
increased levels of postsynaptic density proteins such as PSD95, GluR1, synapsin I [58]. In
this study, we demonstrated that MCR5 treatment significantly increased ratio p-mTORC1
in SAMP8 mice in parallel with an increase in PSD95 levels, which can further explain the
improvement of both cognitive and non-cognitive signs presented by SAMP8 mice.

Other signaling cascades altered after MCR5 treatment included NMDAR
/CDK5/DARPP32 and PKA/CREB signaling. MCR5 inhibited NMDAR/CDK5/DARPP32
in treated SAMP8. Based on our findings, we suggest that MCR5 might exert anti-
depressant-like and neuroprotective effects through this signaling pathway. DARPP32
modulates the dopamine pathway [59] and is, therefore, a key regulator for the pathogen-
esis of several neuropsychiatric disorders [60]. Here, we found a significant reduction
of p-CDK5 and p-DARPP32 (Thr75) in SAMP8 treated with I2-IR ligand, implicating
this pathway in the beneficial role of MCR5 in SAMP8 neuropathology. Moreover,
phosphorylation of DARPP-32 in Thr75 by p-CDK5, in turn, inhibits PKA and thereby
reduces the efficacy of dopamine signalling [61].

Interestingly, consistent with the reported decreased levels of p-DARPP32 in Thr75, in-
creased PKA levels were determined in SAMP8 mice treated with I2-IR ligand MCR5.
Indeed, we also found that MCR5 treatment induced the activation of the PKA/CREB
signalling cascade, increasing protein levels of both PKA and p-CREB. Of interest, several
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studies demonstrated that activation of PKA/CREB pathway in the hippocampus leads to
neuroprotective effects not only by upregulating BDNF protein levels, but also reducing
neuroinflammation in several brain disorders such as anxiety, in an early episode of depres-
sion and AD [62]. This evidence is coincident with the diminution of pro-inflammatory
cytokines such as Tnf-α, Il-1β and Il-6 found after MCR5 administration. Given its impli-
cation in CREB phosphorylation, we also investigated the levels of p-Erk1/2. Surprisingly,
its levels were found increased in SAMP8 control mice and significantly decreased in the
SAMP8 treated mice. However, increased ERK1/2 activation has been reported in socially
defeated animals, and Erk1/2 mediated increase in inflammatory markers is established
[63–65]. In the present study, a reduction of Erk1/2 activation induced by MCR5 treatment
is also consistent with the decreased pro-inflammatory markers observed.

Given that downregulation of BDNF function has been demonstrated in the brains of
patients with neurodegenerative or neuropsychiatric disorders, evaluation of the BDNF
levels and TrKB signalling in the hippocampus after MCR5 treatment was relevant [13,
14]. Indeed, one cause for the reduced BDNF levels is due to BDNF/TrkB signalling
dysfunction mediated by endogenous small molecules, driving to changes associated with
the above-mentioned pathways [66, 67]. In our hands, MCR5 treatment did not produce any
change in proBDNF and mBDNF protein levels. However, MCR5 ameliorated BDNF/TrkB
signalling, promoting TrkB-FL protein levels. BDNF also binds to nerve growth factor
receptor (NGFR), also known as p75 neurotrophin receptor (p75NTR), albeit with a low-
affinity [68, 69]. MCR5 was also able to increase the levels of NGFR. These changes,
jointly with the increase of the synaptic marker PSD95 levels that was demonstrated in
SAMP8 mice after I2-IR ligand treatment, revealed that MCR5 promoted synaptic function,
which is reported.

Altogether, these results demonstrated that MCR5 also plays a neuroprotective role against
neurodegeneration induced through pathways associated with anxiety and depression,
pointing out an alternative target for slowing down the disease progression (Fig 8).
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Figure 8: Cartoon illustrating a summary of behavioural, cognitive and molecular effects after MCR5
treatment in SAMP8 mice.
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SUPPLEMENTARY MATERIAL

Table S1: Antibodies used in Western blot studies.

Antibody Host Source/Catalog WB dilution
SERT Goat Abcam/ab130130 1:1000

p-AKT (Ser473) Rabbit Cell signaling/#D9E 1:1000
AKT Rabbit Cell signaling/#9272 1:1000
PTEN Rabbit Abcam/ab31392 1:1000

p-GSK3b (Ser9) Rabbit Cell signaling/#9336 1:1000
GSK3b Rabbit Cell signaling/#9315 1:1000

p-mTOR Rabbit Santa Cruz/sc-293089 1:500
mTOR Rabbit Novus Biological/nb100-240 1:500

p-TORC1 (Ser 151) Rabbit Cell signaling/#3359 1:500
TORC1 Rabbit Cell signaling/#2501 1:1000

p-p70S6K Rabbit Invitrogen/PA5-18093 1:1000
p70S6K Goat Invitrogen/44-920G 1:1000
TGF-1β Rabbit Cell Signaling/3711 1:1000
PKA a Mouse Santa Cruz/sc-28315 1:1000

p-NMDRA2B (Tyr1472) Rabbit Invitrogen/OPA1-04116 1:1000
NMDAR2B Mouse Santa Cruz/sc-365597 1:1000

p-DARPP32 (Thr75) Rabbit Cell Signaling/#2301 1:500
DARPP32 Mouse Santa Cruz/sc-271111 1:1000
p-CDK5 Rabbit Abcam/ab63550 1:1000
CDK5 Rabbit Santa Cruz/sc-173 1:1000

p-CREB(Ser133) Rabbit Cell signaling/#9198 1:1000
ERK½ Rabbit Cell Signaling/#9102 1:1000

p-ERK½ (Thr202/Tyr204) Rabbit Cell Signaling/#9101 1:1000
CREB Rabbit Cell signaling/9197 1:1000
TrkB Rabbit Santa Cruz/sc-8316 1:1000

NGFR Mouse Santa Cruz/sc-271708 1:500
PSD95 Rabbit Abcam/ab18258 1:1000

GAPDH Mouse Millipore/MAB374 1:5000
Actin Mouse Sigma-Aldrich/A5441 1:2500

Goat-anti-mouse HRP
conjugated

Biorad/170-5047 1:5000

Goat-anti-rabbit HRP conjugated Biorad/170-6515 1:5000
Donkey-anti-goat HRP conjugated Santa Cruz/sc-2020 1:5000
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Table S2: Primers and probes used in qPCR studies.

Target Product size (bp) Forward primer (5’-3’) Reverse primer (5’-3’)
5-HT1A 293 GGAGCGGGCACCAGCTTCGGAACA CACTGTCTTCCTCTCACGGGCCAA
5-HT1B 125 AAGAAACTCATGGCCGCTAGGGAG GCGTATCAGTTTGTGGAACGCTTG
5-HT2A 172 GGGTACCTCCCACCGACAT AGGCCACCGGTACCCATAC
Tnf-α 157 TCGGGGTGATCGGTCCCCAA TGGTTTGCTACGACGTGGGCT
Il-1b 179 ACAGAATATCAACCAACAAGTGATATTCTC GATTCTTTCCTTTGAGGCCCA
Il-6 189 ATCCAGTTGCCTTCTTGGGACTGA TAAGCCTCCGACTTGTGAAGTGGT

b-actin 190 CAACGAGCGGTTCCGAT GCCACAGGTTCCATACCCA

Table S3:Results of Novel object recognition test (NORT), and Object location test (OLT)
in male mice at 10-month-old SR1, SP8 Ct mice groups and SP8 treated with I2-IR ligand
MCR5 (5mg/Kg) mice group. Summary of Discrimination Index (DI) from short-term
memory (2h), summary of DI from long-term memory (24h), and summary of DI from
OLT. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.vs SR1-Ct.

Summary NORT 2h

Group Number of mice DI (-1,1)
SR1-Ct 11 0.258±0.034**
SP8-Ct 11 0.010±0.022
SP8-MCR5 14 0.274±0.051***

Summary NORT 24h

Group Number of mice DI (-1,1)
SR1-Ct 11 0.260±0.048***
SP8-Ct 11 0.032±0.031
SP8-MCR5 14 0.299±0.029***

Summary OLT

Group Number of mice DI (-1,1)
SR1-Ct 11 0.267±0.057***
SP8-Ct 11 -0.045±0.035
SP8-MCR5 14 0.131±0.039*
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Table S4:Parameters measured in the Elevate plus maze (EPM). (n): number of events.
Results are expressed as a mean ± Standard error of the mean (SEM). *p < 0.05; **p <
0.01; ***p < 0.001; ****p<0.0001 vs SP8-MCR5 (5mg/Kg) $p < 0.05; $$p < 0.01;
$$$$p < 0.0001 vs SR1-Ct.

SR1-Ct SP8-Ct SP8-MCR5 (5mg/Kg)
Anxiety Index 1.11±0.01** 1.08 ± 0.02** 0.95 ± 0.03
Locomotor Activity (cm) 977.42±39.85 761.56±42.70 $$ * 954.67±45.07
Time spent in Open Arms (sec) 25.31±5.96**** 43.52±10.89*** 99.02 ± 9.80
Time Spent in Closed Arms (sec) 20.50±2.49**** 12.50 ± 1.21$ *** $ 15.55 ± 0.92
Entries in Open Arms 13.90±4.44* 10.75 ± 1.57* 17.64 ± 1.94
Rearings (n) 23.90 ± 1.25 12.25 ± 1.59** $$$$ 19.60 ± 1.24
Groomings (n) 1.30±0.29 0.09 1.38±0.18 0.07 0.60±0.27
Defecations (n) 0.70 ± 0.38 0.25 ± 0.16 0.20 ± 0.13
Urinations (n) 0.00 ± 0.00 0.0 ± 0.00 0.0 ± 0.00

Table S5: Parameters measured in the Open Field Test (OFT). (n): number of events.
Results are expressed as a mean ± Standard error of the mean (SEM). *p<0.05; **p<0.01;
***p<0.001; ****p <0.0001 vs SP8-MCR5 (5mg/Kg). $p<0.05 vs SR1-Ct

SR1-Ct SP8-Ct SP8-MCR5 (5mg/Kg)
Locomotor activity (cm) 1594.44±94.34** 1680.77 ± 104.53* 2036.58 ± 89.77
Mean Speed(cm/sec) 5.32±0.31** 5.60±0.35* 6.62±0.26
Distance in Center (cm) 38.36±4.79 32.67±5.69* 62.95 ± 10.86
Entries in Center (n) 3.27±0.33*** 4.30±0.76* 7.33±0.94
Time in Center (sec) 4.83±0.69 3.52 ± 0.70 5.16 ± 0.77
Rearings (n) 20.73±2.03 14.45 ± 2.31** 26.42 ± 2.27
Grommings (n) 2.40 ± 0.31 1.18 ± 0.26 $ 1.75 ± 0.25
Defecations (n) 1.55 ± 0.31 1.18 ± 0.44 0.75 ± 0.33
Urinations (n) 0.18 ± 0.18 0.0 ± 0.00 0.17 ± 0.11
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SUMMARY

Brain aging is the greatest risk for the development of age-related syndromes such as
dementia and AD, which unfortunately current treatments fail to stop. I2-IR density
alterations have been associated with aging, neurodegeneration and AD, while I2-IR
modulation has been shown to mediate neuroprotection. However, the exact molecular
mechanisms through which I2-IR ligands deliver their effects have not been identified yet,
which could be due to the lack of specific selective I2-IR ligands. The aim of this work
was to test the action of the highly specific and selective I2-IR ligand B06 in the SAMP8
mouse model of aging and AD, by going deeper into the molecular mechanisms involved
in the I2-IR mediated neuroprotection.

Following a four-week oral administration of B06 (5mg/kg/day), control and treated aged
SAMP8 mice were submitted to behavioral tasks for cognitive and behavioral evaluation.
Assessment of molecular alterations induced by B06 in the hippocampus of the mice was
performed by Western Blot, qPCR and IHC.

Treatment with novel specific and highly selective I2-IR improved SAMP8 behavior and
cognition, reduced AD hallmarks as well as OS, apoptotic and neuroinflammation markers.
In particular, we showed that B06 treatment in SAMP8 mice reduced the levels of CaN
active form and, accordingly, modified most of the CaN substrates, such as phosphorylated
levels of NFAT cytoplasmic 1, BAD, CREB and GSK3β. Consistent with these results
B06 increased Bdnf gene expression, altered NMDA phosphorylation and attenuated
astrogliosis and neuroinflammation by decreasing GFAP reactivity and inflammatory
markers gene expression in SAMP8 brains.

In summary, we identified the CaN pathway as a critical component of the beneficial
effects provided by I2-IR ligand B06 treatment, which collectively affected several molec-
ular pathways involved in neuroprotection and age-related conditions in SAMP8 mice,
providing insight into the molecular modifications under I2-IR modulation.
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ABSTRACT

Brain aging and dementia are current problems that must be solved. The levels of imidazo-
line 2 receptors (I2-IRs) are increased in the brain in Alzheimer’s disease (AD) and other
neurodegenerative diseases. We tested the action of the specific and selective I2-IR ligand
B06 in a mouse model of accelerated aging and AD, the senescence-accelerated mouse
prone 8 (SAMP8) model. Oral administration of B06 for four weeks improved SAMP8
mouse behavior and cognition and reduced AD hallmarks, oxidative stress, and apoptotic
and neuroinflammation markers. Likewise, B06 regulated glial excitatory amino acid trans-
porter 2 and N-methyl-D aspartate 2A and 2B receptor subunit protein levels. Calcineurin
(CaN) is a phosphatase that controls the phosphorylation levels of cAMP response element-
binding (CREB), apoptotic mediator BCL-2-associated agonist of cell death (BAD) and
GSK3β, among other molecules. Interestingly, B06 was able to reduce the levels of the
CaN active form (CaN A). Likewise, CREB phosphorylation, BAD gene expression, and
other factors were modified after B06 treatment. Moreover, phosphorylation of a target
of CaN, nuclear factor of activated T-cells, cytoplasmic 1 (NFATC1), was increased in
B06-treated mice, impeding the transcription of genes related to neuroinflammation and
neural plasticity. In summary, this I2 imidazoline ligand can exert its beneficial effects on
age-related conditions by modulating CaN pathway action and affecting several molecular
pathways, playing a neuroprotective role in SAMP8 mice.
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3.3.1 INTRODUCTION

Aging has become a problem worldwide, since older people are more prone to develop
chronic and degenerative diseases. At the brain level, aging affects several molecular
pathways that predispose patients to neurodegeneration, causing dementia, cognitive
impairment and loss of quality of life. Among dementias, the most prevalent is Alzheimer’s
disease (AD) (GBD 2016 Neurology Collaborators, 2019). AD has aroused considerable
interest because of its strong influence on quality of life among elderly individuals and
because of the limited drugs available to combat cognitive loss and neuropsychiatric
symptoms.

β-Amyloid deposition in senile plaques and tau hyperphosphorylation forming neurofib-
rillary tangles are specific hallmarks of AD (Serrano-Pozo et al. 2011). However, there
are no successful pharmacological treatments that modify the progression of AD, given
that acetylcholinesterase inhibitors and memantine fail to stop the progression of dementia
(Cummings et al. 2014, Cummings et al. 2018). Apart from the use of approved drugs,
several clinical attempts have been made to treat AD progression by using various other
strategies, such as immunotherapy against β-amyloid and beta-secretase (BACE) inhibitor
administration, but the results have been disappointing (Cummings et al. 2018). These
results show that addressing only the “β-amyloid cascade hypothesis” cannot fully control
the progression of the disease, and this hypothesis also cannot explain the advanced neu-
ronal damage in AD. Therefore, identifying new pharmacological targets for AD treatment
is an active area of research.

In most neurodegenerative processes, including AD, neuroinflammation and oxidative
stress (OS) are common traits. It is well-accepted that Ca2+ dysfunction is a consequence
of homeostatic imbalance in nerve cells that unleashes a string of molecular and cellular
processes, including neuroinflammation, OS, changes in neuronal plasticity, differential
expression of glutamate and cholinergic receptors, and amyloid pathology (Sompol and
Norris. 2018). Together, these processes end with cognitive decline and neurodegeneration.
Calcineurin (CaN), also known as protein phosphatase 2B, is a Ca2+-dependent Ser/Thr
phosphatase that is highly abundant in the brain, appearing at high levels in neurons
and low levels in glia in healthy adult animals (Kuno et al. 1992). CaN is related to
long-term potentiation (LTP) and long-term depression (LTD), and dysregulation of CaN
has been linked with cognitive loss in an AD mouse model (Baumgärtel & Mansuye.
2012; Reese LC and Taglialatela G. 2011). Of importance, CaN levels and signaling are
increased in the cortex in AD patients (Wu et al. 2010) and in the contexts of other human
neurodegenerative pathologies, including Parkinson’s disease (PD) (Caraveo et al. 2014),
Lewy body aggregation (Martin et al. 2012), and vascular pathology (Pleiss et al. 2016b).
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Moreover, CaN activity prevents fear memory formation in the amygdala by dephosphory-
lating and inhibiting downstream kinases, including AKT and extracellular signal–regulated
kinase (ERK) (Lin et al. 2003). N-methyl-D-aspartate receptor (NMDAR) (Wang et al.
2018; Mulkey et al. 1994) and glycogen synthase kinase 3β (GSK3β) (Watanabe et al.
2015) are some of the key actors in central nervous system function that are controlled by
the phosphatase activity of CaN, which in turn is controlled by calcium calmodulin kinase
II (CaMKII) and intracellular Ca2+ levels (Bezprozvanny and Hiersinger.

2013). Nuclear factor of activated T-cells (NFAT) consists of at least two different com-
ponents, one with nuclear localization and one that is phosphorylated and localized in
the cytoplasm (Horsley and Pavlath. 2002). Furthermore, recently, the CaN pathway
has been observed to link astrocytic Ca2+ dysregulation to neuroinflammation, glutamate,
β-amyloid accumulation and synaptotoxicity (Sompol and Norris. 2018).

Imidazoline 2 receptors (I2-IRs) (Bousquet et al. 2020) are increased in AD brains (Ruiz
J et al. 1993; García-Sevilla et al. 1998), and radioactive ligands have been studied as
biomarkers for AD and PD progression in patients (Tyacke et al. 2018; Wilson et al.
2019). There is evidence that I2-IR ligands reduce neurodegenerative processes, including
cognitive decline, neuroinflammation, OS and AD hallmarks, but less is known about
the upstream mechanism involved in the beneficial effects of I2-IR modulation. Thus,
the objective of this work was to delineate the molecular mechanisms involved in the
neuroprotective effect of I2-IR modulation in a mouse model of AD linked to the aging
process, the senescence-accelerated mouse prone 8 (SAMP8) model. To this end, we used
a newly synthesized I2-IR ligand, diethyl (1RS,3aSR,6aSR)-5-(3-chloro-4-fluorophenyl)-
4,6-dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate, named
B06, which has outstanding affinity and selectivity for I2-IRs over α2 adrenoreceptors
(Escolano et al. 2019).

The SAMP8 strain is a nontransgenic mouse strain established through phenotypic selection
of the AKR/J mouse strain and is an attractive model with which to study aging processes,
especially age-related deterioration of learning and memory, emotional disorders and
neurochemical alterations (Takeda et al. 2009, Pallas. 2012). At approximately 5 months
of age, the mice begin to undergo an accelerated process of senescence, and the brain aging
manifests as severe cognitive decline and neuroinflammation (Akiguchi et al. 2017). It
is considered a late-onset AD mouse model characterized by altered amyloid precursor
protein (APP) processing and high levels of tau hyperphosphorylation (Canudas et al.
2005; Morley et al., 2012). Moreover, inflammatory and OS markers are present at early
ages and during adulthood (Griñán-Ferré et al. 2015, 2016).
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3.3.2 METHODS

In vivo studies in mice

Twelve-month-old female SAMP8 mice (n = 23) (Envigo, Sant Feliu de Codines,Barcelona,
Spain)) were used to carry out cognitive and molecular analyses. The animals were ran-
domly allocated into two experimental groups: the SAMP8 control group (control) (n=12),
which was administered vehicle (2-hydroxypropyl)-β-cyclodextrin 1.8% in drinking water,
and the SAMP8 group, which was treated with the I2-IR ligand B06 (5 mg/kg) (n=11).
The animals had free access to food and water and were kept under standard tempera-
ture conditions (22 ± 2°C) and 12-hour/12-hour light/dark cycles (300 lux/0 lux). B06
(5 mg/kg/day) was diluted in 1.8% (2-hydroxypropyl)-β-cyclodextrin and administered
through drinking water. After 4 weeks of treatment, behavioral and cognitive tests, includ-
ing short- and long-term memory, were performed to study the effects of treatment on
learning and memory. Weight and water consumption were controlled each week, and the
B06 concentration was adjusted accordingly to reach the optimal dose until euthanasia.
The mice were euthanized 3 days after behavioral test completion by cervical dislocation.
The brains were immediately removed from the skulls and frozen on powdered dry ice.
The samples were stored at -80°C until the biochemical experiments.

The studies and procedures for the mouse behavior tests, brain dissection and extractions
followed the ARRIVE and standard ethical guidelines (European Communities Council
Directive 2010/63/EU and Guidelines for the Care and Use of Mammals in Neuroscience
and Behavioral Research, National Research Council 2003) and were approved by Bioethi-
cal Committees from the University of Barcelona and the Government of Catalonia. All
efforts were made to minimize the number of animals used and their suffering.

Novel object recognition test (NORT)

Briefly, mice were placed in a 90° two-arm 25-cm-long, 20-cm-high, 5-cm-wide black
maze. Before performing the test, the mice were individually habituated to the apparatus
for 10 minutes for 3 days. On day 4, the animals were allowed to freely explore in a
10-minute acquisition trial (first trial), for which they were placed in the maze in the
presence of two identical objects at the end of each arm (Fig. 1A). After a delay (2 h for
short-term memory evaluation and 24 h for long-term evaluation), the animal was allowed
to explore the old object and one novel object in each trial (Fig. 1A). The time that the
mice spent exploring the novel object (TN) and the time that the mice spent exploring the
old object (TO) were measured. A DI was defined as (TN-TO)/(TN+TO). Exploration
of an object was defined as pointing the nose towards the object at a distance ≤2 cm
and/or touching it with the nose. Turning or sitting around the object was not considered
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exploration. To avoid object preference biases, the objects were counterbalanced.

Open field test (OFT)

The open field test (OFT) was performed as previously described (Griñán-Ferré et al.,
2015) (Fig. 1B). Briefly, mice were placed at the center of and allowed to explore a white
plywood box (50x50x25 cm) for 5 minutes. Behavior was scored with SMART® ver. 3.0
software, and each trial was recorded for later analysis. The parameters scored included
the center stay duration, number of rearings, number of defecations, and distance traveled.

Determination of oxidative stress

Hydrogen peroxide (H2O2) was measured as an indicator of OS, and it was quantified
using a hydrogen peroxide assay kit (Cat. No. MAK165, Sigma-Aldrich, Saint Louis,
Missouri, Estats Units) according to the manufacturer’s instructions.

Immunodetection experiments

Brain processing

Three days after the behavioral and cognitive tests, mice were euthanized for protein
extraction and RNA and DNA isolation. After euthanasia, the brains were immediately
removed from the skulls, and the hippocampi were dissected, frozen and maintained at
-80°C. For an IHC experiment, mice were anesthetized (ketamine 100 mg/kg and xylazine
10 mg/kg, intraperitoneally) and then perfused with 4% paraformaldehyde (PFA) diluted in
0.1 M phosphate buffer solution intracardially. Their brains were removed and postfixed in
4% PFA overnight at 4°C. Afterwards, the solutions were changed to PFA + 15% sucrose.
Finally, the brains were frozen on powdered dry ice and stored at -80°C until sectioning.

Protein level determination by Western blotting

For subcellular fractionation, 150 µL of buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 0.1
mM EDTA pH 8, 0.1 mM EGTA pH 8, 1 mM DTT, 1 mM PMSF, protease inhibitors) was
added to each sample, and the mixtures were incubated on ice for 15 min. After this time,
the samples were homogenized with a tissue homogenizer, 12.5 µL Igepal 1% was added,
and the Eppendorf tubes were vortexed for 15 s. Following 30 s of full-speed centrifugation
at 4°C, the supernatants (cytoplasmic fractions) were collected; 80 µL of buffer C (20 mM
HEPES pH 7.9, 0,4 M NaCl, 1 mM EDTA pH 8, 0.1 mM EGTA pH 8, 20% glycerol 1
mM DTT, 1 mM PMSF, protease inhibitors) was added to each pellet, and the pellets were
incubated under agitation at 4°C for 15 min. Subsequently, the samples were centrifuged
for 10 min at full speed at 4°C. The supernatants (nuclear fractions) were collected.
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For Western blotting (WB), aliquots of 20 µg of hippocampal protein were used. Protein
samples from mice were separated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) (8-12%) and transferred onto polyvinylidene difluoride (PVDF)
membranes (Millipore). Afterwards, the membranes were blocked in 5% nonfat milk in
0.1% Tris-buffered saline with Tween 20 (TBS-T) for 1 hour at room temperature before
being incubated overnight at 4°C with the primary antibodies listed in Table 1.

The membranes were washed and incubated with secondary antibodies for 1 hour at
room temperature. Immunoreactive proteins were viewed with a chemiluminescence-
based detection kit following the manufacturer’s protocol (ECL Kit; Millipore, Burlington,
Massachusetts, USA), and digital images were acquired using a ChemiDoc XRS+ System
(Bio-Rad, Hercules, California, USA). Semiquantitative analyses were carried out using
ImageLab software (Bio-Rad), and the results are expressed in arbitrary units (AU),
with the control protein levels set as 100%. Protein loading was routinely monitored by
immunodetection of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or β-actin.

Immunofluorescence

Brain coronal sections of 30 µm were obtained (Leica Microsystems CM 3050S cryostat,
Wetzlar, Germany) and kept in a cryoprotectant solution at -20°C until use. Free-floating
slices were placed in a 24-well plate and washed with 0.1M PBS. Next, the free-floating
sections were blocked with a solution containing 1% (BSA), 0,3% Triton X-100, 0.1M
PBS for 20 min at room temperature; washed with PBS 0.1M two times for 5 minutes
each; and incubated with the primary antibodies listed in Table 2 overnight at 4°C. On
the following day, the coronal slices were washed with 0.1M PBS 0.1M 2 times for 5
minutes each and then incubated with the secondary antibodies listed in Table 2 at room
temperature for 1h. Later, the sections were washed two times for 5 min each with 0.1M
PBS and were incubated with 5µM Hoechst staining solution (Sigma-Aldrich, St. Louis,
MO) for 5 minutes in the dark at room temperature. Finally, the slices were mounted
using Fluoromount-G (EMS, Hatfield, Pennsylvania, USA), and image acquisition was
performed with a fluorescence laser microscope (Olympus BX41, Hamburg, Germany)
by using x4 and x20 magnification. At least four images from 4 different individuals in
each group were analyzed with ImageJ/Fiji software available online from the National
Institutes of Health.

RNA extraction and gene expression determination

Total RNA isolation was carried out using TRIzol® reagent according to the manufacturer’s
instructions. The yield, purity, and quality of RNA were determined spectrophotometrically
with a NanoDrop™ ND-1000 apparatus (Thermo Scientific, Waltham, Massachusetts,USA)
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and an Agilent 2100B Bioanalyzer (Agilent Technologies, Santa Clara, California, USA).
RNA samples with 260/280 ratios and RINs higher than 1.9 and 7.5, respectively, were
selected. Reverse transcription-polymerase chain reaction (RT-PCR) was performed.
Briefly, 2 µg of messenger RNA (mRNA) was reverse-transcribed using a high-capacity
cDNA reverse transcription kit (Applied Biosystems, Foster City, California, USD).

SYBR® Green real-time PCR was performed on a StepOnePlus Detection System (Applied
Biosystems) with SYBR® Green PCR master mix (Applied Biosystems). Each reaction
mixture contained 6.75 µL of complementary DNA (cDNA) (with a concentration of 2
µg), 0.75 µL of each primer (with a concentration of 100 nM), and 6.75 µL of SYBR®
Green PCR master mix (2X).TaqMan-based real-time PCR (Applied Biosystems) was
also performed in a StepOnePlus Detection System (Applied Biosystems). Each 20 µL
TaqMan reaction contained 9 µL of cDNA (25 ng), 1 µL of 20X TaqMan gene expression
assay probe and 10 µL of 2X TaqMan universal PCR master mix. The data were analyzed
utilizing the comparative cycle threshold (Ct) (∆∆Ct) method, in which the levels of a
housekeeping gene are used to normalize differences in sample loading and preparation.
Normalization of expression levels was performed with β-actin for SYBR® Green-based
real-time PCR and Gapdh for TaqMan-based real-time PCR. The primer sequences and
TaqMan probes used in this study are presented in Table 3. Each sample was analyzed in
duplicate, and the results represent the n-fold differences in the transcript levels among
different groups.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism ver. 8 statistical software. The
data are expressed as the mean ± standard error of the mean (SEM). Means were compared
with two-tailed Student’s t-test. Statistical significance was considered when p values were
<0.05. Statistical outliers were determined with Grubbs’ test and when necessary were
removed from the analyses.

3.3.3 RESULTS

Prevention of memory loss and behavioral impairment in SAMP8 mice after I2-IR
ligand treatment

The NORT demonstrated significant differences between the control and I2-IR ligand
B06 groups in both short- and long-term evaluations. Significantly higher DI values were
obtained for the B06-treated mice than for the control mice at 2 h and 24 h after novel
object exposure, indicating a neuroprotective action of B06 against the characteristic
SAMP8 mouse memory loss (Figs. 1C-D).In addition, the results regarding locomotor
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activity, time spent in the center area and number of rearings, as assessed with the OFT
paradigm, revealed significant changes in behavior in the B06 group in comparison with
the control group (Figs. 1E-G).
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Figure 1: Scheme for NORT (A) and OFT (B) experimental paradigms. The I2-IR ligand improved the
novel object recognition abilities (measured as Discrimination Index, DI) in SAMP8 treated with B06 at 5
mg/Kg/day (B06 5mg/kg) in comparison with the SAMP8 Control both in summary short-term memory (C)
and summary long-term memory (D). In the Open Field Test (OFT) 12-month-old SAMP8 treated with B06
at 5 mg/Kg/day (B06 5mg/kg) presented a significant increase in the distance traveled (E), the percentage of
time spent in Center zone (F) and the number of Rearings (G). Values represented are mean ± Standard error
of the mean (SEM); n = 15 (Control n = 8, B06 n = 7); *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 vs.
Control.
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AD hallmark modifications in the hippocampi of SAMP8 mice induced by I2-IR lig-
and treatment

The levels of key proteins involved in APP processing were evaluated. The I2-IR ligand
B06 promoted significant increases in soluble APPα (sAPPα) levels but clearly tended to
decrease soluble APPβ (sAPPβ) levels (Figs. 2A-B). Accordingly, the gene expression of
Adam10, a constitutive α-secretase, increased, indicating a shift to the nonamyloidogenic
pathway (Fig. 2C). Moreover, the gene expression of both insulin-degrading enzyme (Ide)
and neprilysin (Nep) was increased after B06 treatment (Fig. 2C). Tau hyperphosphoryla-
tion is a characteristic posttranslational modification in aged SAMP8 mice. B06 treatment
induced significant decreases in phosphorylation at the Ser404 and Ser396 sites in tau
protein (Figs. 3A-B). There are two main kinases implicated in tau hyperphosphorylation:
glycogen synthase kinase 3β (GSK3β) and cyclin-dependent kinase 5 (CDK5). GSK3β
phosphorylated at Ser9 is the inactive form of the enzyme and is correlated with reduced
tau phosphorylation. As expected, the I2-IR ligand B06 increased p-GSK3β (Ser9) levels,
indicating that it reduced kinase activity (Fig. 3C). CDK5 is also activated by phospho-
rylation, and p25, a coactivator, controls its activity. The results showed that the I2-IR
ligand-treated group presented decreases in the p-CDK5 level and p25/p35 ratio (Figs.
3D-E).
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Figure 2: (Previous page)Treatment with the I2-IR ligand B06 resulted in significant differences in the
amyloid processing and Aβ degradation pathway between the 12-month-old control SAMP8 (Con-
trol) and the SAMP8 treated with B06 at 5 mg/Kg/day (B06 5mg/kg). Representative western blot for
sAPPα and sAPPβ protein levels and quantification (A, B). Values in bar graphs were adjusted to 100%
for the protein of control SAMP8 (Control). Representative gene expression for Adam10, Ide and Nep (C).
Gene expression levels were determined by real-time PCR. Values are the mean ± Standard error of the mean
(SEM); (n= 3-5 animals per group); *p<0.05; **p<0.01 vs. Control.

I2-IR ligand treatment changes synaptic and apoptotic markers in SAMP8 mice

The I2-IR ligand B06 reduced the protein levels of the NMDA 2B receptor, increased those
of the form phosphorylated at Tyr1472 and increased those of the NMDA 2A receptor
significantly (Figs. 4A-C).

The levels of calcium/calmodulin-dependent protein kinase II (CaMKII), a marker of
synaptic plasticity, did not show significant changes, but the levels of the phosphorylated
form of cAMP response element-binding protein (CREB) were dramatically increased (Fig.
4D) in the B06 group. Accordingly, the gene expression of the CREB target brain-derived
neurotrophic factor (Bdnf ) was increased in the B06 group (Fig. 4G).

Protein kinase A (PKA) is a master regulator of the activity of CREB, among other
transcription factors. B06-treated animals showed increased protein levels of PKA a (the
catalytic fragment) (Fig. 4E). We found significant recovery of AKT, also known as protein
kinase B, phosphorylation and subsequent activation (Fig. 4F) in the B06 group, indicating
a pathway of neuroprotective regulation after B06 treatment.

B-cell lymphoma 2 (BCL-2), Bax, BCL-2-associated agonist of cell death (BAD) and
Caspase 3 are key factors in apoptotic signaling in neurons. B06 was able to reduce
Caspase 3 and Bcl-2-like protein 4 (Bax) protein levels; surprisingly, it also reduced BCL-2
protein levels (Figs. 5A-C). An increase in p-BAD was also observed (Fig. 5D); however,
in this case, phosphorylation of BAD indicated a lack of capacity to form apoptotic pores
by dimerizing BAD, which subsequently weakened the proapoptotic role of this factor.
Overall, prevention of apoptotic mechanisms followed treatment with the I2-IR ligand B06.
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Figure 3: The I2-IR treatment mediated a significant decrease in Tau phosphorylation and the im-
plicated kinases in 12-month-old SAMP8 treated with B06 at 5 mg/Kg/day (B06 5mg/kg) when com-
pared to control SAMP8 (Control). Representative western blot for ratio p-Tau (Ser396 and Ser404), Ratio
p-GSK3β (Ser9), Ratio p-CDK5, p25/35 and quantification (A-E). Values in bar graphs were adjusted to
100% for protein of control SAMP8 (Control). Values are the mean ± Standard error of the mean (SEM);
(n= 3-5 animals per group); *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 vs. Control.
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Figure 4: (Previous page) Changes in NMDARs, neuronal plasticity and Kinase pathways induced
by I2-IR ligand B06 in 12-month-old SAMP8 after treatment at 5 mg/Kg/day (B06 5mg/kg) in com-
parison with 12-month-old control SAMP8 (Control). Representative western blot for NMDAR2B,
NMDAR2A, Ratio p-NMDAR2B (Tyr1472). Ratio p-CREB in nucleus protein levels and quantification
(A-D). Representative Western blot for kinases PKA, Ratio p-AKT and quantification (E, F). Values in bar
graphs were adjusted to 100% for the protein of control SAMP8 (Control). Representative gene expression
for Bdnf (G). Gene expression levels were determined by real-time PCR. Values are the mean ± Standard
error of the mean (SEM); (n= 3-5 animals per group); *p<0.05; **p<0.01; ***p<0.001 vs. Control.
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Figure 5: Treatment with the I2-IR ligand B06 suppressed apoptosis by inhibiting the implicated
apoptotic factors in 12-month-old SAMP8 treated with B06 at 5 mg/Kg/day (B06 5mg/kg) as com-
pared to control SAMP8 (Control). Representative western blot for caspase-3, Bax, BCL-2, Ratio p-BAD
(Ser136) and quantification (A-D). Values in bar graphs were adjusted to 100% for the protein of control
SAMP8 (Control). Values are the mean ± Standard error of the mean (SEM); (n= 3-5 animals per group);
*p<0.05; **p < 0.01 vs. Control.

Neuroinflammation and oxidative state changes in SAMP8 mice after I2-IR ligand
treatment
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GFAP protein levels were highly significantly decreased in the B06 group (Fig. 6A),
indicating that astrogliosis and neuroinflammation processes were ameliorated in I2-IR
ligand B06-treated mice. Astrocytes control glutamatergic signaling through glutamate
transporters, and B06 was able to enhance the protein levels of excitatory amino acid
transporter (EAAT) 2 (Fig. 6B). The expression of proinflammatory cytokines, such as
interleukin 6 (Il-6), Il-18, Il-1β, interferon (Ifn-γ), tumor necrosis factor-alpha (Tnf-α),
and C-X-C motif chemokine ligand 10 (Cxcl-10), was decreased after treatment with the
I2-IR ligand B06 (Fig. 6K), and the decrease reached significance for Il-6, Il-18 and Il-1β.
H2O2 levels in the hippocampus were significantly diminished in the B06 mouse group,
showing that global redox homeostasis was shifted due to the antioxidant role of the I2-IR
ligand in SAMP8 mice (Fig. 6M). The expression of nuclear factor-erythroid 2-related
factor 1 (Nrf1), a key gene controlling the oxidative cell environment, was higher in the
group treated with the I2-IR ligand B06 than in the untreated mouse group (Fig. 6L). In
addition, the gene expression of antioxidant machinery enzymes such as hemoxygenase 1
(Hmox 1) was increased, whereas that of aldehyde dehydrogenase 2 (Aldh2) was reduced,
indicating that B06 prevented SAMP8 brain from experiencing an oxidant environment by
neutralizing radical oxygen species (ROS) (Fig. 6L). Conversely, a significant increase
in the gene expression of inducible nitric oxide synthase (iNOS) was found, although
this increase could have improved synaptic function (Fig. 6L). Finally, immunostaining
quantification of GFAP fluorescence intensity demonstrated that B06 treatment significantly
reduced GFAP staining, especially in the dentate gyrus (DG) and CA1 regions (Figs. 6D-J),
suggesting a reduction in astrogliosis. Moreover, immunostaining quantification of S100A9
fluorescence intensity showed that B06 treatment reduced S100A9 staining, especially in
the CA1 and CA3 regions, but the reductions were not significant (Figs. 6D-J).
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Figure 6: I2-IR ligand, B06, attenuated neuroinflammation and OS state in 12-month-old SAMP8
treated mice at 5 mg/Kg/day (B06 5mg/kg) when compared to the control SAMP8 (Control). Repre-
sentative western blot for GFAP, GLT-1/EAAT-2 (A-B). Representative images for GFAP (C) and S100A9
immunostaining (C) and quantifications for GFAP and S100A9 on the bar chart (D-J). Representative gene
expression for inflammatory markers such as Il-6, Il-18 Il-1β, Ifn-γ, Tnf-α and Cxcl-10 (K) and OS markers
such as Hmox1, iNOS, Nrf1 and Aldh2 (L). Quantification of Intracellular H202 (µM) (M). Gene expression
levels were determined by real-time PCR. Values in bar graphs were adjusted to 100% for the protein of
control SAMP8 (Control). DG: Dentate Gyrus. Scale bar for immunohistochemical images is 200 µm.
Values are the mean ± Standard error of the mean (SEM); (n= 3-5 animals per group); *p<0.05; ***p<0.001
vs. Control.
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I2-IR ligand treatment modifies CaN/NFAT signaling in the SAMP8 mouse hip-
pocampus

In light of the obtained results, we focused on CaN, an upstream protein with phosphatase
activity toward CREB or BAD that plays a role in neurodegeneration. The protein levels
of CaN A, the active form, were reduced after treatment with the I2-IR ligand B06 (Fig.
7A). We also evaluated NFATc1, a different target of CaN. The results showed an increase
in the phosphorylated form (Fig. 7B). As a summary of the results, Figure 8 shows the
molecular alterations related to cognitive improvement as well as the key role of CaN in
controlling the cellular response after treatment with the I2-IR ligand B06.
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Figure 7: Modulation of CaN signaling after B06 treatment in 12-month-old SAMP8 treated mice
at 5 mg/Kg/day (B06 5mg/kg). Representative western blot for CaN A, ratio p-NFATc1/NFATc1 and
quantification (A, B). Values in bar graphs were adjusted to 100% for protein of control SAMP8 (Control).
Values are the mean ± Standard error of the mean (SEM); (n= 3-5 animals per group); *p<0.05; **p<0.01 vs.
Control.

3.3.4 DISCUSSION

Here, we report that treatment with the I2-IR ligand B06 in the SAMP8 mouse model, a
model of neurodegeneration linked to aging that is considered to recapitulate late-onset
AD, has beneficial effects via modulation of the CaN pathway. Imidazoline receptors
were described in the nineties, and I2-IRs are related to neurodegenerative diseases such
as AD (García-Sevilla et al. 1998), Huntington’s disease (Reynolds et al. 1996) and PD
(Reynolds et al. 1996; Tyacke et al. 2018; Wilson et al. 2019). However, the signal
transduction pathway for I2-IR remains elusive (Bousquet et al, 2020). Previous reports
have indicated putative roles related to monoamine oxidase (MAO) A or B (McDonald
et al. 2010) and intracellular calcium concentration control through NMDA receptors or
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intracellular calcium stores (Jiang et al. 2010; Zhao Han et al. 2013). Recently, we have
demonstrated that ligands for I2-IRs are able to prevent neurodegeneration by acting on
the apoptotic mechanism (Abas et al. 2017), and decreasing the activity of kinases (CDK5,
GSK3β, etc.) (Abas et al. 2016, Griñán-Ferré et al. 2019), leading to the recovery of
cognitive capabilities in an AD mouse model (Griñán-Ferré et al. 2019). However, the
intrinsic mechanisms that induce these changes are not precisely known.

B06 is a new improved I2-IR ligand with a lower Ki for I2-IR than previous ligands
and high selectivity for I2-IRs over α2 adrenoceptors (Escolano et al. 2019). The latter
characteristic is of the utmost importance for avoidance of undesirable adverse effects on,
for example, the vascular system. We have previously reported that administration of B06
to the 5xFAD mouse model, a transgenic representative model of AD, reduces cognitive
decline, neuroinflammation, tau hyperphosphorylation and APP processing (Escolano et al.
2019).

In the present work, we demonstrated that the I2-IR ligand B06 was able to improve
cognition and ameliorate anxiety-like behavior in aged SAMP8 mice. Furthermore, we
confirmed that on the molecular level, treatment with B06 reduced the exhibition of AD
hallmarks, such as APP processing and tau hyperphosphorylation; inhibited tau kinase
(CDK5 and GSK3β) activation; reduced the gene expression of neuroinflammation markers,
such as Il-6, Il-18, and Tnf-α, and decreased OS.

When the apoptotic pathway was studied, decreases in Caspase 3, Bax, and BCL-2 levels
were found. However, there has been a lack of consistency among I2-IR studies regarding
the reduction in apoptotic signaling (Garau et al. 2013). Our results are consistent
with those of several studies showing that administration of I2-IR ligands such as 2-
BFI and BU224 can reduce apoptotic marker levels in the rat brain cortex (Li. 2017).
Considering that I2-IRs have been reported to be involved in key pathways associated with
neurodegeneration, we also evaluated several master pathways in B06-treated senescent
mice, including those that are under the control of cytosolic calcium, astrocyte activation
and synaptic neural plasticity. The localization of I2-IRs remains elusive, but several studies
have reported astrocytes as a major cell type with I2-IR binding sites (Choi et al. 2018). Of
note, astrogliosis and activated microglial cells are associated with amyloid processing,
indicating that this AD hallmark is a major trigger of gliosis (Vehmas et al. 2003).
After B06 treatment, a very significant decrease in the expression of the hippocampal
panastrocytic reactive marker GFAP indicated strong control of neuroinflammation and
a reduction in astrogliosis that in turn could prevent neuronal function loss. Moreover,
S100A9, a Ca2+-binding protein with a critical role in modulating the inflammatory
response and inducing cytokine release by astrocytes (Wang et al. 2018), was used as
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a marker of neuroinflammation mediated by reactive astrocytes. In our study, we found
clear reductions in two hippocampal areas, CA1 and CA3, confirming a reduction in the
inflammatory state after treatment with B06. Likewise, the expression of the EAAT2
isoform (or Glt 1), a glutamate transporter predominantly located in astrocytes, was
increased after treatment with the I2-IR ligand B06. EAAT2 is implicated in glutamate
clearance and has a leading role in the removal of excess glutamate and other potentially
toxic mediators (Furman and Norris. 2014). In line with these findings, our previous results
for two other I2-IR ligands (Griñán-Ferré et al. 2018) showed the same action regarding
astrogliosis. However, in contrast, another study on the I2-IR ligand LSL60101 showed
induction of reactive astrocytosis in the facial motor nuclei of neonate rats after short-term
treatment (Casanovas et al. 2000), suggesting that the effects differ depending on both the
physicochemical properties of the I2-IR ligand and the experimental model.

Notably, in astrocytes, increased CaN activity can lead to modification of the kinase activity
of GSK3β (Watanabe et al. 2015). Calcium entry through NMDA2B receptors enhances
the activation of GSK3β through CaN phosphatase activity, and in turn, GSK3β amplifies
this phosphatase activity, dephosphorylating CREB (Szatmari et al. 2005; Wang et al.
2018). In addition, the interaction of I2-IR ligands with NMDA receptors has been well
described (Olmos, De-Gregorio-Rocasolano, et al. 1999; Olmos, Ribera & Garcia-Sevilla.
1996). Thus, our results support the idea that modulation of I2-IRs by B06 is able to induce
changes in NMDA receptors. We definitively observed changes in NMDA receptor subunit
composition and activation. On the one hand, increases in NMDA2A receptor protein
levels were observed. On the other hand, decreases in NMDA2B receptor protein levels
with increased phosphorylation were observed. These changes are associated with LTP,
which may partially explain the improvement in cognition observed in B06-treated SAMP8
mice.

To further elucidate the molecular mechanisms modulated by B06, we examined the nega-
tive crosstalk between AKT and GSK3β signaling that participates in synaptic plasticity
(Bradley et al. 2012) controlled by CaN phosphatase activity. As mentioned, B06 treatment
reduced GSK3β activation by increasing the levels of its inactive form phosphorylated
at Ser9, whereas it activated AKT signaling. Because AKT is a recognized prosurvival
molecule that participates in neural plasticity, modulation of AKT signaling in animals
treated with the I2-IR ligand B06 likely contributed to the favorable effects on cognition
observed in SAMP8 mice (Zhu et al. 2001; Sun and Nan. 2017).

p-CREB controls the expression of genes related to synaptic disruption and LTP, such as
Bdnf (Bridi et al. 2017). Neuronal growth and survival require the expression of CREB
target genes that control various proteins, including BDNF and its receptor tropomyosin-
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related kinase B (TrkB) (Zhang et al. 2012). On the one hand, treatment with the
I2-IR ligand B06 increased nuclear p-CREB levels and increased Bdnf gene expression.
On the other hand, B06 increased the levels of PKA, which can drive p-CREB nuclear
translocation. Of note, PKA acts as a negative modulator of NFATc1, a transcription factor
that regulates the transcription of genes that play crucial roles in axonal outgrowth control
(Sheridan et al. 2002). Interestingly, I2-IR ligand treatment induced an increase in NFATc1

phosphorylation in parallel with decreases in (Il)-6, Ifn-γ and Tnf-α gene expression.
NFATc1 and CaN are master regulators that control EAAT2 up- or downregulation (Su et
al. 2003). We hypothesize that the observed changes in NFATc1 are responsible for the
increase in EAAT2 described above.

NFATc1 is dephosphorylated by CaN, which enables its nuclear translocation. Continuous
NFAT activation and nuclear signaling result in neurodegenerative morphological abnor-
malities, including neuritic dystrophy, dendritic spine loss and modulation of β-amyloid
accumulation. Indeed, NFAT activity stimulates the amyloidogenic pathway (Jin et al.
2012; Sompol et al. 2017), and its inhibition has been found to significantly reduce
β-amyloid plaque formation in an AD mouse model (Furman et al. 2012). Therefore,
a reduction in nuclear NFAT should have beneficial effects in senescence models, in
which overactivation of neurodegenerative pathways is a key cause of cognitive decline
(Griñán-Ferré et al. 2015, 2016).

The last finding, closely linked with the findings described above, is the implication of CaN
in the beneficial effects of the I2-IR ligand B06 in SAMP8 mice. CaN is a multicomponent
protein in which CaN A has phosphatase activity regulated by calcium levels (Rusnak
F et al. 2010). Calcium dysregulation can be induced by age-related changes, such as
OS and inflammation (Furman et al. 2014; Reese and Taglialatela. 2014). Furthermore,
inhibition of CaN signaling produces neuroprotection in models of injury and disease
(O’Donell et al. 2016; Xiong et al. 2018), reduces neuroinflammation (Furman and Norris,
2014) and cognitive impairment (Liu et al. 2018), and improves synapse function (Kim et
al. 2015). Consistent with these findings, we hypothesized that in SAMP8 mice, which
are characterized by neuroinflammation and OS, an imbalance of calcium levels occurs,
activating CaN A and inducing neurodegeneration. Specifically, astrocytic CaN is activated
under inflammatory conditions and can, for example, activate GSK3β and inactivate AKT,
influencing NMDAR-mediated axonal outgrowth (Wang et al. 2018). As stated above, the
I2-IR ligand B06 reduced CaN A protein levels, and accordingly, we found activation of
AKT and strong inactivation of GSK3β.

Regarding the OS observations, CaN can be activated after H2O2 addition to neuronal
cultures (Sée and Loeffler. 2001). Likewise, the reductions in OS markers after treatment
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with the I2-IR ligand B06 could have also contributed to a reduction in CaN activity.
These findings correlate with cognitive improvement, increasing neuroprotective signaling
and reducing tau hyperphosphorylation. Conversely, CaN A can dephosphorylate tau.
However, the balance between tau phosphorylation and dephosphorylation is due to a shift
in tau kinase activity (Yu et al. 2008). Hyperactivation of the PP1A domain of CaN A
results in dephosphorylation of a few transcription factors, such as CREB (which blocks
CREB translocation to the nucleus) and NFAT (which enables NFAT translocation to the
nucleus). In both cases, the reduced synaptic and growth gene transcription necessitates
plasticity, and the increases in the expression of proinflammatory factors participate in
neurodegenerative processes. Moreover, hyperactivation of the phosphatase 2B (PP2B)
domain increases BAD dephosphorylation, favoring the action of BAD as a proapoptotic
factor (Mukherjee et al. 2010).

In conclusion, the data from our study demonstrate that modulation of I2-IRs by B06
reduces neuroinflammation, OS and CaN protein levels in SAMP8 mice. The decreases in
CaN protein levels can explain the changes in CREB, NFATc1 and BAD phosphorylation
levels. In addition, the decreases in CaN levels result in modification of the kinase activity
of GSK3β and AKT, among other molecules, leading to reduced tau hyperphosphorylation
and preventing cognitive decline in SAMP8 mice. Collectively, our findings provide
evidence that the CaN pathway is a critical component of the neuroprotective effects of I2-
IR ligands on SAMP8 model mice, providing insight into several molecular modifications
observed after I2-IR ligand treatment. In the future, a deeper knowledge of the role of the
I2-IR signaling cascade in AD will provide new therapeutic targets for cognitive decline
and AD.
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Figure 8: Graphical Abstract showing molecular changes in CaN signaling after treatment with B06.
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SUPPLEMENTARY MATERIAL

Table 4: Antibodies used in Western blot studies.

Antibody Host Source/Catalog WB dilution
AKT Rabbit Cell Signaling/#9272 1:1000
Bad Mouse Santa Cruz/sc-8044 1:1000
Bax Rabbit Cell signaling/#2772 1:1000

Bcl-2 Rabbit Cell Signaling/#2870 1:1000
Calcineurin A Rabbit BioRad/VPA00329 1:1000

Calpain Mouse BioRad/AHP2443 1:1000
CaMKII Rabbit Abcam/ab52476 1:1000

Caspase-3 Rabbit Cell Signaling/#9662 1:1000
Cdk5 Rabbit Santa Cruz/sc-173 1:1000

CREB (48H2) Rabbit Cell Signaling/#9197 1:1000
EAAT2 Mouse Santa Cruz/sc-365634 1:1000
GFAP Rabbit Gene Tex/GTX100850 1:1000

GSK-3β Rabbit Cell Signaling/#9315S 1:1000
NFATc1 Rabbit St John’s/STJ24751 1:1000

NMDA2A Mouse Santa Cruz/sc-515148 1:1000
NMDA2B Mouse Santa Cruz/sc-365597 1:1000
P35/p25 Rabbit Cell Signaling/#C64B10 1:1000

pAKT (Ser473) Rabbit Cell Signaling/#4060 1:1000
pBAD (Ser136) Rabbit Cell Signaling/#4366S 1:500

pCaMKII (Thr286) Rabbit SAB/#11287 1:1000
pCdk5 (Y15) Rabbit Abcam/ab63550 1:1000

pCREB (Ser133) Rabbit Cell Signaling/#9198 1:1000
P-p44/42 (T202/Y204) Rabbit Cell Signaling/#9101 1:1000

p-GSK-3beta Rabbit Cell Signaling/#9336 1:1000
PKA Mouse Santa Cruz/sc-28315 1:1000

p-NFAT (Ser172) Rabbit Invitrogen/PA5-64696 1:500
p-NMDAR2B (Tyr1472) Rabbit Invitrogen/OPA1-04116 1:1000

p-Tau Ser396 Rabbit Invitrogen/44-752G 1:1000
p-Tau Ser404 Rabbit Invitrogen/44-758G 1:1000

sAPPα Rabbit Covance/SIG-39139-005 1:2000
sAPPβ Rabbit Covance/SIG-39138-05 1:2000

Tau total Mouse Invitrogen/AHB0042 1:1000
TBP Mouse Abcam/ab51841 1:1000
Actin Mouse Invitrogen/MA5-15739 1:2000

GAPDH Mouse Millipore/MAB374 1:5000
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Table 4 continued from previous page
Goat-anti-mouse HRP

conjugated
Biorad/170-5047 1:2000

Goat-anti-rabbit HRP conjugated Biorad/170-6515 1:2000

Table 5: Reagents used in IHC studies.

Antibody Host Source/Catalog IHC dilution
GFAP Rabbit DAKO/Z0334 1:400

S100A9 Mouse R&D Systems/AF2065 1:400
Alexa Fluor 594

Goat anti-mouse IgM
Invitrogen/A21044 1:1000

Alexa Fluor 488
Rabbit anti-goat IgG

Invitrogen/A11078 1:400

Hoechst 33258 solution Sigma-Aldrich/94403

Table 6: Primers and probes used in qPCR studies.

Target Product size (bp) Forward primer (5’-3’) Reverse primer (5’-3’)
Ide 128 GCAACACCATACCCTGCTCT TCCACATAAGCAAACGGGCT

Adam10 125 GGGAAGAAATGCAAGCTGAA CTGTACAGCAGGGTCCTTGAC
Cxcl10 72 GGCTAGTCCTAATTGCCCTTGG TTGTCTCAGGACCATGGCTTG

Il-6 189 ATCCAGTTGCCTTCTTGGGACTGA TAAGCCTCCGACTTGTGAAGTGGT
Il-18 151 GTTTACAAGCATCCAGGCACAG GAAGGTTTGAGGCGGCTTTC
Il-1β 179 TGTGAAATGCCACCTTTTGA GGTCAAAGGTTTGGAAGCAG
Ifn-γ 87 CCTTCTTCAGCAACAGCAAGGCG CTTGGCGCTGGACCTGTGGG
Tnf-α 157 TCGGGGTGATCGGTCCCCAA TGGTTTGCTACGACGTGGGCT
iNOS 125 GGCAGCCTGAGAGACCTTTG GGAAGCGTTTCGGGATCTGAA
Nrf1 114 AGCACGGAGTGACCCAAAC TGTACGTGGCTACATGGACCT

Aldh2 189 GCAGGCGTACACAGAAGTGA TGAGCTTCATCCCCTACCCA
Neo 196 TTGGGAGACCTGGCGGAAAC CATTCCTTGGACCCTCACCCC

β-actin 190 CAACGAGCGGTTCCGAT GCCACAGGTTCCATACCCA

Taqman Probes

Target Product size (bp) Reference
Hmox1 69 Mm00516005_m1
Bdnf 71 Mm01334042_m1

Gapdh 109 Mm99999915_g1
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SUMMARY

The current therapeutic options against AD provide only symptomatic relief at the clinical
level, while disease modifying drugs in clinical trials are increasing. Moreover, co-
treatment of symptomatic treatment Ache inhibitors with neuroprotective drugs has been
shown to deliver better outcomes in the prevention of cognitive decline. However, the
development of effective therapeutic strategies still remains a challenge, increasing the
necessity for the identification of novel targets. Given the implication of I2-IR receptors
in AD and the neuroprotective role of I2-IR ligands in brain disorders, in this study we
assessed the potential therapeutic effects after chronic treatment with a well-established
I2-IR ligand LSL60101, an AChE inhibitor donepezil, as well as their combination in the
5XFAD mouse model of EOAD.

5XFAD female mice were treated with low doses (1 mg · kg−1 · day−1) of LSL60101,
donepezil, and donepezil plus LSL60101, during 4 weeks per os. Novel object recognition,
Morris water maze, Open field, Elevated plus maze, and Three-chamber tests were em-
ployed to evaluate the cognitive and behavioural status after treatment. The effects of the
treatments on AD-like pathology were assessed with immunohistochemistry, Western blot,
ELISA and qPCR.

Chronic low-dose treatment with LSL60101 and donepezil reversed cognitive deficits and
impaired social behaviour. LSL60101 treatment did not improve anxiety-like behaviour
in contrast to donepezil. In the 5XFAD brains, LSL60101 and donepezil/LSL60101
treatments attenuated Aβ-pathology by decreasing Aβ40, Aβ42 levels and Aβ plaques
number, and tau hyperphosphorylation. These alterations were accompanied by a decrease
in the microglia marker Iba-1 levels and an increase in Trem2 gene expression in the
LSL60101 treated mice. LSL60101 and donepezil decreased GFAP astrocytic marker
reactivity. However, only LSL60101 and donepezil/LSL60101 treatments significantly
increased the synaptic markers’ levels PSD95 and synaptophysin in the 5XFAD brains,
providing in whole a greater effect in AD neuropathological characteristics. Our results
suggest that chronic low dose treatment with selective I2-IR ligands can be an effective
disease modifying strategy against AD and provide insights into combination treatments
of symptomatic and disease-modifying drugs.
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ABSTRACT

Background and Purpose: The development of effective therapeutic strategies against
Alzheimer’s disease (AD) remains a challenge. I2 imidazoline receptor ligands have a neu-
roprotective role in AD. Moreover, co-treatment of AChE inhibitors with neuroprotective
agents have shown better effects on the prevention of dementia. Here, we assessed the
potential therapeutic effect of the I2 ligand LSL60101, donepezil, and their combination in
5XFAD mice.

Experimental Approach: 5XFAD female mice were treated with low doses (1 mg ·
kg−1 · day−1), of LSL60101, donepezil, and donepezil plus LSL60101, during 4 weeks
per os. Novel object recognition, Morris water maze, open field, elevated plus maze, and
three-chamber tests were employed to evaluate the cognitive and behavioural status after
treatment. The effects on AD-like pathology were assessed with immunohistochemistry,
western blot, ELISA and qPCR.

Key results: Chronic low-dose treatment with LSL60101 and donepezil reversed cognitive
deficits and impaired social behaviour. LSL60101 treatment did not affect anxiety-like
behaviour in contrast to donepezil. In the 5XFAD brains, LSL60101 and donepezil/
LSL60101 treatments attenuated amyloid-β pathology by decreasing amyloid-β40 and
amyloid-β42, amyloid-β plaque number, and tau hyperphosphorylation. These alterations
were accompanied by reduced microglia marker Iba-1 levels and increased Trem2 gene
expression. LSL60101 and donepezil decreased glial fibrillary acidic protein (GFAP)
astrocytic marker reactivity. However, only LSL60101 and donepezil/LSL60101 treatments
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significantly increased the synaptic marker levels of post-synaptic density protein 95 and
synaptophysin.

Conclusion and implications: Chronic low dose treatment with selective I2 ligands can
be an effective treatment for AD and provide insights into combination treatments of
symptomatic and disease-modifying drugs.

3.4.1 INTRODUCTION

Alzheimer’s disease (AD) is the leading cause of dementia among the elderly and the most
common irreversible and uncurable neurodegenerative disorder, clinically characterised by
progressive behavioural disturbances and memory loss (Murray et al., 2011). Amyloid-β
plaques and neurofibrillary tangles, consisting of hyperphosphorylated tau (p-Tau), are two
major neuropathological AD markers, which lead to synaptic failure (DeTure & Dickson,
2019; Selkoe, 2008; Walsh & Selkoe, 2004). Moreover, the inflammatory response
triggered by amyloid-β deposits and tau hyperphosphorylation, among others and mediated
by activated microglia and reactive astrocytes has a key role in the progression of AD
(Dickson & Rogers, 1992; Meraz Rios et al., 2013). Thus, targeting amyloid-β aggregation,
p-Tau and neuroinflammation has been proved so far, the main disease-modifying strategy
for treating AD.

However, up to date, only symptomatic treatments, including the AChE inhibitors and the
N-methyl-D-aspartate (NMDA) antagonists, are available for AD therapy. Those drugs
showed modest symptom- atic benefits on behaviour and cognition, but they did not halt
the progression of AD (Grossberg, 2003; Mehta et al., 2012). Among AChE inhibitors,
donepezil is clinically used for cognitive dysfunction in AD (Giacobini, 2000). Besides
its main effects on the enhancement of cholinergic transmission, donepezil has been
demonstrated to exert the potential for disease pathway modifications in AD, including
attenuation of amyloid-β load and anti-inflammatory properties in vitro and in vivo (Kim
et al., 2014). However, it lacks a curative effect. Therefore, identifying new molecular
targets for the development of treatments is crucial. In this context, to further enhance the
noncholinergic therapeutic effects of donepezil, a combination of donepezil with other
neuroprotective agents could provide a novel approach to preserve cognitive function
and/or delay AD pathology.

I2 imidazoline receptors are receiving growing attention due to the neuroprotective effects
in the CNS (Bousquet et al., 2020). In the brain, I2 receptors are found in both neurons
and glial cells (Olmos et al., 1994; Regunathan et al., 1993) and their modulation has
been associated with neurodegenerative disorders, including AD (Ruiz et al., 1993). Most
notably, the density of I2 receptors was found to increase in AD patients (Garcia-Sevilla et
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al., 1998). Several lines of evidence provided by our group demonstrated that selective I2
ligands protected against cognitive impairment and ameliorated AD pathological features
related to amyloid precursor protein processing, tau hyper- phosphorylation, neuroinflam-
mation and oxidative stress processes, using well-established AD animal models (Abás
et al., 2017, 2020; Griñan-Ferré et al., 2019; Vasilopoulou, Griñan-Ferré, et al., 2020).
Likewise, agmatine, the proposed endogenous ligand for I2 receptors, prevented cognitive
deficits in amyloid-β 1–42 peptide-injected mice and of note, its effect was augmented and
attenuated by I2 agonists and antagonists, respectively (Kotagale et al., 2020). Collectively,
this evidence supports the potential therapeutic effect of I2 ligands in AD.

Among the I2 ligands, the selective I2 ligand LSL60101 [2-(2-benzofuranyl)imidazole] (Ki
ratio for α2/I2 receptors = 286) has been associated with the induction of several central
effects, such as acute hyperphagic effects (Menargues et al., 1995) and inhibition of he
development of opioid-induced tolerance and potentiation of morphine analgesia (Boronat
et al., 1998). Interestingly, LSL60101 was shown to promote neuronal protection mediated
by the induction of reactive astrocytes (Casanovas et al., 2000). However, the neuro-
protective effect of LSL60101 on AD pathological conditions has not been reported.

In the present in vivo study, we explored the I2 receptor ligand LSL60101 beneficial effects
on the behavioural capabilities and cognitive impairments presented in AD, as well as
on AD markers, including neuroinflammation, glial reactivity and synaptic plasticity in
5XFAD mice, a widely accepted transgenic mouse model for early-onset AD. Consid-
ering that women have a higher risk of dementia and females are under-represented in
rodent models of AD, we used 5XFAD females. Additionally, the comparative effect
with donepezil, considered a symptomatic AD treatment, was investigated alone and in
combination therapy with the I2 ligand LSL60101 to explore the joint effects of both
compounds in ameliorating AD pathology and molecular changes presented by 5XFAD
mice.

3.4.2 METHODS

Animals

The 5XFAD mouse model is a well-characterised double transgenic amyloid precursor pro-
tein/PSEN1 model, which co-expressed five familial AD mutations (JAX MMRRC Stock#
034840). This animal model incorporates AD pathological characteristics, including early
plaque formation and gliosis starting at 2 months, robust cognitive and behavioural deficits
such as memory impairment, reduced anxiety and social disturbances starting at 4–5
months and neuronal loss at 6 months (Griñan-Ferré et al., 2018; Landel et al., 2014;
Oakley et al., 2006). Thus, at the selected age of 7 months, 5XFAD mice provide a severe
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AD pathological landscape suitable for evaluating the drug effects.

In the present study, 5XFAD (n = 47) and wild-type (WT, n = 46) female mice (7 months
old) were used to perform behavioural and molecular analyses. Females were used because
AD incidence is higher in women and few studies are available. WT animals were randomly
divided into WT control (WT Ct) (n = 11), WT treated with donepezil (1 mg ·kg−1 ·day−1)
(WT Dp) (n = 12) and LSL60101 (WT LSL) (1 mg · kg−1 · day−1) (n = 12), and the
cotreatment of donepezil (1 mg · kg−1 · day−1) and LSL60101 (1 mg · kg−1 · day−1) (WT
Dp + LSL). 5XFAD mice were randomly divided into: 5XFAD control (5XFAD Ct) (n
= 11), 5XFAD treated with donepezil (1 mg · kg−1 · day−1) (5XFAD Dp) (n = 12) and
LSL60101 (5XFAD LSL) (1 mg · kg−1 · day−1) (n = 12) and the co-treatment of donepezil
(1 mg · kg−1 · day−1) and LSL60101 (1 mg · kg−1 · day−1) (5XFAD Dp + LSL).

The animals had free access to food and water and were kept under standard temperature
conditions (22 ± 2ºC) and 12-h light/dark cycles (300/0 lux). Compounds were dissolved in
1.8% (2-hydroxypropyl)-β-cyclodextrin and administered through drinking water. Control
groups received water plus 1.8% (2-hydroxypropyl)- β-cyclodextrin during the treatment
period. For the drugs administration, dosages were calculated on the basis of average daily
water consumption recorded in each cage and they were confirmed by recalculations once
a week. Each animal’s weight was also recorded once a week during the treatment period
and the drug dosages were recalculated, when necessary, based on the results obtained.
The average daily water consumption was 5 ml day-1 for each animal without observing
significant differences among the groups. Likewise, the body weight of the control and
treated groups did not change significantly during the treatment period (Figure S1). The
intervention sample size was chosen following previous studies in our laboratory and
using one of the available interactive tools (http://www.biomath. info/power/index.html).
Moreover, the animal number mismatch among experimental groups was due to the
exclusion of mice by death or ethical reasons according to the final point indicated in the
approved protocol.

After 4 weeks of treatment, behavioural and cognitive tests were performed to study
the effects of treatment on learning, memory, anxiety behaviour and social interaction
(Figure 1a). Mice were also treated during this period and up to their killing (46 days
in total). All studies and procedures for the mouse behaviour tests brain dissection and
extractions followed the standard ethical guidelines (European Communities Council
Directive 2010/63/EU and Guidelines for the Care and Use of Mammals in Neuroscience
and Behavioural Research, National Research Council 2003). Animal studies are reported
in compliance with the ARRIVE guidelines (Percie du Sert et al., 2020) and with the
recommendations made by the British Journal of Pharmacology (Lilley et al., 2020).
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They were approved by Bioethical Committees from the University of Barcelona and the
Government of Catalonia.

Behavioural tests

Novel Object Recognition Test

A modification of the novel object recognition test protocol was performed (Ennaceur &
Delacour, 1988). In brief, mice were placed in a 90 two-arm (25 x 20 x 5 cm) black maze,
with removable walls for easy cleaning and light intensity in midfield was 30 lux. Before
the memory, trial mice were habituated to the apparatus for 10 min for 3 days. On Day 4, the
animals were submitted to a 10-min acquisition trial, in which they were allowed to freely
explore two identical objects located at the end of each arm (first trial—familiarisation).
After 2 h (for short-term memory evaluation) and 24 h (for long-term memory evaluation)
from the first trial, the mice were submitted to a 10-min retention trial, in which one of
the two identical objects had been replaced by a novel one. The behaviour was recorded
and the time that the mice spent exploring the new object (TN) and the old one (TO) was
measured manually. Exploration was defined as sniffing or touching the objects with nose
and/or forepaws. The discrimination index (DI) was calculated as (TN -TO)/(TN + TO).
To avoid object preference biases, objects were alternated; 70% EtOH was used to clean
the arms and objects after each trial to eliminate olfactory cues.

Morris Water Maze

The Morris water maze test was performed as described previously (Griñan-Ferré et al.,
2016) in an open circular pool, filled with water, which temperature was maintained at
22 ± 1C. The water surface was divided into four quadrants (Q1, Q2, Q3 and Q4) by two
principal perpendicular axes and five starting points were set. Four visual clues were placed
on the walls of the tank. The animals’ swimming paths were recorded, and the data were
analysed with SMART Version 3.0 software (Panlab, Cornellà, Spain). On Day 1, mice
were placed individually into the pool, facing the wall and allowed to swim for 60 s to be
habituated to the experimental conditions. On Day 2, a white platform was submerged
1.5 cm below the water level in the middle of the Q1 platform and the acquisition phase
took place for 5 days. Each day, the animals were submitted to five trials starting from the
positions set in random order. At each trial, mice were allowed to swim for 60 s and, if
not able to find the platform within 60 s, were guided to the visible platform. The mice
remained for 30 s onto the platform for spatial orientation. There was no resting phase
between each trial and the subsequent one; 24 h after the last training, a memory test was
performed. For this, the platform was removed from the pool and the mice were tested for
60 s. The distance to the target and the time spent in the platform quadrant (Q1), among
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other parameters, were measured.

Open Field

Emotional alterations and locomotor activity were evaluated by the open field test using a
white plywood apparatus (50 x 50 x 25 cm) as previously described (Archer, 1973; Griñan-
Ferré et al., 2016). The apparatus’ ground was divided into the centre and peripheral
area. Each individual was placed at the centre of the open field and allowed to explore the
apparatus for 5 min. The apparatus was cleaned with 70% ethanol after between trials.
The behaviour was recorded and later analysed with SMART Version 3.0 software. The
locomotor activity of the mice calculated as the sum of total distance travelled in 5 min,
the centre stay duration and the number of rearings were evaluated.

Elevated Plus Maze

Animals were tested for anxiety-like behaviour by performing the elevated plus maze test,
based on a previously described protocol (Walf & Frye, 2007). The elevated plus maze
apparatus consisted of two open arms (30 x 5 x 15 cm) and two closed arms (30 x 5 x 15
cm). The mice were placed at the arms’ junction and allowed to explore the apparatus
for 5 min freely. Elevated plus maze apparatus was cleaned with 70% ethanol between
tests. The behaviour was recorded and later analysed with SMART Version 3.0 software.
Parameters recorded included the total distance travelled during the 5 min test; the time
spent in open arms, closed arms and centre; and the number of rearings.

Three-Chamber Test

Three-chamber test evaluated mice social behaviour following a previously described
protocol (Companys-Alemany et al., 2020). A box (15 x 15 x 20 cm) divided into three
equally dimensioned rooms with openings among them was used. The mice were submitted
to 15-min trials. First, each mouse was placed in the centre of the box and allowed to
explore the three chambers for 5 min (habituation). The entries to each room were measured
manually. Afterwards, an intruder (same sex and age) was placed in a metal cage in one
of the rooms and behaviour was recorded for 10 min. The time spent in each room and
interacting with the intruder (e.g. sniffing and grooming) was measured manually. The
three-chamber test apparatus was cleaned with 70% ethanol between the trials to eliminate
olfactory cues.

Brain processing

Mice were killed by cervical dislocation 3 days after the behavioural and cognitive tests
were completed. The brains were immediately removed from the skulls,and the hippocampi
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were dissected, frozen and maintained at 80°C. For immunohistochemistry experiments,
mice were anaesthetised (ketamine 100 mg · kg−1 and xylazine 10 mg · kg−1, i.p.) and
then perfused with 4% paraformaldehyde (PFA) diluted in 0.1M phosphate buffer solution
intracardially. Their brains were removed and postfixed in 4% PFA overnight at 4°C.
Afterwards, the solutions were changed to PFA + 15% sucrose. Finally, the brains were
frozen on powdered dry ice and stored at 80°C until sectioning. All immuno-related proce-
dures involved comply with the editorial on immunoblotting and immunohistochemistry
(Alexander et al., 2018).

Protein levels determination by Western blotting

For protein extraction, hippocampus samples were thawed and mixed in 200 µl lysis buffer
(50-mM Tris–HCl pH 7.4, 150-mM NaCl, 5-mM EDTA and 1% Triton X-100) containing
phosphatase and protease inhibitor cocktail (Cocktail II, Sigma-Aldrich, St. Louis, MO,
USA). Once homogenised, samples were maintained on ice for 30 min. Afterwards, the
samples were centrifuged at 10,000g for 30 min at 4°C and the supernatants were collected
and maintained at 80°C. Total protein amount was quantified with the method of Bradford
as described previously (Bradford, 1976).

For western blot aliquots of 15 µg of hippocampal protein were used. Protein samples
were separated by SDS-PAGE (8–16%) and transferred onto PVDF membranes (Millipore,
Burlington, MA, USA). Afterwards, membranes were blocked in 5% BSA in 0.1% Tris-
buffered saline–Tween 20 (TBS-T) for 1 h at room temperature by overnight incubation
at 4°C with the primary antibodies listed in Table S1. Membranes were washed and
incubated with secondary antibodies for 1 h at room temperature. Immunoreactive proteins
were viewed with a chemiluminescence-based detection kit, following the manufacturer’s
protocol (ECL Kit; Millipore) and digital images were acquired using a ChemiDoc XRS+
System (Bio-Rad Laboratories, Hercules, CA, USA). Semiquantitative analyses were
carried out using Image Lab software (Bio-Rad Laboratories) and results were expressed
in arbitrary units (AU), considering control protein levels as 100%. Protein loading was
monitored by immunodetection of GAPDH or β-actin. For p-Tau quantification, blots
were also normalised by total tau (t-Tau) protein levels.

RNA extraction and gene expression determination

Total RNA isolation from hippocampal samples was performed using the TRIzol® reagent
according to the manufacturer’s instructions (Bioline Reagents, London, UK). The yield,
purity and quality of RNA were determined spectrophotometrically with a NanoDropTM
ND-1000 apparatus (Thermo Fisher, Waltham, MA, USA) and an Agilent 2100B Bioana-
lyzer (Agilent Technologies, Santa Clara, CA, USA). RNA samples with 260/280 ratios
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and RINs higher than 7.5, respectively, were selected. RT-PCR was performed. Briefly, 2
µg of mRNA was reverse transcribed using a high-capacity cDNA reverse transcription kit
(Applied Biosystems, Foster City, CA, USA).

SYBR® Green real-time PCR was performed using a Step One Plus Detection System
(Applied Biosystems) with SYBR Green PCR Master Mix (Applied Biosystems). Each
reaction mixture contained 6.75 µl of cDNA (with a concentration of 2 µg), 0.75 µl of
each primer (with a concentration of 100 nM) and 6.75 µl of SYBR Green PCR Master
Mix (2) (Applied Biosystems).

The data were analysed utilising the comparative cycle threshold (Ct) (∆∆Ct) method,
in which the levels of a housekeeping gene are used to normalise differences in sample
loading and preparation. The normalisation of expression levels was performed with
β-actin. The primer sequences and TaqMan probes used in this study are presented in
Table S2. Each sample was analysed in duplicate and the results represent the n-fold
difference in the transcript levels among different groups.

Amyloid-β levels quantification by ELISA

Amyloid-β40 and amyloid-β42 protein levels were measured by ELISA with the human
amyloid-β40 ELISA Kit (Invitrogen, #KHB3481; Thermo Fisher) and human amyloid-
β42 Ultrasensitive ELISA Kit (Invitrogen, #KHB3441), respectively. The samples were
diluted by standard dilution buffer at a percentage of 50% and all procedures followed the
manufacturer’s instructions.

Glial immunohistochemical identification

For immunohistochemical studies, the frozen brains were embedded in OCT Cryostat
Embedding Compound (Tissue-Tek, Torrance, CA, USA) and 30-µm-thick brain coronal
sections were obtained at 20°C on a cryostat (Leica Microsystems CM 3050S cryostat,
Wetzlar, Germany) and kept in a cryoprotectant solution at 20C until use. Free-floating
slices were placed in a 24-well plate and washed with 0.01-M PBS. Next, the free-floating
sections were blocked with 0.1-M PBS solution containing 1% BSA and 0.3% Triton
X-100 for 20 min at room temperature. Afterwards, slices were washed with PBS 0.01M
two times for 5 min each and were incubated with the primary antibodies listed in Table S1
overnight at 4°C. The primary antibodies were diluted in a 0.1M PBS solution containing
1% BSA and 0.3% Triton X-100. On the following day, the coronal slices were washed
with 0.1M PBS two times for 5 min each and then incubated with the secondary antibodies
listed in Table S1 at room temperature for 1 h. Later, the sections were washed two times
for 5 min each with 0.1-M PBS and were incubated with 5µM Hoechst staining solution
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(Sigma-Aldrich) for 5 min in the dark at room temperature. After being washed, the slices
were mounted using Fluoromount-G (EMS, Hatfield, PA, USA).

Amyloid-β plaques histology

Amyloid-β plaques were stained with thioflavin S. Brain coronal sections of 30 µm were
obtained (Leica Microsystems CM 3050S cryostat, Wetzlar, Germany) and kept in a
cryoprotectant solution at 20°C until use. Free-floating slices were placed in a 24-well
plate and washed with 0.01-M PBS for 5 min at room temperature to be rehydrated. Next,
the brain sections were washed with 70% ethanol for 1 min, followed by a wash with 80%
ethanol for 1 min. The slices were then incubated with 0.3% thioflavin S (Sigma-Aldrich)
solution for 15 min at room temperature in the dark. Afterwards, the samples were washed
using 80%, 70% and 50% EtOH for 1 min. Three 2-min washes with 0.1-M PBS and the
slices were mounted using Fluoromount-G (EMS).

Image acquisition and analysis

Image acquisition was performed with a fluorescence laser micro- scope (Olympus BX51,
Hamburg, Germany) using 4, 10 and 20 objectives, and images were analysed by using
ImageJ software (RRID:SCR_003070) as previously described. For quantification of
amyloid plaques, similar and comparable histological areas were selected, focusing on
the adjacent positioning of the whole cortical area and the hippocampus of the one brain
hemisphere. The images were converted to 8-bit greyscale images, thresholded within the
linear range and the number of particles (analyse particle function 10-Infinity), as well as
the percentage of area covered by thioflavin S (20X objective), was calculated and averaged
from two different sections from each animal. Glial fibrillary acidic protein (GFAP) and
Iba-1-stained images (10X objective) were acquired, maintaining constant exposure for
all samples across single experiments. The fluorescence intensity of the positive cells
was measured in hippocampal CA1, CA3 and dentate gyrus areas and quantification was
averaged from two to three different sections from each animal.

Statistical Analysis

The data and statistical analysis comply with the recommendations of the British Journal
of Pharmacology on experimental design and analysis in pharmacology (Curtis et al.,
2018). Group size may vary according to power analysis and expertise of the authors
regarding the behavioural tests (Griñan-Ferré et al., 2016; Griñan-Ferré et al., 2018) and
statistical analysis was undertaken only for studies where each group size was at least n
= 5. The blinded analysis was performed for behavioural tests. All data are expressed
as the mean ± SEM. Statistical analysis was conducted using GraphPad Prism Version



150 Chapter 3. Methods and Results

8 statistical software (RRID:SCR_002798). All data were tested for normal distribution
and equal variance. In the cognitive and behavioural studies, means were compared with
two-way ANOVA or one-way ANOVA when necessary, followed by Tukey’s post hoc
tests. In molecular studies, means were compared with two-tailed unpaired Student’s t-test
(WT control vs. 5XFAD control) or one-way ANOVA followed by Tukey’s post hoc tests
(5XFAD control vs. 5XFAD-treated groups). The post hoc tests were conducted only
if F in ANOVA achieved P < .05 and there was no significant variance in homogeneity.
Statistical significance was considered when P values were <.05. Statistical outliers were
determined with Grubbs’ test and, when necessary, were removed.

Nomenclature of Targets and Ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in the
IUPHAR/BPS Guide to PHARMACOLOGY http://www.guidetopharmacology.org and are
permanently archived in the Concise Guide to PHARMACOLOGY 2019/20 (Alexander et
al., 2019).

3.4.3 RESULTS

I2 ligand LSL60101 and donepezil improve memory deficits in 5XFAD mice.

Short- and long-term working memory were evaluated by novel object recognition test.
7-month-old 5XFAD mice presented robust cognitive deficits compared with WT (Figure
1b, c). LSL60101 treatment resulted in a rapid and sustained recovery of cognitive function
by increasing the discrimination index in both 2- and 24-h memory tests (Figure 1b, c).
Donepezil enhanced but did not sustain memory function in 5XFAD mice, as a significant
increase of the discrimination index was found after 2 h, but not at 24-h memory test (Figure
1b, c). Co-treatment did not improve cognition in comparison with individual treatments
(Figure 1b, c). Treatments had no significant effects on WT cognitive performance (Figure
1b, c).

For spatial learning and memory evaluation, the Morris water maze was performed. After
5 days of training, all experimental groups presented curves with progressively shorter
path length on consecutive days. Of note, the path length to the platform was significantly
decreased in LSL60101-treated 5XFAD mice when compared with 5XFAD controls (Figure
1d). In the probe trial, 5XFAD mice showed a reduced percentage of time spent in the
platform quadrant, whereas the mice spent significantly more time in the quadrant opposite
to the platform. Moreover, 5XFAD control mice presented increased latency to target
compared with WT mice and, overall, a weaker cognitive performance (Figures 1e, g, h and
S2). LSL60101 treatment significantly increased the time spent in the platform quadrant
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in the 5XFAD- treated mice compared with both vehicle and donepezil-treated 5XFAD,
whereas LSL60101 treatment had no effect on WTs (Figure 1e, f, h). Neither donepezil nor
co-treatment improved 5XFAD mice spatial memory (Figure 1d, e), although WT-treated
mice performed better (Figure 1d, f, h). All treatments decreased the path length to the
platform, albeit not significantly, due to the different performance of individual mice
(Figure S2).
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Figure 1: (Continued)
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Figure 1: (Continued) Effects of low-dose chronic treatment with I2 receptor ligand LSL60101,
donepezil and co-administration on cognitive status in 5XFAD and WT mice. (a) Scheme of exper-
imental design:- open field (OF), elevated plus maze (EPM), novel object recognition test (NORT), Morris
water maze (MWM) and three-chamber test (TCT). Results of NORT:- discrimination index calculated by
using exploration time for novel and familiar object in (b) the short-term memory test session (2 h) (WT, n =
10–12 per group; 5XFAD n = 11–12 per group; two-way ANOVA with Tukey’s post hoc analysis showing
significant effect of genotype and treatment, with significant interaction) and (c) the long-term memory test
session (24 h) (WT, n = 10–12 per group; 5XFAD n = 10–12 per group; two-way ANOVA with Tukey’s post
hoc analysis showing significant effect of genotype and treatment, with significant interaction). (Continued)
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Figure 1: (Continued) Results of Morris water maze (MWM): (d) distance to target (platform) (cm) during
the training session (WT n = 10–11 per group; 5XFAD n = 10–12 per group; two-way ANOVA with Tukey’s
post hoc analysis for each day; Day 5; showing non significant effect of genotype and treatment, with
significant interaction).(e) Quadrant preference in the test session as time (%) spent in each quadrant (WT n
= 9–12 per group; 5XFAD n = 10–12 per group; one-way ANOVA with Tukey’s post hoc analysis between
quadrants for each experimental group). (f) Time (%) spent in platform quadrant in the test session (WT n =
9–12 per group; 5XFAD n = 10–12 per group; two-way ANOVA with Tukey’s post hoc analysis; showing
significant effect of genotype and treatment, with significant interaction). (g) Latency to target (platform) (s)
in the test session (WT n = 9–12 per group; 5XFAD n = 10–12 per group; two-way ANOVA with Tukey’s
post hoc analysis). (h) Representative images of trajectory during memory test. Bars show mean ± SEM; *P
<.05.

I2 LSL60101 does not affect behavioural and emotional disturbances in 5XFAD mice
in contrast to donepezil.

We also investigated the effect of the treatments on the 5XFAD and WT mice anxiety-like
behaviour by performing the open field and elevated plus maze tests. No differences
in locomotor activity were observed among the WT and 5XFAD groups (Figure 2a).
5XFAD mice presented a significant increase in the time spent in the centre of the open
field compared with WT mice (Figure 2b). No effect was observed on the WT mice
behaviour after treatments. 5XFAD treated with donepezil but not with LSL60101 showed
a significant decrease in the time spent in the centre compared with 5XFAD controls,
reverting to the WT healthy phenotype (Figure 2b). Co-treatment LSL60101/donepezil
displayed the same results that showed donepezil alone in all parameters evaluated (Figure
2b and Table S3). Similarly, in the elevated plus maze, 5XFAD mice spent significantly
more time in the open arms and less in the closed arms in comparison with age-matched
WTs (Figure 2d,e). Donepezil had a positive effect by reverting the evaluated 5XFAD
elevated plus maze parameters to those shown by WT group (Figure 2d–f and Table
S4). I2 ligand treatment alone did not affect any of the elevated plus maze parameters
studied, whereas cotreatment maintained the donepezil values. Treatments did not induce
significant changes in elevated plus maze parameters evaluated in WT mice (Table S4).

I2 ligand LSL60101 and donepezil ameliorate social deficits presented by 5XFAD
mice.

To evaluate the effect of treatments on social behaviour, mice were subjected to the three-
chamber test. No differences in the number of entries to each chamber were determined
in the habituation phase in any tested group (Figure 2g). On the contrary, mice spent
more time in the intruder’s chamber during the test phase in all experimental conditions
(Figure 2h). When the social interaction was evaluated, 5XFAD mice spent significantly
less time interacting with the intruder compared with the WT healthy control (Figure 2i).
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All treatments improved social impairments in 5XFAD-treated groups by increasing the
time of interaction compared with the 5XFAD controls, but only 5XFAD treated with
donepezil reached significance (Figure 2i), whereas for LSL60101, P <.06 was calculated.
WT-treated mice pres- ented no differences compared with WT controls.
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Figure 2: (Previous page) Effects of low-dose chronic treatments I2-IR LSL60101, donepezil and co-
administration on behavioural and social status in 5XFAD mice and WT controls. Results of open
field:- (a) locomotor activity measured as distance travelled (cm) (WT n = 10–12 per group; 5XFAD n =
11–12 per group; two-way ANOVA with Tukey’s post hoc analysis). (b) Time spent in the centre (s) (WT n =
10–12 per group; 5XFAD n = 9–11 per group; two-way ANOVA with post hoc analysis showing significant
effect of genotype and treatment, with significant interaction). (c) Number of rearings (WT n = 11–12 per
group; 5XFAD n = 10–12 per group; two-way ANOVA with Tukey’s post hoc analysis showing significant
effect of genotype and treatment, with significant interaction). Results of elevated plus maze (EPM):- (d)
time (%) spent in open arms (WT n = 11–12 per group; 5XFAD n = 10–12 per group; two-way ANOVA with
Tukey’s post hoc analysis showing significant effect of genotype and treatment, with significant interaction).
(e) Time (%) spent in closed arms (WT n = 11–12 per group; 5XFAD n = 10–12 per group; two-way ANOVA
with post hoc analysis showing significant effect of genotype and treatment, with significant interaction).
(f) Number of rearings (WT n = 11–12 per group; 5XFAD n = 11–12 per group; two-way ANOVA with
post hoc analysis showing significant effect of genotype and treatment, with significant interaction). Results
of three-chamber test (TCT): (g) entries in chambers (A1 and A2) in the habituation phase (n) (WT n =
11–12 per group; 5XFAD n = 11–12 per group; unpaired Student’s t test). (h) Time in chambers (empty and
stranger) during the test session (WT n = 10–11 per group; 5XFAD n = 9–11 per group; unpaired Student’s
t-test). (i) Time of interaction with intruder (s) in the test session (WT n = 11–12 per group; 5XFAD n =
10–11 per group two-way ANOVA showing non-significant effect of genotype and treatment, with significant
interaction). Bars show mean ± SEM; *P < .05

I2 ligand LSL60101, but not donepezil, reduces amyloid-β plaques; by contrast,
donepezil/LSL60101 attenuates amyloid-β pathology in 5XFAD mice.

The number of amyloid plaques in 5XFAD hippocampus and cortex mice was assessed
by histochemical staining with thioflavin S. LSL60101 induced a significant decrease in
the total number and area (%) covered by the plaques in 5XFAD mice compared with
the 5XFAD controls, demonstrating a neuroprotective function of I2 ligand regarding
the senile plaque formation. Treatment with donepezil did not reduce the number of
amyloid plaques or area significantly in 5XFAD mice (Figure 3a–c). The protein levels of
amyloid-β determined by western blots tended to decrease in all treated groups without
reaching significance (Figure 3d, h). Protein concentrations of amyloid-β40 and amyloid-
β42, determined by ELISA, were significantly higher in 5XFAD in comparison with
WT healthy control, whereas treatment with LSL60101 reduced significantly amyloid-
β40 and amyloid-β42 levels. Donepezil did not modify amyloid-β concentration species
significantly and combination of donepezil and LSL60101 treatment did not modify the
effect of LSL60101 alone (Figure 3e, f). As expected, full-length amyloid precursor
protein levels were increased in 5XFAD mice compared with WT mice and treatments
did not modify protein expression (Figure 4a, h). Interestingly, alterations in the levels of
proteins implicated in the amyloid precursor protein processing showed complementary
results in the combination of LSL60101 and donepezil treatment. In this line, the protein
levels of C-terminal fragments were found significantly reduced in LSL60101-treated
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group compared with the 5XFAD controls. LSL60101/donepezil-treated group showed a
significant decrease in C-terminal fragments compared with monotherapy (Figure 4b, h).
The protein levels of phosphorylated amyloid precursor protein at Th668 were decreased
significantly only for the combination of donepezil/ LSL60101-treated animals (Figure 4c,
h). Soluble amyloid precursor protein β levels were found increased in 5XFAD controls
compared with WT mice, confirming the amyloid pathology process. Furthermore, a
significant decrease in donepezil/LSL60101-treated group was determined (Figure 4d,
h). Soluble amyloid precursor protein α levels were found increased after combination
treatment when com- pared with 5XFAD controls or donepezil-treated mice (Figure
4e, h). Regarding the levels of BACE1 (β-secretase 1) and ADAM10, no significant
differences were observed among the 5XFAD groups (Figure 4f–h). However, when the
gene expression of enzymes implicated in amyloid degradation was studied, treatments
slightly increased gene expression of insulin-degrading enzyme (IDE), whereas neutral
endopeptidase neprilysin (Nep) was only reduced in the donepezil and LSL60101 groups
(Figure 4i).

I2 ligand LSL60101 and combination with donepezil reduce Tau hyperphosphoryla-
tion in 5XFAD mice.

Tau hyperphosphorylation, another major marker of AD, was evaluated in the hippocam-
pus of the 5XFAD mice. I2 ligand LSL60101 and the cotreatment donepezil/LSL60101
decreased the tau phosphorylation at the Ser404 and Ser396, diminutions that reached
significance for the donepezil/LSL60101-treated 5XFAD mice. Of note, significant differ-
ences in p-Tau levels were also found between the donepezil/LSL60101 5XFAD-treated
mice and the donepezil or LSL60101-treated ones (Figure 3g,h).
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Figure 3: Effects of low-dose treatments with I2 receptor ligand LSL60101, donepezil and co-
administration on AD markers in 5XFAD mice. (a) Representative images of thioflavin S staining
of amyloid plaques and quantification of (b) amyloid plaque number in cortex and hippocampus and (c) area
(%) covered by plaques in the dentate gyrus area of the hippocampus in the 5XFAD mice. Data are presented
as the mean ± SEM and each dot represents one mouse (n = 5 per group); averaged from 2–3 sections from
the same brain area per animal. Levels of amyloid-β40 and amyloid-β42 and representative western blot and
quantifications for (d–h) β-amyloid, p-Tau (Ser404) and p-Tau (Ser396) in the hippocampus of 5XFAD mice.
Values in bar graphs are adjusted to 100% for protein levels of the control WT or the control 5XFAD. Bars
represent mean ± SEM. Student’s t-test or one- way ANOVA with Tukey’s post hoc analysis, *P < .05; n =
5–6 per group
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Figure 4: Effects of low-dose chronic treatments I2 receptor ligand LSL60101, donepezil and co-
administration on amyloid-β (Aβ) pathology and amyloid precursor protein (APP) processing in 5XFAD
mice. Representative western blots and quantifications for (a–h) FL-APP, C-terminal fragments (CTFs),
p-APP, sAPPβ, sAPPα, BACE 1 and ADAM10 in the hippocampus of 5XFAD mice. Values in bar graphs are
adjusted to 100% for protein levels of the control WT or the control 5XFAD. Representative gene expression
in the hippocampus of the 5XFAD mice for IDE and Nep (i). Gene expression levels were determined by
real-time PCR. Values in bar graphs are adjusted to 100% for relative gene expression of the WT control.
Bars represent mean ± SEM. Unpaired Student’s t-test or one-way ANOVA with Tukey’s post hoc analysis,
*P <.05; n = 5–6 per group

Effects of LSL60101 on microglia activation and inflammatory marker expression.

In the AD brain, the formation of amyloid-β plaques leads to the activation of astrocytes and
reactive gliosis. To examine changes in microglia reactivity, ionized calcium-binding adap-
tor molecule 1 (Iba-1) was determined by immunohistochemistry experiments. Importantly,
LSL60101 treatment resulted in a significant decrease in Iba-1 levels in the hippocampus
(Figure 5a–d) and in the cortex (Figure S3) of 5XFAD mice, whereas donepezil did not
affect Iba-1 immunoreactivity (Figure 5a–d). Donepezil/LSL60101 combination reduced
significantly Iba-1 levels in the cortex (Figure S3) and the dentate gyrus area in the hip-
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pocampus (Figure 5a–d). The gene expression of different inflammatory mediators was
evaluated in the hippocampus of 5XFAD mice. In whole, 5XFAD mice presented an evi-
dent exacerbation of inflammatory response compared with WT mice, whereas treatments
led to the up-regulation of specific markers studied. No significant changes were deter-
mined in IL-1β (Il-1b) and IL-6 (Il-6) markers in treated groups compared with 5XFAD
controls (Figure 5e). However, chemokine (C–C motif) ligand 12 (Ccl12) and IL-18 (Il-18)
genes were found increased in LSL60101 group and donepezil/LSL60101-treated groups
compared with 5XFAD controls (Figure 5e). Moreover, the gene expression of triggering
receptor expressed on myeloid cells 2 (Trem2) was increased significantly after treatment
with the I2 ligand LSL60101 and the combination-treated group (Figure 5f), confirming
the results of Il-18 and Ccl12.

LSL60101 effects on astroglial activation and synaptic dysfunction.

All treatments were able to attenuate astrogliosis in the hippocampus of 5XFAD brains
by decreasing GFAP immunoreactivity in dentate gyrus, CA1 and CA3 areas in 5XFAD
mice groups in comparison with untreated mice (Figure 6a–d). Similar results were
observed in the cortex (Figure S3). Likewise, synaptic plasticity markers were evaluated
by western blot. Decreases in the protein levels of postsynaptic density protein 95 (PSD95)
and synaptophysin were determined in 5XFAD mice when compared with WT mice
(Figure 6e–g). I2 ligand LSL60101 increased PSD95 levels when compared with 5XFAD
control (Figure 6e, g). Synaptophysin levels were found to increase in LSL60101 and
donepezil/LSL60101-treated 5XFAD mice, reaching significance only for the combination-
treated group. Donepezil treatment was not able to modify these markers significantly
(Figure 6f, g).
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Figure 5: Effects of low- dose chronic treatments I2 receptor ligand LSL60101, donepezil and co-
administration on microgliosis and inflammatory markers in 5XFAD mice. (a) Representative images
of Iba-1 immunostaining and quantification in (b–d) dentate gyrus (DG), cornu ammonis (CA) 1 and CA3
areas of the hippocampus of the 5XFAD mice. Data are presented as the mean ± SEM of relative fluorescent
intensity of the positive cells averaged from 2–3 different sections from the same brain area per animal and
each dot represents one mouse (n = 5 per group). Representative gene expression in the hippocampus of the
5XFAD mice for (e) Il-1β, Il-6, Il-18 and Ccl12 and (f) Trem2. Gene expression levels were determined by
real-time PCR. Values in bar graphs are adjusted to 100% for relative gene expression of the WT control.
Bars show mean ± SEM. Unpaired Student’s t-test or one-way ANOVA with Tukey’s post hoc analysis, *P
<.05; n = 5–6 per group
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Figure 6: Effects of low-dose chronic treatments I2 receptor ligand LSL60101, donepezil and co-
administration on astrogliosis and synaptic plasticity in 5XFAD mice. (a) Representative images of GFAP
immunostaining and quantification in (b–d) dentate gyrus (DG), cornu ammonis (CA) 1 and CA3 areas
of the hippocampus of the 5XFAD mice. Data are presented as the mean ± SEM of relative fluorescent
intensity of the positive cells averaged from 2–3 different sections from the same brain area per animal and
each dot represents one mouse (n = 5 per group). Representative western blot and quantifications for (e–g)
postsynaptic density protein 95 (PSD95) and synaptophysin in the hippocampus of 5XFAD mice. Values in
bar graphs are adjusted to 100% for protein levels of the control WT. Bars show mean ± SEM. Unpaired
Student’s t-test or one-way ANOVA with Tukey’s post hoc analysis, *P < .05; n = 5–6 per group
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3.4.4 DISCUSSION

The identification of new targets for AD treatment is required due to the lack of effec-
tive treatment. At present, AChE inhibitors are one of the standard therapeutic options
clinically available for AD patients, however those treatments provide only symptomatic
benefit in AD (Rosini et al., 2014; Sinforiani et al., 2003). Fortunately, the number of
disease-modifying drugs targeting AD markers such as aducanumab (BIIB037), which is
currently in Phase 3 trials, is increasing (Cummings et al., 2020). Combination therapies
of symptomatic and disease- modifying drugs have centred attention due to the multifac-
torial origin of the disease and most current clinical trials combine donepezil with novel
neuroprotective drugs (Frölich et al., 2019). However, it remains a challenge that must
be addressed to unveil new strategies that could be more effective in disease-modifying
treatment rather than address symptoms (Schmitt et al., 2004).

Several studies have described the symptomatic effects of donepezil in animal models
of dementia and AD, but few in vivo studies have evaluated donepezil neuroprotective
effects regarding the disease-modifying actions of this compound alone or in combination
(Jiangbo & Liyun, 2018; Krishna et al., 2020; Ongnok et al., 2021; Yang et al., 2020). Here,
we studied the effect of chronic low doses of an I2 ligand, donepezil and their combination.
In the light of our studies, we demonstrated for the first time the neuroprotective effects
of selective I2 ligands in the senescence- accelerated mouse prone 8 (SAMP8), a mouse
model of late-onset AD (Griñan-Ferré et al., 2019). LSL60101, a selective I2 ligand, has
been shown to induce several biological effects associated with I2 receptor occupancy and,
most importantly, neuroprotective effects in the CNS (Boronat et al., 1998; Casanovas et
al., 2000; Menargues et al., 1995; Sanchez-Blazquez et al., 2000). Therefore, it represents a
suitable drug candidate to validate this receptor as a target for AD. Here, we demonstrated
the efficacy of chronic low-dose I2 ligand LSL60101 treatment compared with donepezil
by assessing the beneficial outcomes in a model of familial AD.

Cognitive abilities are the essential indicators to unveil pharmacological effects in AD.
First, chronic low-dose treatment with the I2 ligand LSL60101 or donepezil reversed the
cognitive deficits presented by 7-month-old 5XFAD mice without affecting WT mice in
the novel object recognition test paradigm. However, in the spatial memory test, only
LSL60101 showed improvements in memory. Likewise, 5XFAD exhibited improved
social behaviour after LSL60101 or donepezil treatment. In agreement with these results,
donepezil has been shown to improve social interactions in scopolamine- induced memory
impairments in mice (Riedel et al., 2009) and in drug trials for AD (Boada-Rovira et al.,
2004). Nevertheless, the beneficial effect of an I2 ligand treatment on social interaction
deficits has not been described previously.
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By contrast, I2 ligand LSL60101 did not modify anxiety-like behaviour, albeit previous
studies have shown the in vivo anxiolytic and antidepressant-like effects induced by I2
ligands (Finn et al., 2003; Tonello et al., 2012). Interestingly, the absence of antide-
pressant effect after treatment with LSL60101 in healthy rats was recently described
(Hernandez-Hernandez et al., 2020), further supporting our results because anxiety-like
and depressive-like behaviours are strongly associated, sharing common molecular path-
ways (Gatt et al., 2009). In contrast, and according to literature (Fitzgerald et al., 2020),
chronic treatment with donepezil showed beneficial effects on the anxiety-related distur-
bances exhibited by 5XFAD mice. Recently, we reported that the amyloidogenic amyloid
precursor protein processing pathway was suppressed in senescence-accelerated mouse
prone 8 and 5XFAD mice after treatment with novel I2 ligands, anticipating the role of
I2 modulation in the amyloid-β biogenesis (Abas et al., 2020;Griñan-Ferré et al., 2019;
Vasilopoulou, Griñan-Ferré, et al., 2020). Accordingly, in this study, we demonstrated
for the first time that chronic low-dose treatment with I2 ligand LSL60101 attenu- ated
the amyloid plaque burden in 5XFAD mice. In addition, amyloid-β plaque reduction was
accompanied by a decrease in C-terminal fragments, amyloid-β40 and amyloid-β42 protein
levels. Conversely, recently, it was reported that the I2 ligand BU224 does not ameliorate
amyloid-β amyloidosis in 5XFAD mice but improves memory (Mirzaei et al., 2020). In
contrast with LSL60101 like molecules, BU224 blocked the memory-enhancing effect
of agmatine in memory deficits induced by amyloid-β42 in mice (Kotagale et al., 2020).
These discrepancies between I2 ligands can be explained by differences in compound
administration conditions, such as dose, time (subchronic vs. chronic) and administration
route. Thus, we hypothesise that low doses of LSL60101, as well as chronic treatment,
have a clear beneficial effect on amyloid burden because of differential characteristics
among I2 ligands (Garau et al., 2013; Sanchez-Blazquez et al., 2000). Several studies have
demonstrated the effect of donepezil on amyloid-β pathology in AD models, reporting
either beneficial changes (Dong et al., 2009; Takada-Takatori et al., 2019) or lack of effect
(Ju & Tam, 2020). Here, low-dose donepezil treatment did not induce significant changes
either in amyloid-β plaques or in amyloid precursor protein processing in 7-month-old
5XFAD. Of note, co-administration of I2 LSL60101 and donepezil showed a greater effect
on amyloid precursor protein processing than monotherapy. Regarding the amyloid-β
degradation, the co-treatment of donepezil/LSL60101 induced an increase in amyloid-β
degradation enzyme gene expression in 5XFAD mice, which was not determined in the
other treated groups. To sum up, this is the first time an I2 ligand was shown to effectively
reduce the amyloid-β plaques in a mouse model of AD.

The presence of p-Tau, another major AD marker, in the 5XFAD model is supported
by previous studies suggesting that tau pathology may be downstream from amyloid-β
pathology (Blanchard et al., 2003; Saul et al., 2013). I2 ligand LSL60101 ameliorated tau
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pathology in the hippocampus of 5XFAD mice. Interestingly, it was shown recently that
chronic treatment with idazoxan, a mixed α2/I2 ligand, reduced p-Tau reversing cognitive
deficits in AD mice because of its α2 blockade action (Zhang et al., 2020). In this case, the
effect of LSL60101 on tau pathology can be attributed to its I2 selectivity, more than to the
α2 one. Surprisingly, the p-Tau reduction reached signifi- cance in the 5XFAD mice treated
with the combination of LSL60101 with donepezil demonstrating, in this case, a putative
additive effect of the drugs on tau pathology. Indeed, amelioration of tau pathology has
been induced in AD animal models both by donepezil (Yoshiyama et al., 2010) and by
I2 ligand treatments (Griñan-Ferré et al., 2019; Vasilopoulou, Griñan-Ferré, et al., 2020).
It is possible that the activation of distinct molecular pathways by the two molecules
with different modes of actions resulted in a remarkable p-Tau reduction observed in the
donepezil/LSL60101-treated mice group.

It is well established that amyloid-β accumulation jointly with p-Tau increases microglial
activation and inflammatory mediators’ production in AD brains (Akiyama et al., 2000;
Serrano-Pozo et al., 2011; Zhang & Jiang, 2015). On the one hand, chronic low-dose
LSL60101 treatment reduced microgliosis in 5XFAD mice in contrast to the standard
of care donepezil, explaining the decrease in the amyloid deposition that in turn would
lead to a decrease in gliotic response after LSL60101 treatment. On the other hand,
inflammatory gene expression increase (Il-18 and Ccl12) was observed after treatment with
I2 ligand LSL60101 and LSL60101/donepezil, but not with donepezil. Interestingly, this
was further supported by a significant up-regulation of Trem2 gene expression determined
in the LSL60101-treated mice, further confirming the neuroinflammatory modulation by I2
ligand LSL60101 (Griñan-Ferré et al., 2019; Hwang et al., 2010; Vasilopoulou, Bagan, et
al., 2020). In fact, increased Trem2 expression has been shown to reprogram microglia
responsivity mediating microglial cytokine release, migration and clearance of amyloid-β
deposits, ameliorating neuropathological and behavioural deficits of AD mouse models
(Lee et al., 2018; Zhao et al., 2018).

It has been described that the I2 receptors modulate the expression of astrocyte marker
GFAP, especially considering their primary location in astrocytes (Olmos et al., 1994;
Regunathan et al., 1993, 1999). GFAP diminution was observed in vivo and in vitro
after treatment with selective I2 ligands (Griñan-Ferré et al., 2019; Siemian et al., 2018;
Vasilopoulou, Griñan-Ferré, et al., 2020). In agreement with those results, chronic low-dose
treatment with I2 ligand LSL60101 attenuated astrogliosis in 5XFAD mice. By contrast, it
has been shown that chronic treatment with LSL60101 increased GFAP immunoreactivity
(Alemany et al., 1995), resulting in reactive astrogliosis and preventing motoneuron cell
death in neonatal rats (Casanovas et al., 2000). However, here, in a neurodegenerative
landscape provided by the 5XFAD model, the diminution of GFAP reactivity ran in parallel
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with the attenuation of the amyloid-β pathology and microglial activation observed after
LSL60101 and donepezil treatment, given further support to the beneficial effects of I2
ligand on mice behaviour. Ultimately, we demonstrated that chronic low-dose treatment
with I2 ligand and donepezil enhanced synaptic plasticity, further supporting the cognitive
and behavioural improvement induced by the LSL60101 in 5XFAD mice.

Nevertheless, one limitation of our study was that only female 5XFAD mice were used
to establish the protective effect of LSL60101 on AD markers and cognition. It would be
of great interest to carry out experiments on male mice once we have demonstrated the
disease-modifying effects promoted by LSL60101 in a female mice model of AD.

3.4.5 CONCLUSIONS

Collectively, we report that chronic low-dose treatment with I2 ligand LSL60101 reversed
cognitive deficits in 5XFAD mice, altering AD neuropathological markers, including glial
activation and synaptic dysfunction. Strikingly, treatment with I2 ligand LSL60101 was
found to exert greater beneficial effects under the neurodegenerative process caused by
amyloid-β pathology than donepezil. However, combination treatment only showed dis-
crete synergistic effects at the molecular level (e.g. tau hyperphosphorylation or synaptic
plasticity), suggesting that increased dosage and/or duration of the treatment may be able
to produce better effects on both behaviour and AD markers, targeting simultaneously
pathological and symptomatic reliefs. In conclusion, our findings demonstrate the thera-
peutic potential of the I2 recetor ligands for AD treatment as a disease-modifying single
therapy and provide new insights into their efficacy.
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SUPPLEMENTARY MATERIAL

Figure S1: Weekly body weight control during treatment period. Bars represent mean ± SEM. Statistics:

One-Way ANOVA with Tukey’s Post hoc analysis between weekly controls for each group.
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Figure S3: Effects of low dose chronic treatments I2 ligand LSL60101, donepezil and co-administration on

microgliosis and astrogliosis in 5XFAD mice. Representative images and quantification of Iba-1 (a,c) and

GFAP (b,d) immunostaining in the cortex. Data are presented as the mean ± SEM of relative fluorescent

intensity of the positive cells averaged from 2-3 different sections from the same brain area/animal and each

dot represents one mouse (n=5 per group).Bars represent mean ± SEM. Unpaired Student’s t-test or one-way

ANOVA with Tukey post hoc analysis, *P<0.05.
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Table S1: Antibodies used in Western Blot (WB) and Immunohistochemistry (IHC)

Antibody (WB) Host Source/Catalog/RRID WB dilution
beta Amyloid(H31L21) Rabbit Invitrogen Thermo Fisher, Waltham, MA, USA /700254/AB_2532306 1:500

ADAM10 Rabbit Abcam (Cambridge, UK)/ab39177/ AB_2223064 1:1000
APP C-Terminal Mouse Covance (Princeton, NJ, USA/SIG-39152/ AB_10717336 1:500
BACE (D10E5) Rabbit Cell Signaling (Danvers, MA, USA)/5606/AB_190390 1:1000
p-APP (T668) Rabbit Cell Signaling /3823S/AB_205641 1:1000

PSD95 Rabbit Abcam/ab18258/AB_444362 1:1000
p-Tau (Ser396) Rabbit Invitrogen/44752G/AB_253374 1:1000
p-Tau (Ser404) Rabbit Invitrogen/44758G/AB_2533746 1:1000

sAPPα Rabbit Covance/SIG39139/ AB_10721469 1:500
sAPPβ Rabbit Covance/SIG-39138-050/ AB_66287 1:500
SYN Mouse Millipore (Burlington, MA, USA)/MAB5258/ AB_2313839 1:1000

Tau Total Mouse Invitrogen/AHB0042/AB_2533746 1:1000
GAPDH Mouse Millipore/MAB374/ AB_2107445 1:2500
β-Actin Mouse Invitrogen/MA5-15739/ AB_10979409 1:2500

Goat-anti-mouse HRP conjugated Biorad Lab (Hercules, CA, USA)/170-5047/AB_11125753 1:6000
Goat-anti-rabbit HRP conjugated Biorad Lab/170-6515/AB_11125142 1:6000

Antibody (IHC) Host Source/Catalog/RRID IHC dilution
GFAP Rabbit Dako(Santa Clara, CA, USA ) /Z0334/ AB_10013382 1:400
IBA-1 Rabbit Abcam/ab178847/ AB_2832244 1:400

Donkey-anti-rabbit Alexa Fluor 647 Invitrogen/ A31573/ AB_253618 1:500

Table S2: Primers and probes used in qPCR studies.

Target Product size (bp) Forward primer (5’-3’) Reverse primer (5’-3’)
Ide 287 CCAAAAGGAAGCGTTCGCC GGGATCGCTGATGAGAAGCA
Nep 196 TTGGGAGACCTGGCGGAAAC CATTCCTTGGACCCTCACCCC

Trem2 269 CCTGAAGAAGCGGAATGGG CTTGATTCCTGGAGGTGCT
Il-1β 179 ACAGAATATCAACCAACAAGTGATATTCTC GATTCTTTCCTTTGAGGCCCA
Il-18 151 GTTTACAAGCATCCAGGCACAG GAAGGTTTGAGGCGGCTTTC
Il-6 189 ATCCAGTTGCCTTCTTGGGACTGA TAAGCCTCCGACTTGTGAAGTGGT

Ccl12 110 ACACTGGTTCCTGACTCCTCT ACCTGAGGACTGATGGTGGT
Actin 190 CAACGAGCGGTTCCGAT GCCACAGGTTCCATACCCA
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SUMMARY

I2 imidazoline receptors (I2-IR) are receiving growing attention due to the neuroprotective
effects of selective I2-IR ligands, attributable to their anti-inflammatory actions, among
others. Remarkably, I2-IR have been found dysregulated in patients with Alzheimer’s
Disease (AD), in which the importance of neuroinflammation in the establishment and
maintenance of cognitive decline is well-documented. To go deeper into the implication of
I2-IR in neuroinflammatory pathways altered in AD, we determined the expression profile
of genes associated with inflammation in the 5XFAD model treated with LSL60101, a well-
established I2-IR ligand. We performed a Real-time quantitative PCR array containing 84
inflammation-related genes in 5XFAD and wild-type (WT) animals treated with LSL60101
(1mg/kg/day) for four weeks. We analyzed clustering, gene ontology (GO) and gene
set enrichment and we validated the results obtained from gene profiling analysis with
qPCR. We identified three gene clusters, two of which had alterations in processes such as
inflammatory response, chemotaxis, chemokine-mediated signaling pathway, among others.
Changes induced by LSL60101 in 5XFAD were validated for Cxcr2, Tlr5, Sele and a clear
tendency to decrease was observed for CD40lg, Ccl7, Ccr4. On the contrary, a tendency to
increase in 5XFAD LSL60101 were found for Ccl12, Ccl8. Likewise, we found a similar
pattern induced by LSL60101 in WT, but the results were not statistically significant.
Interestingly we identified several genes presented in the clusters associated with the
NF-κB pathway to be reduced after treatment. Taken together, these results suggest that
treatment with I2-IR LSL60101 in the 5XFAD model reverses the inflammatory process
during the development of AD by acting on gene transcription.
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ABSTRACT

I2-IR have been found dysregulated in patients with neurodegenerative diseases, such
as Alzheimer’s Disease (AD), in which the importance of neuroinflammation in the
establishment and maintenance of cognitive decline is well-documented. To go deeper into
the implication of I2-IR in neuroinflammatory pathways altered in AD, we determined the
expression profile of genes associated with inflammation in the 5XFAD model treated with
LSL60101, a well-established I2-IR ligand. Thus, we performed a qPCR array containing
84 inflammation-related genes. Hierarchical clustering analysis revealed three gene clusters,
suggesting that treatment with LSL60101 affects the gene expression associated with
inflammation in the 5XFAD model. Furthermore, we evaluated the functions of the three
clusters, and thereby we performed a pathway enrichment analysis using the GO database.
As we expected, clusters 2 and 3 have alterations in the inflammatory response, chemotaxis,
chemokine-mediated signaling pathway, among others. To validate previous results from
the gene profiling analysis, the expression levels of a representative subset of mRNAs were
selected according to the intensity of the observed changes and their biological relevance.
Interestingly, changes induced by LSL60101 in 5XFAD were validated for several genes.
These results suggest that treatment with LSL60101 in the 5XFAD model reverses the
inflammatory process during the development of AD.

3.5.1 INTRODUCTION

Imidazoline receptors (IR) were described in the late 1880s as binding sites for adrenergic
ligands such as clonidine, idazoxan and related compounds, but not for adrenaline; thus,
they constitute non-adrenergic receptors [1–3]. IR has been divided into two classes I1-IR
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and I2-IR, primarily based on their sensitivity to clonidine and idazoxan, respectively,
whereas a third atypical imidazoline subtype has also been identified [4,5]. I1-IR activation
has been associated with cardiovascular and metabolic effects [6–8], whereas I2-IR are
widely distributed in the brain and primarily in glial cells [4], and the binding of spe-
cific ligands to I2-IR has been shown to induce several pharmacological effects, such as
analgesia, anti-inflammatory effects, or neuroprotection [8,9].

Regarding I2-IR primary localization in astrocytes and glial cells, it has been demonstrated
that I2-IR ligands modulate glial activity in mice model brain or spinal cord injury [10,11].
In these studies, using an experimental autoimmune encephalomyelitis model, 2-BFI
administration reduced the expression of inflammatory cytokines, including interferon-g
(IFN-γ) and tumor necrosis factor-α (TNF-α), and microglial activation. Similarly, in a
traumatic injury model, 2-BFI reduced interleukin 1β (IL-1β) secretion and microglia
activation [12]. In vitro studies corroborate that I2-IR ligands exert their action on the
glial cells by suppressing astrocytic activation induced by lipopolysaccharide (LPS) and
decreasing TNF-α levels [13]. Consistent with these changes, the recently described I2-IR
ligands MCR5 and B06 decrease the expression of pro-inflammatory markers, such as
Tnf-α, Il-1β, Interleukin 6 (Il-6), and promote synaptic plasticity in a mouse model of
ageing and neurodegeneration [14–16]. Interestingly, I2-IR have been found dysregulated
in patients with neurodegenerative diseases, such as Alzheimer’s Disease (AD)[17,18].
AD is a neurodegenerative disease with special histochemical hallmarks, namely amyloid
plaques and neurofibrillary tangles [19]. Besides the precise etiology of the pathology, it is
well known that neuroinflammation, including the inflammatory levels of cytokines and
their corresponding pathways, is the landscape that must be faced in the challenge to find
new therapeutic tools to treat AD [20].

The 5XFAD mouse model is a well-characterized double transgenic APP/PSEN1 model,
co-expressing five familial AD mutations. This animal model incorporates AD patholog-
ical characteristics, including early plaque formation and gliosis, robust cognitive and
behavioural deficits such as memory impairment [21]. The well-established I2-IR ligand
LSL60101, first described in 1995 and recently evaluated in depth by our group, presents
high selectivity for the I2-IR receptors and optimal pharmacokinetic and safety profile
[22,23]; thus it has proven to be a useful tool in the I2-IR research throughout the years
[24–26]. Remarkably, LSL60101 similarly to BU224, demonstrated a neuroprotective
effect in the familial AD mouse model 5XFAD [27,28]. LSL60101 reduced inflammation
inherent to AD, and microglial activation in this mouse model, in agreement with the
reports mentioned above, further indicating the modulation of inflammatory pathways by
I2-IR ligands in the brain and its contribution to glial function and activation.
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This work aims to unravel the effect of LSL60101, and consequently the implication
of I2-IR receptors in inflammatory pathways related to AD, and by extension, to other
neurodegenerative diseases which pathology includes neuroinflammation. To this end,
we analyzed a set of gene expression panel related to inflammation, including several
cytokines and their receptors, regulators, and mediators of signaling pathways and factors
implicated in the regulation of immune response after LSL60101 treatment in wild type
and 5XFAD mice.

3.5.2 METHODS

Animals and Treatments

The 5XFAD is a double transgenic APP/PSEN1 that co-expresses AD mutations and
presents a robust inflammation background [21]. 7-month-old female 5XFAD mice (n
= 23) and wild type (WT) (n = 23) mice were used to perform molecular analyses. The
animals were randomly allocated to experimental groups and divided into four groups: WT
Control and 5XFAD Control, administrated with vehicle (2-hydroxypropyl)-β-cyclodextrin
1.8 %) and WT and 5XFAD treated with I2-IR ligand, administrated with LSL60101 diluted
in vehicle (1mg/kg/day). Treatment was administered through drinking water for 4 weeks.
The animals had free access to food and water and were kept under standard temperature
conditions (22 ± 2 °C) and 12 h: 12 h light-dark cycles (300 lux/0 lux). The water
consumption was controlled each week and the I2-IR ligand concentration was adjusted
accordingly to reach the precise dose.

All studies and procedures for the mouse behavior tests, brain dissection and extractions
followed the ARRIVE and standard ethical guidelines (European Communities Council
Directive 2010/63/EU) and Guidelines for the Care and Use of Mammals in Neuroscience
and Behavioral Research (National Research Council 2003) and were approved by Bioeth-
ical Committees from the University of Barcelona (670/14/8102) and the Government of
Catalonia 10291).

Brain processing and RNA extraction

Mice were euthanized by cervical dislocation after the treatment period. The brains were
immediately removed from the skulls, and the hippocampi were dissected, frozen and
maintained at 80°C. Total RNA isolation from hippocampal samples was performed using
the TRIzol® reagent according to the manufacturer’s instructions (Bioline Reagent, Lon-
don, UK). The yield, purity and quality of RNA were determined spectrophotometrically
with a NanoDrop™ND-1000 apparatus (Thermo Fisher, Waltham, MA, USA) and an
Agilent 2100B Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). RNA samples
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with 260/280 ratios and RINs higher than 1.9 and 7.5, respectively, were selected. Reverse
Transcription-Polymerase Chain Reaction (RT-PCR) was performed. Briefly, 1 µg and
2 µg of messenger RNA (mRNA) was reverse transcribed using a high-capacity cDNA
reverse transcription kit (Applied Biosystems, Foster City, CA, USA) for PCR Array
performance and q-PCR validation, respectively.

Real-time quantitative PCR Array

Real-time quantitative PCR array containing 84 inflammation-related genes (qPCR Sign
Arrays 96 system, Any genes, Paris, France) was used for screening according to the
instructions of the manufacturer. Briefly, 2µL of diluted cDNA pooled samples (n=3-4)
(2µg cDNA diluted at the 1/12 from Reverse Transcription (20µL) performed with 1µg
of RNA) was mixed with 10µL of 2X Perfect Master Mix SYBR Green and 8µL Ultra-
pure H2O and added to each well; consequently, the total reaction volume was 20µL per
well. After 20µL of the reaction mix was in each well of the 96-well plate, the plate was
centrifuged and then the qPCR run was performed using a Step One Plus Detection System
(Applied-Biosystems), following the manufacturer’s recommendations and protocols. PCR
reaction conditions were 95°C, 10 min; 95°C, 5 s and 60°C, 30 s, ×40 cycles. After
completion of the reaction, the melting curve was analyzed, 95°C, 10 s, 65°C-95°C, 30 s.

Hierarchical clustering

We performed a hierarchical clustering with the genes analyzed in the qPCR Sign Arrays 96
system to evaluate the expression profile between the expression profile the study groups.
These genes were clustered into three groups based on the expression profile using the R
package pheatmap. The expression data were clustered by Euclidean distances between
genes and applying the complete method for hierarchical clustering.Furthermore, complete
microarray gene expression data are presented in Supplementary Table S2.

Protein-protein interaction network and functional annotation

To determine the interactions between the groups, we perform protein-protein interactions
networks using the database STRING [29]. A PPI enrichment p-value <0.001 was consid-
ered statistically significant, indicating that the proteins are at least partially biologically
connected. To determine the functional annotation of the three groups, we determined
the Gene Ontology (GO) and performed pathway analysis with the Kyoto Encyclopedia
of Genes and Genomes (KEGG), using the Database for Annotation, Visualization and
Integrated Discovery (DAVID) [30]. GO terms and KEGG pathways with an adjusted
p-value <0.05 were considered statistically significant. We use the KEGG mapping tool
to display the down-regulated (green) and up-regulated genes (red) in KEGG pathway
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maps [31]. To evaluate the transcriptional regulatory interactions between the three groups
of genes and mouse transcriptional factors (TFs), we used the TRRUST database [32].
TRRUST identifies potential TFs involved in the regulation of genes of interest. TFs with
an adjusted p-value<0.05 were considered statistically significant.

Gene expression validation with Real-time quantitative PCR

To confirm the PCR array results, which identified specific genes as responding to I2-IR
treatment, quantitative SYBR® Green real-time PCR was performed using a Step One Plus
Detection System (Applied-Biosystems) with SYBR® Green PCR Master Mix (Applied-
Biosystems). Each reaction mixture contained 6.75 µL of complementary DNA (cDNA)
(with a concentration of 2µg), 0.75 µL of each primer (with a concentration of 100nM),
and 6.75 µL of SYBR® Green PCR Master Mix (2x). The data were analyzed utilizing the
comparative cycle threshold (Ct) (∆∆Ct) method, in which the levels of a housekeeping
gene are used to normalize differences in sample loading and preparation. Normalization of
expression levels was performed with β-actin. The primer sequences used are presented in
Supplementary Table S1. Each sample was analyzed in duplicate, and the results represent
the ratio percentage of the transcript levels among different groups compared to the Control
group.

Statistical Analysis

Data analysis was conducted using GraphPad Prism ver. 8 statistical software. Data are
expressed as the mean ± Standard error of the mean (SEM) of 5-6 samples per group. All
data were tested for normal distribution and equal variance. Means were compared with
Two-way Analysis of variance (ANOVA), followed by the Tukey post hoc test. Comparison
between groups was also performed by two-tailed Student’s t-test for independent samples
when it was necessary. Statistical significance was considered when p values were <0.05.
The statistical outliers were determined with Grubs’ test and when necessary were removed
from the analysis
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Figure 1: Experimental design of sample processing, bioinformatic analysis and qPCR validation.

3.5.3 RESULTS

LSL60101 treatment regulates genes associated with the inflammatory response

To determine the expression profile of genes associated with inflammation in the 5XFAD
model treated with LSL60101, we performed a Real-time quantitative PCR array containing
84 inflammation-related genes. Hierarchical clustering analysis revealed three gene clusters
(Figure 2A). Interestingly, cluster 2 was characterized by genes with reduced expression
after LSL60101 treatment (Figure 2A). Cluster 3 has increased expression of genes after
treatment in the 5XFAD mice (Figure 2A). These results suggest that treatment with
LSL60101 reverses some of the inflammatory genes related to cognitive decline in the
5XFAD model.

To evaluate the functions of the three clusters, we performed a pathway enrichment analysis
using the GO database. As we expected, clusters 2 and 3 have alterations in processes such
as inflammatory response, chemotaxis, chemokine-mediated signaling pathway, among
others (Figure 2B), indicating that these mechanisms are involved in the effects observed af-
ter treatment with LSL60101 in 5XFAD mice. Additionally, KEGG analysis demonstrated
alteration in the Chemokine signaling pathway and Cytokine-cytokine receptor interaction
(Figures 3A, B). Remarkably, in the pathway of Figure 3B, among the deregulated genes
detected in response to treatment with LSL60101, we can observe a reduction in TNF-α
and IL-6, two cytokines with high expression in the development of AD [33]. These results



3.5 Publication 5 185

suggest that treatment with LSL60101 in the 5XFAD model reverses the inflammatory
process during the development of AD.

NF-kappa B pathway regulates the inflammatory response in LSL60101 treatment

NF-kappa B is a transcription factor that regulates multiple aspects associated with in-
flammatory responses [34]. Using the TRRUST database, a manually curated database of
human and mouse transcriptional regulatory networks [35], we found that the genes present
in clusters 2 and 3 can be regulated by RELA and NFKB1 (Figure 4A), two subunits of the
transcription factor NF-κB [35], suggesting that NF-κB regulates the neuroinflammation
process in the 5XFAD model after treatment. Interestingly, several members of the NF-κB
signaling pathway, such as IL-1β, cyclooxygenase 2 (COX2), TNF-α, and MIP-2, are
reduced in the treatment group (Figure 4B). Altogether, we suggest that treatment with
LSL60101 alters the expression of genes associated with neuroinflammation processes in
the 5XFAD model, which could be dependent on the NF-kappa B pathway, reinforcing the
role of this pathway as a therapeutic target for AD [35].
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Hierarchical clustering analysis
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Figure 2: Hierarchical clustering and Gene Ontology of inflammatory genes in WT and 5XFAD mice
treated with LSL60101.(A) The genes present in the qPCR Array were subjected to hierarchical clustering
analysis. The heatmap shows three clusters with a specific expression profile between the experimental
conditions represented in "expression profile". The predicted protein-protein interactions analysis is shown,
as well as the PPI enrichment p-value of each cluster. (B) The dotplot shows the top GO terms of the clusters.
An adjusted p-value<0.05 was considered statistically significant.
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representative of the three clusters. An adjusted p-value<0.05 was considered statistically significant. (B)
The KEGG pathway map Cytokine-cytokine receptor interaction (mmu04060) is shown. The down-regulated
(green) and up-regulated genes (red) in the 5XFAD control condition versus the 5XFAD LSL60101 condition
are shown.
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Validation of a representative subset of genes involved in neuroinflammation and
AD

To validate previous results from the gene profiling analysis, the expression levels of a
representative subset of mRNAs were selected according to the intensity of the observed
changes and their biological relevance and were measured by single real-time PCR in the
hippocampus samples from each group. We evaluated the expression of C-X-C Motif
Chemokine Receptor 2 (Cxcr2) , Toll-like receptor 5 (Tlr5), CD40 Ligand (CD40lg),
Chemokine (C-C motif) ligand 7 (Ccl7), C-C chemokine receptor type 4 (Ccr4), Interferon-
gamma (Ifn-γ), E-Selectin (Sele), Chemokine (C-C motif) ligand 12 (Ccl12), Chemokine
(C-C motif) ligand 8 (Ccl8) and C-X-C motif chemokine ligand 10 (Cxcl10) (Figures
5A-J). Interestingly, changes induced by LSL60101 in 5XFAD were validated for Cxcr2,
Tlr5, Sele (Figures 5A, 5B, 5G), and a clear tendency to decrease in 5XFAD LSL60101
treated group for CD40lg, Ccl7, Ccr4 was observed (Figures 5C-E). On the contrary,
a tendency to increase in 5XFAD LSL60101-treated group was found for Ccl12, Ccl8,
Cxcl10 (Figures 5F, 5H-J). Likewise, changes induced by LSL60101 in WT were not
statistically significant; however, a tendency to decrease for CD40lg, Ccl8 and Cxcl10
(Figures 5C, 5I, 5J) and a tendency to increase for Ccr4, Ccl7 were observed (Figures
5D-E). Significant changes between WT LSL60101 and 5XFAD LSL60101 treated groups
were found for CD40lg, Ccl12, Ccl8, Cxcl10 (Figures 5C, 5H-J).
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Figure 5: Validation of representative subset of mRNAs. Gene expression of Cxcr2,Tlr5, Cd40lg, Ccl7,
Ccr4, Ifn-γ, Sele, Ccl12, Ccl8, Cxcl10 (A-J) in the hippocampus of WT and 5XFAD control and LSL60101
treated mice. Gene expression levels were determined by real-time PCR. Values in bar graphs are adjusted to
100% for relative gene expression of the WT control. Bars represent mean ± SEM. Two-way ANOVA with
Tukey post hoc analysis, * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; n=5-6 per group.



3.5 Publication 5 191

3.5.4 DISCUSSION

As aforementioned, AD is characterized by multiple molecular signatures at different
stages of the disease, being neuroinflammation one of the most relevant early events in
the disease [36]. Indeed, chronic inflammation contributes to neuronal dysfunction and
cognitive decline [37]. In the current AD drug development pipeline, inflammation is
addressed by several drugs with different mechanisms of action, demonstrating its potential
as a major target for an effective AD treatment [38]. Evidence provided by our group
and others demonstrates that selective I2-IR ligands can modulate neuroinflammation,
promoting changes in inflammatory cytokines protein levels and/or gene expression in
AD mice models [14,16,27,39]. Nevertheless, going deeper into the specific mechanisms
whereby I2-IR ligands modulate inflammatory pathways is necessary to understand better
the potential link between their neuroprotective and anti-inflammatory effects. Thus,
the main goal of this work was to study and identify new inflammatory transcriptome
biomarkers after LSL60101 treatment and validate some of the inflammatory markers that
were found altered in our previous works. Here, we used the hippocampal transcriptome of
5XFAD mice, which harbor five APP/PSEN1 mutations leading to a robust Aβ production
and deposition in their brains [21]. Interestingly, we recently demonstrated that chronic
treatment with LSL60101 improved cognitive impairment and reduced Aβ plaques and
tau pathology in 7-month-old 5XFAD mice [28].

In the present study, a gene expression profile study of the hippocampus samples from
5XFAD mice indicated that LSL60101 treatment significantly modified the expression
of several genes, generating three hierarchical clusters based on the enrichment heatmap.
Not surprisingly, two clusters were characterized by genes with reduced expression after
LSL60101 treatment, suggesting an anti-inflammatory effect of LSL60101. In line with
these results, in the AD landscape provided by 5XFAD mice, LSL60101 was shown to de-
crease microglial and astroglial reactivity by reducing Iba-1 and GFAP levels, respectively
[28]. Indeed, microglia and astrocytes are central players in the neuroinflammatory process
producing pro-inflammatory or anti-inflammatory cytokines upon pathological insults
[40]. Likewise, one hierarchical cluster was characterized by increased anti-inflammatory
genes expression in the LSL60101 group, confirming our hypothesis of anti-inflammatory
properties of the selective I2-IR ligand. Notably, 17 genes in the hippocampus of LSL60101-
treated mice displayed a significant change of more than 2-fold in their expression, and we
were able to validate the modifications for Ccr4, Ifn-γ, Sele (Cluster 2) and Cxcr2, Tlr5,
CD40lg, Ccl7, Ccl12, Ccl8, Cxcl10 (Cluster 3). Among them, Cxcr2, Sele, CD40lg, Ccl7
and Ccr4 were found to significantly decrease or presented a clear tendency to decrease
after treatment while Ccl8, Ccl12 and Cxcl10 gene expression tended to increase after
treatment in 5XFAD mice.
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Thus, our results indicated an anti-inflammatory landscape, with several reduced pro-
inflammatory and several increased anti-inflammatory cytokines. For instance, the receptor
CXCR2 presents a prominent expression at microglia in AD compared to the normal brain
tissue and could be used as a strategic therapeutic target to counterbalance inflammatory
microenvironments in AD [41,42]. On the other hand, it has been suggested that the CD40-
CD40LG interaction may be involved in the inflammatory pathways in AD. It has been
demonstrated that CD40LG and Aβ synergistically increase TNF-α and promote neuronal
death reinforcing the AD pathology [43]. Finally, overexpression of different chemokine
receptors, including CCR4, has been identified in T-cells of AD patients, linking these
inflammatory cells to brain damage [44]. Taken together, the results suggest that treatment
with I2-IR ligand LSL60101 might attenuate the neuroinflammatory process in AD by
reversing the expression of inflammatory mediators.

Moreover, as we expected, our results showed alterations in GO enrichment analysis
in processes such as inflammatory response, chemotaxis, chemokine-mediate signaling
pathway, among others. Likewise, KEGG pathways are related to chemokine signaling
pathways, cytokine-cytokine receptor interaction and Toll-like receptor signaling, among
others. Altogether, this evidence suggests that the selective I2-IR ligand, LSL60101,
presents diversity in the modulation of pathways and biological functions in AD. In accor-
dance with our results, the selective I2-IR ligand has been shown to mediate pleiotropic
central effects in vivo and in vitro, including alterations in dopamine and serotonin levels,
acute hyperphagic effects, inhibition of the development of the opioid-induced tolerance,
potentiation of morphine analgesia, glia modulation and neuroprotection among others
[22,24,45-48]. Interestingly, gene set enrichment analysis identified several genes such as
Il-1β, Cox2, Tnf-α, and MIP-2 presented in clusters 2 and 3 associated with the NF-κB
pathway that are reduced in the treatment LSL60101 group. Of note, activation of NF-κB
pathway is intimately related to neurodegeneration and particularly to AD [35], while its
inhibition has been shown to improve cognitive deficits in in vivo models of AD [49]. In
turn, decreases in NF-κB regulated genes such as Il-1β, Cox2, Tnf-α were found after
treatments with selective I2-IR ligands delivering neuroprotection in mouse models of ag-
ing neurodegeneration and AD [14–16,39]. Therefore, downregulation of NF-κB pathway
by LSL60101 might partially account for the altered gene expression of inflammatory
markers and further explain its neuroprotective effect in this AD mouse model. In this
line of evidence, NF-κB has been implicated in APP processing and facilitation of Aβ
generation [50]; thus, its downregulation is in accordance with the amelioration of Aβ
pathology induced by LSL60101 treatment in 5XFAD mice.

In conclusion, our study identified several genes, modulated pathways, transcriptional
factor signatures and their transcriptional regulatory networks that correlated with cognitive
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improvement after LSL60101 treatment in 5XFAD presented in our previous study [28],
demonstrating the potential of selective I2-IR ligands for AD treatment.
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SUPPLEMENTARY MATERIAL

Table S1: SYBR Green Primers used in qPCR studies.

Target Forward primer (5’-3’) Reverse primer (5’-3’)

Cxcr2 AGCCTTGAGTCACAGAGAGTT CATCACCAAGGAGTTCCCCAC
Tlr5 GAATCCCGCTTGGGAGAACA TTCCAAGCGTAGGTGCTCTG

Cd40lg ACACGTTGTAAGCGAAGCCA AACCGTCAGCTGTTTCCCAT
Ccl7 CCATCAGAAGTGGGTCGAGG ACCATTCCTTAGGCGTGACC
Ifn-γ CCTTCTTCAGCAACAGCAAGGCG CTTGGCGCTGGACCTGTGGG
Ccr4 TGCTGGGTGGAGGAAATCAC TCTCTACGCTTGTAACCAGGC
Sele TAGCGCCTGGATGAAAGCAA GAGCTCACTGGAGGCATTGT

Cxcl10 GGCTAGTCCTAATTGCCCTTGG TTGTCTCAGGACCATGGCT
Ccl12 ACACTGGTTCCTGACTCCTCT ACCTGAGGACTGATGGTGGT
Ccl8 GCCAGATAAGGCTCCAGTCA TGCCTGGAGAAGATTAGGGGA

β-Actin CAACGAGCGGTTCCGAT GCCACAGGTTCCATACCCA





Chapter 4

Discussion

At present, I2-IR are recognized as promising biological targets due to the analgesic, anti-
inflammatory and neuroprotective effects elicited by I2-IR ligands in the CNS (Bousquet
et al., 2020; J.-X. Li, 2017). In the past decades, extensive investigation regarding the
analgesic effects of selective I2-IR ligands has established their effectiveness in chronic
pain (J. X. Li & Zhang, 2011), giving rise to the first-in-class I2-IR analgesic, CR4056,
which recently completed a phase II clinical trial for osteoarthritis pain (Ferrari et al., 2011;
Rovati et al., 2020). Nonetheless, the evidence regarding the neuroprotective effects of
I2-IR ligands and the I2-IR implication in neurodegeneration and particularly in AD (J.
García-Sevilla et al., 1995; J. A. García-Sevilla et al., 1998; Ruiz et al., 1993) has not been
translated yet into a comprehensive investigation of the I2-IR ligands’ therapeutic potential
against AD. This is of particular importance since AD is an irreversible neurodegenerative
disease that still lacks effective pharmacotherapeutic options for prevention and treatment,
and consequently, the identification of new targets for halting the disease progression is a
pressing need. Recent evidence suggests the I2-IR ligand BU99008 as a promising clinical
astrocytic PET marker for neurodegenerative diseases (Kumar et al., 2021; Wilson et al.,
2019), launching the potential of I2-IR ligands for clinical use in the AD field.

In this doctoral dissertation, we expand our knowledge about the previously underexplored
I2-IR pharmacological possibilities for AD treatment by assessing the effectiveness of
both structurally novel and well-established I2-IR ligands in widely used mice models
of AD. The novel I2-IR ligands, namely MCR5, MCR9 and B06, showed high affinity
and selectivity for the I2-IR receptors over the α2-AR and I1-IR as well as a good BBB
permeation and were devoid of cytotoxicity (Abás et al., 2017, 2020). Therefore, we
considered them to be appropriate candidates for evaluating the pharmacological actions
of I2-IR in in vivo models. Moreover, to endorse the therapeutic potential of I2-IR modu-
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lation in AD, we further selected the well-established I2-IR ligand LSL60101 for in vivo
evaluation. The I2-IR ligand LSL60101, first described in 1995 (Alemany et al., 1995; J.
A. García-Sevilla et al., 1995) displays a very low affinity for α2-AR and has proven to
be a useful tool in the I2-IR research (Escribá et al., 1996; MacInnes & Handley, 2002;
Sánchez-Blázquez et al., 2000) and mediates different central and neuroprotective effects
in in vivo and in vitro experimental models (Boronat et al., 1998; Casanovas et al., 2000;
Garau et al., 2013; Menargues et al., 1995; Ozaita et al., 1997). Of note, recently in an
in-depth evaluation of the compound, we demonstrated that LSL60101 ligand also showed
a good pharmacokinetic profile with high BBB permeability, no signs of toxicity and
ultimately that is orally bioavailable and metabolically stable and thus further suggesting it
to be a good candidate for in vivo studies (Rodriguez-Arévalo et al., 2021)(Annex A.4).
Ultimately, combination treatment with the AChE inhibitor and standard of care donepezil
was also investigated in terms of a possible add-on therapy built with I2-IR ligands.

4.1 Effects of treatment with I2-IR ligands on memory
loss and BPSD present in AD

Memory loss and cognitive dysfunction are the core symptoms of dementia and AD. More-
over, the non-cognitive symptoms of the disease such as fear-anxiety and depressive-like
behaviour are of particular importance since they frequently lead to more rapid cognitive
impairment and eventually social deficits. Therefore, the control of memory loss and BPSD
is essential to patients as well as to caregivers (Cloak & Al Khalili, 2021; M. Fernández
et al., 2010). Current treatment approaches with AChE inhibitors and/or memantine are
symptomatic and display modest benefit on cognition, while current management of BPSD
is associated with potentially major adverse effects, which sometimes includes worsening
of cognitive decline (Devanand & Schultz, 2011; Tampi et al., 2016). In the current project,
in order to evaluate the effect of I2-IR ligands with high affinity and selectivity for I2-IR in
cognitive and behavioural capabilities which are impaired in AD, a battery of widely used
in preclinical studies cognitive tests (Novel object recognition, object location and Morris
water maze tests) and behavioural tests (Open Field, elevated plus maze, three chamber,
forced swimming and tail suspension tests) were performed in the SAMP8 and 5XFAD
mouse models for AD.

4.1.1 Cognitive symptoms

Memory impairment is the most common and debilitating cognitive decline associated
with AD, including prominent deficits in working memory, spatial learning, and episodic
memory (Gold & Budson, 2008). The common neurobiological source of these specific
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types of memory-related deficits is the hippocampus, and in fact, accelerated hippocampal
atrophy is a consistent finding in AD (Apostolova et al., 2012; Jahn, 2013). At the same
time, I2-IR are widely distributed in the CNS and more importantly, early autoradiography
studies and more recent PET studies reported the highest I2-IR density in hippocampal
brain regions and moderate density in the cortex, among other brain regions in human and
rodent models (De Vos et al., 1991, 1994; Kawamura et al., 2015; Tyacke et al., 2018),
thereby suggesting their implication in cognitive function and memory. Additionally,
the demonstration of higher I2-IR density in the hippocampus and frontal cortex of AD
brains than in healthy brains (J. A. García-Sevilla et al., 1998; Kumar et al., 2021; Ruiz
et al., 1993), further implies their involvement in memory impairment. Previous in vivo
studies, explored the effect of the proposed endogenous IR ligand, agmatine, in rat models
of diabetes, showing improvement in cognitive function after treatment (Bhutada et al.,
2012; Kang et al., 2017). Of note, agmatine has been shown to bind to both I1-IR and
I2-IR, among other receptors; thus, the evaluation of selective and high-affinity ligands on
cognitive decline and memory in AD animal models was of relevance.

In aged female SAMP8 mice, a mouse model of ageing and LOAD, all tested structurally
novel compounds MCR5, MCR9 and B06, when administered chronically at 5mg/kg/day,
attenuated cognitive impairment by improving short- and long-term (recognition) memory.
A similar beneficial effect was delivered in male SAMP8 treated with MCR5 compound,
which additionally ameliorated the spatial memory of the mice. In a parallel study, in
7-month-old female 5XFAD transgenic mice of EOAD, we showed that I2-IR ligand B06
at the same dose and treatment duration prevented memory loss (Abás et al., 2020)(An-
nex A.3). Ultimately, when the selective well-established I2-IR ligand LSL60101 was
chronically administered in 5XFAD mice at a lower dose (1 mg/kg/day), it reversed cog-
nitive deficits in working and spatial memory. Collectively, this evidence suggests that
chronic I2-IR treatment with selective ligands improved cognition: i) in both LOAD and
EOAD mouse models ii) in female and male mice iii) at a previously reported as I2-IR
functional dose (5 mg/kg/day) and additionally, at lower doses (1 mg/kg/day). Although
we demonstrated for the first time the in vivo beneficial effects of I2-IR treatments in these
two widely used AD mouse models, recent studies, which ran in parallel, further showed
cognitive improvement in AD models after I2-IR treatment. In particular, sub-chronic
intraperitoneal (i.p) treatment BU224 at 5 mg/kg reversed cognitive deficits in 5XFAD
(Mirzaei et al., 2021), while i.p. agmatine (10 and 20 mg/kg) and 2-BFI (5 and 10 mg/kg)
administration prevented cognitive impairment in Aβ1-42 injected mice (Kotagale et al.,
2020). Therefore, these findings can further extend the reported, by our group, beneficial
effect of I2-IR modulation on cognitive deficits to different I2-IR ligands, as well as to
different administration routes and duration.
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4.1.2 Non-cognitive symptoms

Behavioural and psychological alterations associated with fear- and anxiety disturbances,
depressive symptoms, and social deficits observed in AD patients are often present in
preclinical AD models, making possible the evaluation of novel drugs potential effect on
BPSD-like behaviours. I2-IR have been involved in both anxiety and depression (Head &
Mayorov, 2008); however, their implication in depression has attracted greater attention
so far, based on initial studies reporting altered I2-IR densities in depressed patients’
brains and influenced by the action of antidepressants (Halaris et al., 2001; Sastre &
García-Sevilla, 1997; Piletz et al., 2008). Therefore, several lines of evidence showed the
antidepressant and/or anxiolytic activity of I2-IR ligands such as 2-BFI, BU224, CR4056,
as well as of the endogenous ligand agmatine in vivo (Aricioglu & Altunbas, 2003; Finn et
al., 2003; Kotagale et al., 2013; Nutt et al., 1995; Siemian et al., 2019; Tonello et al., 2012;
Zomkowski et al., 2002), whereas other studies reported no such effect for certain I2-IR
ligands (Hernández-Hernández et al., 2021; O’Neill et al., 2001; Siemian et al., 2019).
Possible explanations concerning the implicated mechanisms, included the involvement of
the serotoninergic system, α2-AR system, or interaction with NMDA receptors, among
others (Z.-D. Chen et al., 2018; Finn et al., 2003; Kotagale et al., 2013; Tonello et al., 2012).
However, the results obtained in some studies that evaluated the effect of I2-IR ligands in
the presence or absence of other imidazoline and adrenergic drugs (e.g. after pre-treatment
with I1-IR, I2-IR and α2-AR agonists and antagonists) postulated the involvement of I2-IR
receptors in the induced antidepressant effect (Kotagale et al., 2020; Kotagale et al., 2013;
Tonello et al., 2012). This evidence suggests that I2-IR ligands with high affinity and
selectivity for I2-IR over α2-AR and I1-IR can deliver those effects; thereby, we were
prompted to evaluate the effect of I2-IR ligands on the BPSD-like behaviours frequently
exhibited by AD mouse models.

Indeed, the SAMP8 mice have been shown to display BPSD-like behaviours resembling
those of AD patients, including anxiety- and depressive-like behaviours, aggression and
reduced social investigation (Maes et al., 2020; Meeker et al., 2013; Pérez-Cáceres et
al., 2013), which additionally were shown to correlate with cognitive impairment in aged
mice (unpublished results). Interestingly, in aged SAMP8 mice, MCR5, MCR9 and B06
shared a common anxiolytic-induced effect in female (MCR5, MCR9, B06) and male
mice (MCR5). Further evaluation of the I2-IR ligand MCR5 in SAMP8 mice revealed
that chronic treatment delivered an antidepressant-like effect by decreasing the immobility
time in the forced swimming and tail suspension tests. Furthermore, we observed that
MCR5 effect was not attributed either to changes in serotonin receptors levels presented
by SAMP8 mice or to MCR5 binding to 5-HT receptors or transporter. Therefore, our
results support an I2-IR associated antidepressant-like effect of for MCR5 ligand, and
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more importantly, given that the SAMP8 depressive symptoms constitute an AD-associated
phenotype, focus the beneficial effect of I2-IR modulation on AD-associated depression.
In line with these results, recent studies demonstrated that agmatine attenuated depressive
behaviour in Aβ1-40 and Aβ1-42 injected mice (Guerra de Souza et al., 2018; Kotagale et
al., 2020), further pointing out the clinical relevance of imidazoline drugs for the BPSD in
the AD field.

APP overexpressing transgenic models, such as 5XFAD, have also been found to present
behaviours akin to BPSD in AD patients, including reduced social investigation, aggression,
and anxiety disturbances (Jawhar et al., 2012; Kosel et al., 2019). Unlike the novel I2-
IR compounds tested in SAMP8, the I2-IR LSL60101 treatment at lower doses had no
effect on the anxiety parameters studied in 5XFAD. Although a direct comparison of
the I2-IR mediated anxiolytic effect among our studies is not possible due to significant
differences in the mouse models and dosage used, it is important to note that the I2-IR
ligand LSL60101 was also shown to lack antidepressant activity in rats, unlike other I2-IR
compounds (Hernández-Hernández et al., 2021). Previous studies also reported differential
behavioural responses of I2-IR ligands, partially attributed to the chemical structure of the
compounds and heterogeneity of the I2-IR, which different I2-IR ligands may differentially
modulate; thus, this could also be the case regarding the differences observed in our studies
among compounds. However, regarding BPSD related to social function, I2-IR ligand
LSL60101 ameliorated social deficits in the 5XFAD mouse model, being the first reported
I2-IR ligand with such action, further pointing out the potential of I2-IR modulation to
ameliorate BPSD in AD.

4.2 Effects of I2-IR ligands on histological and molecular
AD hallmarks

Emerging drugs in clinical trials for AD aim not only to alleviate the symptoms but also to
modify the disease progression in an attempt to provide an effective cure for AD. In fact,
most current drugs in clinical trials are molecules that target the two major pathological
hallmarks of AD, Aβ accumulation and tau hyperphosphorylation (Cummings et al., 2020,
2021).

4.2.1 Aβ pathology

According to the Aβ cascade hypothesis, Aβ-related toxicity is the primary cause of
synaptic dysfunction and neurodegeneration that underlies the AD progression, leading
ultimately to dementia (Selkoe, 2002; Selkoe & Hardy, 2016); thus, genetic, neuropatho-
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logical, and cell biological evidence postulate that targeting Aβ could be beneficial for AD
patients (Ising et al., 2015; Selkoe, 2013). Until recently, there was no evidence concerning
the effect of I2-IR ligands on Aβ pathology. At present, the I2-IR disease modifying effect
related to Aβ pathology is supported by several findings obtained in our in vivo studies
performed in two AD mice models, namely the SAMP8 and the 5XFAD models.

APP processing can follow either an amyloidogenic or a non-amyloidogenic pathway
resulting or not, respectively, in Aβ generation and subsequently to Aβ plaques formation
(R. J. O’Brien & Wong, 2011). Although typical Aβ plaques are not detected in SAMP8
brains, SAMP8 mice present increased Aβ levels in older age and altered APP processing
(Akiguchi et al., 2017). Herein, chronic treatment with the I2-IR ligands MCR5, MCR9
and B06 in aged female SAMP8 mice promoted the non-amyloidogenic pathway and/or
suppressed the amyloidogenic one. In parallel, I2-IR treatment favoured Aβ degradation
through enzymatic pathways by increasing the expression of NEP (B06, MCR5) and IDE
(B06). To our knowledge, this data constitutes the first evidence reporting the effect of
I2-IR treatment in the mechanisms involved in the Aβ pathology in AD.

To further evaluate the Aβ-associated effect of I2-IR treatment, the following studies were
performed using the transgenic 5XFAD mouse model. 5XFAD mice rapidly develop Aβ
pathology (accelerated Aβ accumulation and Aβ plaques) due to the incorporation of five
familial Aβ-associated mutations into a line, being a valuable tool for testing Aβ-modifying
drugs (Oakley et al., 2006). Chronic treatment with I2-IR ligand B06 in 5XFAD suppressed
the amyloidogenic pathway corroborating the results obtained in SAMP8 mice (Abás et al.,
2020)(Annex A.3). Conversely, it was recently reported that sub-chronic treatment with
I2-IR ligand BU224 in 6-month-old 5XFAD female mice failed to reduce Aβ load and
plaques, although it reversed cognitive deficits (Mirzaei et al., 2021). Notwithstanding, in
our last study, we provide the ultimate robust evidence of the I2-IR effect on Aβ pathology
after an in-depth evaluation of the selective I2-IR ligand LSL60101 in 7-month-old 5XFAD
female mice. Chronic and low-dose LSL60101 treatment decreased Aβ40, Aβ42 levels and
Aβ plaques in the 5XFAD brains, and these results were accompanied by beneficial effects
in APP processing. Therefore, based on the evidence to date, the Aβ-associated effect of
I2-IR treatment in 5XFAD mice appears to depend on the experimental design, including
but not limited to I2-IR drug particularities, pharmacokinetic factors, and administration
conditions. Concretely, a possible explanation arises from differences in the duration of the
treatment (chronic versus sub-chronic), especially given that the 5XFAD mice by 6 months
of age have developed an advanced Aβ pathology, which attenuation probably requires
longer treatments. Besides, the duration of the I2-IR administration (acute vs chronic)
has proven to be critical in a previous study evaluating I2-IR mediated effects (Garau et
al., 2013). However, differences related to I2-IR ligand structural variances cannot be
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excluded since discrepancies regarding the in vivo effects of different I2-IR ligands upon
the same experimental and pathological conditions have also been reported (Garau et al.,
2013; Sánchez-Blázquez et al., 2000), pointing out once again the heterogeneity of I2-IR
and the necessity for simultaneous evaluation of different I2-IR ligands.

To sum up, in our hands, all I2-IR ligands tested, MCR5, MCR9, B06 and LSL60101,
delivered an Aβ-related modifying effect in LOAD and/or EOAD mouse models after
chronic treatments. Provided that Aβ plaques and especially Aβ oligomers are strongly
associated with synapse loss as well as memory and synaptic plasticity (Marsh & Alifragis,
2018; Sasaguri et al., 2017), the beneficial effects of I2-IR ligand treatments on cognition
can be attributable to amelioration of Aβ pathology.

4.2.2 Tau hyperphosphorylation

Tau-hyperphosphorylation and aggregation are highly associated with disruption of neu-
ronal and synaptic function. Moreover, the spreading of tau pathology in the AD affected
brains correlates with cognitive decline, and thus jointly with amyloidosis abnormalities, it
is considered an indicator of AD progression (Cicognola et al., 2021; Thal et al., 2000).
Evidence regarding the effect of I2-IR modulation on tau pathology is limited to a recent
study reporting that chronic treatment with idazoxan (mixed α2-AR/I2-IR ligand) reduced
tau hyperphosphorylation and increased inactive GSK3β (phosphorylated at Ser9) levels
in APP Knock-in, as well as Aβ, injected mice; however, its effects were attributed by the
authors to α2-AR blockade rather to I2-IR modulation (Zhang et al., 2020).

All novel and selective I2-IR ligands, devoid of α2-AR affinity, MCR5, MCR9 and B06
led to a remarkable reduction in tau hyperphosphorylation when administered chronically
in aged SAMP8 mice, a model characterized by age-dependent abnormal levels of tau
phosphorylation (Pallas et al., 2008). In our studies, the decreases in the evaluated p-tau
epitopes (Ser396, Ser404) levels were accompanied by reduced activity of the major tau
kinases, namely GSK3β, CDK5, ERK½, and alterations in upstream molecules implicated
in the process. Notably, we determined increased inactive GSK3β phosphorylated at Ser9
and phosphorylated AKT (p-AKT) levels and/or reduced phoshorylated CDK5 (p-CDK5)
consistently with a decrease in p25/35 ratio after treatments in SAMP8 mice. Likewise, in
5XFAD mice, chronic treatment with I2-IR ligand LSL60101 followed a similar trend by
decreasing tau pathology. Therefore, in our studies, all tested selective I2-IR compounds
treatments effectively reduced p-tau levels in the AD mouse models used.

In attempts to understand the links between Aβ and tau, it has been accepted that both
proteins might interact and cooperate to cause neurodegeneration (Roberson et al., 2007;
Shipton et al., 2011). For instance, the involvement of tau in Aβ oligomers-mediated
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synapse loss has been demonstrated (Roberson et al., 2011). In this context, the effect
of I2-IR treatment on tau pathology appears to be in line with the amelioration of Aβ
pathology, and together their attenuation may account for the reversion of synaptic damage
and cognitive decline.

4.3 Effects of I2-IR ligands on neuroinflammation

Along with the abnormal protein accumulation which characterizes AD, neuroinflammation
is recognized as a central player in AD development and progression (Heneka et al., 2015;
Kinney et al., 2018). In fact, chronic neuroinflammation occurs in the early stages of
AD and may contribute to neural dysfunction and cell death independently (McGeer
& McGeer, 2010; Sudduth et al., 2013). For this reason, therapeutic approaches that
target neuroinflammation have been shown to deliver neuroprotection (Krause & Müller,
2010). Although nonsteroidal anti-inflammatory drugs (NSAID) did no show benefit in
randomized trials with symptomatic AD patients, decreased AD incidence was observed
in NSAID treated asymptomatic individuals after 2-3 years (Breitner et al., 2011). Then,
long-term use of NSAID has been shown to delay AD progression. Besides, inflammation
is targeted by several drugs in the current AD drug development pipeline, highlighting its
potential as a therapeutic target for the development of effective AD drugs (Cummings et
al., 2021).

Unlike the classic AD hallmarks, neuroinflammation has previously proven to be inti-
mately related to I2-IR modulation. I2-IR are expressed primarily in glial cells and can
influence glial activity (Keller & García-Sevilla, 2015; Regunathan et al., 1993, 1999).
The first evidence for I2-IR inflammatory modulation was provided in vitro when the I2-IR
ligand idazoxan was shown to attenuate the induction of NOS-2 inflammatory mediator
in LPS-stimulated cells (Feinstein et al., 1999; Regunathan et al., 1999). Since then, the
inflammatory-associated effects of established I2-IR ligands have been well documented in
certain scenarios. For example, I2-IR ligand 2-BFI dose-dependently reduced microglial
reactivity and/or the expression of inflammatory cytokines in rodent models of experi-
mental autoimmune encephalomyelitis [TNF-α, IL-17A, Interferon gamma (IFN-γ)] (Zhu
et al., 2015), neuropathic pain (Iba-1 and TNF-α) (Siemian, LaMacchia, et al., 2018),
traumatic brain injury (Iba-1, IL-1β) (Ni et al., 2019), delivering neuroprotection. In the
inflammatory landscape of AD provided by the SAMP8 and 5XFAD model (A. Fernández
et al., 2021; Oakley et al., 2006), we provide evidence that chronic I2-IR treatment exerts
anti-inflammatory properties accordingly.

In aged SAMP8 brains, decreased gene expression of pro-inflammatory cytokines was
determined after treatment with the I2-IR ligands MCR5 (Il1-β, Tnf-α) and, B06 (Il-6, Il-
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18, Tnf-α) compounds. Likewise, in the 5XFAD mice, B06 treatment downregulated certain
cytokines (Abás et al., 2020)(Annex A.3). Chronic low-dose LSL60101 ligand treatment
reduced microglia reactivity by decreasing Iba-1 levels in 5XFAD brains, like what was
shown after BU224 administration in this model (Mirzaei et al., 2020). Furthermore, we
report a not previously described upregulation of Trem2 gene expression after LSL60101
treatment in 5XFAD mice accompanied by consistent alterations in inflammatory markers
expression (Ccl12, Il-18). TREM2 is a single-pass transmembrane receptor expressed in
myeloid cells and microglia, and its importance in the AD neuroinflammation process
has been largely established (Gratuze et al., 2018; J.-T. Li & Zhang, 2018). All this
evidence prompted us to go deeper in the implication of I2-IR in inflammatory pathways
by determining the expression profile of genes associated with inflammation, including
different cytokines, chemokines, inflammatory regulators and their receptors after chronic
treatment with the ligand LSL60101 in both 5XFAD and WT mice. Our results further
indicate that LSL60101 treatment reverses the inflammatory process in AD mice and
remarkably, point out the nuclear factor-κB (NF-κB) pathway to be involved in the observed
effects. NF-κB transcription factor is a key mediator of brain inflammation regulating
the gene expression of several inflammatory markers such as Il-1β, cyclooxygenase -2
(Cox-2), Tnf-α and its impaired regulation can trigger together with glia activation, OS,
and apoptotic cell death in AD (Jha et al., 2019). Therefore, collectively it can be deduced
that the anti-inflammatory effect of the I2-IR ligands accounts —at least in part— in part
for the delivered neuroprotection in SAMP8 and 5XFAD mice and further postulates that
I2-IR serve a pivotal role in glial functions.

One of the glial functions of I2-IR has proven to be specifically the regulation of GFAP, a
cytoskeletal protein (astrocytes) with critical functional implications, especially considering
the predominant localization of I2-IR in astrocytes among glial cells (Regunathan &
Reis, 1996). Several studies demonstrated a direct physiological function of I2-IR in the
regulation of GFAP levels by reporting increased mRNA levels and protein expression
induced by I2-IR drugs in astrocyte cultures, as well as after chronic I2-IR treatment in
vivo (Olmos et al., 1994; Sastre & García-Sevilla, 1993). The functional relevance of
GFAP changes under I2-IR treatment was also investigated and eventually associated with
neuroprotection in certain neuropathological conditions. For example, increased GFAP
expression and astrocytic activation by the I2-IR ligand LSL60101 treatment was suggested
to serve as a protective mechanism in neuronal function after brain injury in rats (Casanovas
et al., 2000). Conversely, I2-IR treatment with 2- BFI attenuated GFAP expression in vivo,
delivering neuroprotection (Siemian, LaMacchia, et al., 2018). In the latter study, 2-BFI
treatment also suppressed astrocytic activation in stimulated astrocyte cultures in vitro,
corroborating a primary site of I2-IR action on astrocytes. In AD, astrocytic pathological
responses are represented by reactive astrocytes, which are characterized by increased
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expression of GFAP (Heneka et al., 2015). Reactive astrocytes are commonly found in AD
post-mortem human tissues (Dossi et al., 2018), and intriguingly, parallel links between
GFAP and I2-IR have also been demonstrated in AD brains (J. A. García-Sevilla et al., 1998;
Olmos et al., 1994). In line with these observations, the AD model SAMP8 presents marked
astrogliosis and increased GFAP expression (Sureda et al., 2006). In the SAMP8 brains,
I2-IR ligands MCR5, MCR9 and B06 markedly decreased GFAP reactivity and/or protein
levels. Likewise, astrogliosis is one of the specific hallmarks of disease progression in the
5XFAD mouse model (Oakley et al., 2006). In 5XFAD brains, chronic treatment with I2-IR
ligand LSL60101 led to a robust reduction of astrogliosis by decreasing GFAP reactivity
in the hippocampus and the cortex. Of note, reduced astrogliosis in SAMP8 and 5XFAD
brains is consistent with inflammatory markers decrease in mice brains, since similarly to
microglia, astrocytes release cytokines and ILs among other cytotoxic molecules, upon
inflammatory stimuli (e.g. Aβ peptides), thus exacerbating neuroinflammation. Ultimately,
our preliminary in vitro experiments in human iPSC-derived AD (APP swedish mutated)
astrocytes corroborate the results obtained in vivo, indicating a decrease in cytokine
secretion upon inflammatory stimulation induced by the selective I2-IR compounds MCR5
and B06, and thus postulating a direct effect of I2-IR ligands on astroglia (Annex A.1).

In whole, we provide strong evidence that the selective I2-IR ligands reduce neuroinflam-
mation in AD, which conceivably underlies their effect on the behavioural and cognitive
status of the models. Interestingly, the mitigation of astrogliosis, microgliosis and the
subsequent decrease in inflammatory markers secretion delivered by I2-IR treatments in the
AD models are concomitant with the observed attenuation of both classical AD hallmarks
in these models. Indeed, in the case of 5XFAD, an Aβ-cascade-hypothesis based model,
the reduction of inflammation is more likely to arise from the reduction of Aβ plaques.
However, another study showed that I2-IR ligand treatment reduced neuroinflammation in
the same model without affecting Aβ load and plaques (Mirzaei et al 2020). At the same
time I2-IR ligand treatments reduced neuroinflammation in the SAMP8 mice, in which
the AD-like pathology is attributed to age-related events and unknown risk factors other
than the Aβ plaques presence. Therefore, the parallel attenuation of Aβ pathology, tau
pathology and neuroinflammation delivered by I2-IR treatment in our studies may represent
an interactive combination of I2-IR mediated effects which synergistically contribute to
cognitive improvement in the AD models.

Interestingly, there is evidence to suggest that neuroinflammation is a missing link between
the cognitive and non-cognitive symptoms in AD (Selles et al., 2018). Particularly,
depressive and anxiety-related disorders have been associated with microglial dysfunction
and increased secretion of pro-inflammatory cytokines, while antidepressants have been
shown to prevent this process (Felger, 2019; Zheng et al., 2021). In this context, blocking
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TNF-α, which is increased in AD brains, has been reported to attenuate BPSD along with
the cognitive decline in mice treated with Aβ (Ledo et al., 2016). Moreover, serotonin
(5-HT) depletion, which is related to depressive behaviour, appears to be modulated by
inflammation, as 5-HT turnover in the brain has been observed to be enhanced by pro-
inflammatory cytokines (Felger & Lotrich, 2013; Song et al., 1999; Wichers et al., 2005),
further supporting the close relationship between BPSD and neuroinflammation. More
importantly, a previous study associated the agmatine’s antidepressant effect with decreased
pro-inflammatory markers (IL-6, TNF-α) in a mouse model of AD (Kotagale et al., 2020).
These findings correlate with our observations in MCR5 treated SAMP8 mice, in which
amelioration of depressive-like and anxiety-like behaviours was accompanied by decreased
gene expression of pro-inflammatory cytokines such as Tnf-α and, additionally, positive
alterations in key proteins implicated in the AKT/GSK3/mammalian target of rapamycin
(mTOR) signalling, which has been involved in mental illnesses. The AKT inactivation of
GSK3β by phosphorylation has been shown to influence cytokine expression (Kitagishi
et al., 2012). At the same time, activation of the mTOR complex appears to constrain
immune cell activation by inhibiting pro-inflammatory cytokines and upregulating anti-
inflammatory cytokines (Weichhart et al., 2015; Weichhart & Säemann, 2009). Besides,
antidepressants have been shown to upregulate p-AKT protein (David et al., 2010), whereas
mood stabilizer lithium has been shown to inhibit GSK3, further indicating the contribution
of these kinases to depressive symptoms (W. T. O’Brien & Klein, 2009). Overall, the
inflammatory attenuation by MCR5 in this study not only confirmed the previously
obtained results in SAMP8 females but also conferred a protective effect against the
BPSD-like phenotype in the SAMP8 model. Thus, modulating glial activation by I2-IR
ligands may favour protective mechanisms, which—at least in part—explain the protection
against behavioural abnormalities and cognitive impairment.

4.4 Changes in oxidative stress process induced by I2-IR
ligands

OS is a major sign of ageing, which, in turn, has been suggested to represent the main
link between OS neurodegenerative diseases (Floyd & Hensley, 2002). Alterations in
mitochondrial function that promote an increased ROS production and altered antioxidant
defence contribute to the early stages of AD before developing Aβ pathology and cognitive
dysfunction (Uttara et al., 2009). Interestingly, OS is also linked to the inflammatory
process, being microglia and astroglia dysfunction the connection, through abnormal ROS
and RNS production (González-Reyes et al., 2017; Simpson & Oliver, 2020). Currently,
some of the under development therapeutic strategies for AD aim to correct the imbalance
between ROS production and degradation (Liu et al., 2017).
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An association of I2-IR with the OS process may arise from the following facts: i) I2-
IR are mainly located on the outer membrane of mitochondria in glial cells, which are
involved in OS regulation (Y. Chen et al., 2020) ii) I2-IR have been associated with MAO
enzyme which in turn is considered a marker of OS, linked to the production of ROS, and
thus contributing to AD neurodegeneration (Cai, 2014). In this context, neuroprotective
effects mediated by I2-IR ligands have been related to OS attenuation. For example, the
I2-IR ligand 2-BFI decreased OS and altered the levels of antioxidant enzymes in Aβ42
injected rats (Tian et al., 2018), and protected against OS-induced astrocytic cell death in
vitro (Choi et al., 2018). Likewise, agmatine was shown to increase Nrf2 protein levels
and enhance its nuclear translocation, with subsequent upregulation of its downstream
antioxidant HMOX1, thus attenuating ROS generation in LPS-induced macrophages in
vitro (Chai et al., 2016), while in vivo, agmatine attenuated oxidative damage in rodent
models of neurodegeneration (Bilge et al., 2020; Guerra de Souza et al., 2018). In line
with these results, chronic treatment with the novel I2-IR compounds MCR5, MCR9 and
B06 reduced OS in aged SAMP8 mice. Concretely, decreased H2O2 levels were detected
in the brains of SAMP8 mice treated with either MCR5 or MCR9. This effect was
accompanied by increased Hmox1 gene expression, while MCR5 additionally decreased
SOD-1 levels. Similarly, B06 treatment in aged SAMP8 decreased H2O2 levels, increased
Hmox1, inducible NOS (iNOS) and decreased aldehyde dehydrogenase (Aldh2) expression;
however, it failed to deliver a similar antioxidant effect when administered in 5XFAD
chronically (Abás et al., 2020)(Annex A.3). Conversely, in 5XFAD mice, I2-IR ligand
LSL60101 treatment altered OS markers such as iNOS, Aldh2 expression and SOD-1,
GPX-1 protein levels, mitigating oxidative damage in 5XFAD brains compared to WT
counterparts (Rodriguez-Arévalo et al., 2021)(AnnexA.4).

The present evidence is not sufficient to explain why the I2-IR ligands alter differentially
specific OS parameters (either upregulation or downregulation) in the experimental models
used. Moreover, in our hands, MCR5 and MCR9 compounds did not shown to inhibit
MAO enzymes activity (Annex A.2). However, an overall beneficial effect of the I2-IR
modulation on this detrimental process present in AD progression was detected and could
further support the improved cognitive performance of the mice in our studies. Besides, OS
mitigation agrees with the attenuation of AD hallmarks and neuroinflammation observed
in the AD models after I2-IR treatment. In fact, OS is per se able to produce Aβ, p-tau and
trigger glial inflammatory response, and in turn, these features can lead to OS production
and eventually apoptosis; thus, this vicious cycle appears to break in SAMP8 and 5XFAD
mice after I2-IR treatment, further highlighting the potential disease-modifying effect of
the selective I2-IR ligands.
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4.5 Alterations in Ca2+ signaling after treatment with
I2-IR ligands

Emerging evidence indicates the fundamental role of Ca2+ signalling in modulating AD
pathogenesis (Guo et al., 2020). A balanced concentration of Ca2+ characterizes healthy
neurons; however, Ca2+ homeostasis is disturbed in AD conditions. This can occur due
to several factors, including AD features such as p-tau, neurotoxic APP products and
OS, while the mitochondria function is also critical in Ca2+ regulation. In turn, Ca2+

dysregulation, once triggered, has been shown to further exacerbate AD pathology, leading
eventually to apoptosis and impaired synaptic plasticity (Guo et al., 2020).

At the same time, I2-IR activation has been shown to alter Ca2+ levels and signalling; how-
ever, the exact intracellular signalling cascades through which this occurs remains unclear.
Several explanations have been given, including increased mobilization of mitochondrial
Ca2+ stores (Boronat et al., 1998; J. García-Sevilla et al., 1995), or binding of I2-IR ligands
to Ca2+ influx-associated receptors. For example, one of the proposed mechanisms of
I2-IR mediated neuroprotection involves the blockade of NMDA gated Ca2+ channels and
subsequent inhibition of Ca2+ entry in vitro and in vivo (Han et al., 2013; Olmos et al.,
1996, 1999). In the AD context, I2-IR ligand BU224 was shown to mediate its beneficial
effect on cognition in 5XFAD mice by restoring NMDA function in Aβ-treated cell cul-
tures (Mirzaei et al., 2021). In our hands, the novel I2-IR ligands did not alter the Ca2+

entry by NMDA activation in primary neurons (Annex A.2). However, I2-IR treatment
with B06 and MCR5 ligands was shown to influence NMDA receptor functionality in the
neurodegenerative brains of SAMP8 mice by increasing phosphorylated NMDA receptors
2B (NMDAR2B) (Tyr1472) and/or altering subunits composition favourably. Interestingly,
changes in NMDA active states and subunits induced by I2-IR treatment were consistent
with alterations in downstream cascade events involved in synaptic plasticity (see section
4.6).

All the above background argued for going deeper into the Ca2+ intracellular signalling
in the study of I2-IR ligand B06 in the SAMP8 model. Our results reveal that B06
treatment mediated an effect on Ca2+ signalling by altering the levels of Ca2+-dependent
enzymes (e.g. CaN, calpain). Remarkably, B06 treatment in SAMP8 mice, decreased
CaN protein levels, a Ca2+ /calmodulin-dependent phosphatase sensitive to subtle rises in
intracellular Ca2+ levels, which involvement in AD neurodegeneration is well documented
(Reese & Taglialatela, 2011). This important finding was reinforced by the observed
downstream changes in the phosphorylation state of CREB, NFAT, for which we also
confirmed their translocation to the nucleus, BAD and GSK3β, as well as the downstream
targets of them. For instance, after B06 treatment, CREB-regulated Bdnf gene expression
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was found increased, NFAT-regulated pro-inflammatory cytokines were decreased, and
BAD downstream components such as Bcl-2, Bax and Caspase-3 were found decreased
accordingly. All these results can be translated into increased synaptic plasticity, reduced
inflammation and apoptosis, respectively, and suggest a neuroprotective effect of I2-IR
treatment through CaN regulation. Of note, these results were in line with modifications
mediated by the I2-IR ligands MCR5 and MCR9 treatments in SAMP8. In summary,
although a direct effect on Ca2+ levels was not largely explored, indirect alterations on the
levels of the enzymes implicated in Ca2+ intracellular signalling propose a Ca2+-associated
mechanism whereby I2-IR ligands mediate neuroprotection.

4.6 Effects on neuronal and synaptic loss delivered by
I2-IR ligands

Cognitive impairment in AD eventually occurs due to brain atrophy resulting from pro-
gressive neuronal and synaptic loss (Niikura et al., 2006). So far, the beneficial effect of
I2-IR treatment on the central AD detrimental processes has been evidenced; therefore,
the ultimate demonstration of the AD modifying effect of I2-IR modulation would be the
prevention of neuronal death and synaptic dysfunction delivered by I2-IR ligands.

4.6.1 Apoptotic factors

The exact mechanisms of neuronal death in AD are not yet fully understood; however,
apoptosis is considered the primary mechanism among the signal pathways that eventually
mediate neuronal death (Mukhin et al., 2017). The apoptotic extrinsic/death receptors
and intrinsic/mitochondrial pathways converge to activate caspases that cleave major
substrates leading to cell death. Interestingly, mechanisms of neuroprotection induced
by imidazoline drugs have been associated with the mitigation of apoptotic cell death.
Sustained activation of I2-IR receptors by selective ligands has been shown to induce
anti-apoptotic effects through inhibition of crucial components of apoptotic signalling,
such as Fas associated protein with death domain (FADD)/Fas (extrinsic pathways) and/or
Bax, Bcl-2, c-Jun N-terminal kinase ½ (JNK1/2) (intrinsic pathways), caspase-3 decrease,
as well as upregulation of anti-apoptotic factors (Ser191/194 phosphorylated FADD) in
vivo and in vitro (Garau et al., 2013; Montolio et al., 2012; Tian et al., 2018). In previous
work, I2-IR ligand MCR5 modified FADD in the hippocampus of mice showing non-
apoptotic actions (Abás et al., 2017). In the AD background provided by the SAMP8
model, chronic treatments with MCR5, MCR9 and B06 compounds decreased Bax, Bcl-2
and Caspase-3 protein levels. These results were in line with a decrease in calpain’s levels
(B06 treatment) and activity (MCR5, MCR9 treatments), a Ca2+-dependent protease
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which triggers the classical caspase cascade of the apoptosis reaction. Ultimately, the
endogenous imidazoline ligand agmatine was shown to inhibit Aβ-induced apoptosis in
vitro involving ERK, AKT/GSK3β and TNF-α (Hooshmandi et al., 2019), while the novel
I2-IR ligands induced similar molecular alterations in the SAMP8 brains. Collectively, this
evidence suggests the I2-IR mediated anti-apoptotic actions as a possible mechanism for
the observed neuroprotective effects of the novel I2-IR ligands.

4.6.2 Synaptic plasticity

Synaptic dysfunction is one of the major contributors to AD pathogenesis and is consid-
ered a downstream effect of amyloidosis, tau pathology, neuroinflammation and other
mechanisms occurring in AD (Selkoe, 2002; Colom-Cadena et al., 2020). More impor-
tantly, synaptic function underlies cognitive performance, and for this reason, synapse
loss appears to most strongly correlates with cognitive decline in AD (de Wilde et al.,
2016; DeKosky & Scheff, 1990). Herein, I2-IR ligands increased synaptic plasticity in
both SAMP8 and 5XFAD mice, indicated as increased levels of pre-synaptic (e.g. synapto-
physin) and post-synaptic (e.g. PSD95) protein levels and importantly, these changes went
in parallel with the cognitive improvement of the mice.

Along with the increase in synaptic plasticity markers, novel I2-IR treatments enhanced
phosphorylated CREB as well as kinases responsible for its phosphorylation (e.g. p-AKT,
PKA). CREB is crucial in long-lasting changes in synaptic plasticity and memory formation
in the hippocampus, and consequently, memory and synapse loss in AD is mediated
by the CREB signalling pathway, among others (Saura & Valero, 2011). Moreover,
CREB phosphorylation was in accordance with changes in NMDA activity and synaptic
composition promoted by the I2-IR ligands MCR5 and B06. Favourable alterations in the
involved pathways corroborate our findings. For example, MCR5 was shown to inhibit
NMDA/CDK5/DARPP32 signalling pathway, which regulates CREB phosphorylation
(Svenningsson et al., 2004). Particularly, decreased CDK5 activation and p-DARPP32 at
Th75 induced by MCR5 correlated with increased PKA and phosphorylated CREB levels
giving further insight into the I2-IR mediated CREB signalling enhancement.

Increased synaptic plasticity by I2-IR ligands could also be associated with I2-IR astrocytic
modulation. In fact, astrocytes are involved in synaptic transmission and plasticity mainly,
by the reuptake of glutamate, through their membrane glutamate transporters excitatory
amino acid transporter 2 (EAAT-2) and EAAT-1 (Oliet et al., 2001). Thus, modulation
of astrocytic I2-IR receptors by selective ligands may be involved in this process, along
with the remarkable modulation of astrocytic GFAP observed. Although this possibility
was not investigated in depth in this thesis, our finding regarding the slight increase in
EAAT-2 protein levels in the hippocampus of SAMP8 mice after B06 treatment is relevant.
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Interestingly, this is further supported by the observed inhibition of CaN/NFAT after
B06 treatment. Several studies suggest that the CaN/NFAT pathway serves as a putative
connection between Ca2+ dysregulation and glutamate dysregulation in activated astrocytes
through EAAT/GLT-1 expression (Sompol & Norris, 2018). Therefore, the direct effect
of the I2-IR treatment on this pathway and the astrocytic functions related to synaptic
transmission and plasticity deserves further investigation.

Along with the cognitive improvement, the reported BPSD alleviation in the AD models
might also be attributable to the increased synaptic plasticity delivered by the I2-IR ligands
treatment. In fact, in the molecular alterations that underlie BPSD, synaptic dysfunction
and neurotrophins deficits play a crucial role (Duman, 2002). Interestingly, alterations in
synaptic plasticity in stress and depression have been suggested to correlate changes to
several signal transduction pathways, including cAMP-PKA, PI3K-AKT, GSK3, mTOR
and CREB as well as upstream receptors such as NMDA receptors, TrkB and NGF receptors
(Marsden, 2013). Strikingly, I2-IR treatment altered these pathways favourably as already
discussed for most cases. In this context, we hypothesized that I2-IR ligand MCR5 might
deliver antidepressant effects in SAMP8 males through CREB-regulated BDNF restoration,
which is found decreased both in AD and depressive hippocampus (Duman, 2002; Ng et al.,
2019). In fact, agmatine was found to rescue BPSD in Aβ administered mice by increasing
hippocampal BDNF levels (Kotagale et al., 2020). However, unlike the B06 treatment,
which showed to increase Bdnf gene expression, in our hands, MCR5 failed to increase
BDNF concentration in the hippocampus of SAMP8 mice. Conversely, treatment with
MCR5 mediated alterations in BDNF receptors (TrkB, NGF receptors) which, together
with the observed increases in synaptic plasticity markers, such as PSD95 and upstream
factors [mammalian target of rapamycin complex 1 (m-TORC1), p70 S6 kinase (p70S6K)],
could result in an enhanced BDNF signalling and, thus, improved BPSD-like phenotype
after I2-IR treatment.

4.7 Combination treatment of I2-IR ligand with AChE
Inhibitor

Due to the multifactorial pathogenesis of AD, the use of a multimodal therapeutic interven-
tion, such as combination treatments, could be more effective to modify AD progression
than monotherapy. Pharmacodynamic combinations for the treatment of AD often consist
of symptomatic drugs and disease-modifying therapies. Indeed, disease-modifying agents
are currently in clinical trials as add-on therapies to the standard of care, AChE inhibitors
or memantine (Cummings et al., 2019; Kabir et al., 2020). As already described, treatment
with selective I2-IR ligands is able to modify the disease progression in the AD models
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used. Therefore, in a comparative study with donepezil, we further investigated possible
additive effects after combination treatment with I2-IR ligand LSL60101 and the AChE
inhibitor donepezil in the 5XFAD mouse model of AD.

In our study, co-administration of low doses of I2-IR ligand LSL60101 and donepezil
did not deliver greater cognitive improvement than the one observed with monotherapies
in 5XFAD mice. Moreover, the amelioration of anxiety disturbances observed in the
combination treated group compared to I2-IR treated mice was attributed to the donepezil
treatment. At a molecular level, the beneficial effect of the combination treatment on Aβ
pathology, neuroinflammation and synaptic plasticity appeared to be attributable to I2-IR
treatment, which was greater than donepezil treatment alone in certain parameters (Aβ
load, microglial reactivity, synaptic plasticity). Nevertheless, discrete additive effects in the
combination treated group were observed in specific processes, such as APP processing and
tau pathology, which combination treatment was shown to improve to a greater extent than
monotherapies. Although AChE inhibitors are symptomatic drugs, in preclinical studies,
donepezil was shown to exert neuroprotective effects against Aβ toxicity (Kimura et al.,
2005, p. 200; Meunier et al., 2006), tau pathology and neuroinflammation (Hamano et al.,
2013; Yoshiyama et al., 2010), through mechanisms other than inhibition of cholinesterase
(S. H. Kim et al., 2017; Takada-Takatori et al., 2009). Thus, the activation of distinct
molecular pathways by the I2-IR ligand and AChE inhibitor donepezil with different modes
of action could explain the effects of combination treatment on these parameters.

The lack of apparent synergistic or additive effects on cognition after I2-IR ligand co-
treatment with donepezil in the 5XFAD model, could be attributed to parameters related to
the selected dosage, paradigms, treatment duration and administration route among others.
Indeed, the dosage selection when possible synergy of different drugs is investigated
constitutes a pivotal factor (Tallarida, 2011). In our study, we administered the LSL60101
compound at the lowest reported dose with neuroprotective efficacy for I2-IR ligands,
while for donepezil, the dose of 1mg/kg was selected based on the literature which reports
moderate effects of donepezil treatment in AD mouse models, including the 5XFAD model
(Kang et al., 2018; H. Y. Kim et al., 2016; Rochais et al., 2020). Thus, increased dosage
and/or duration of the treatment could probably deliver greater beneficial effects on both
cognitive status and AD-hallmarks. This is further supported by the moderate additive
effects observed on certain molecular markers after combination treatment, which do not
rule out the possible synergistic or additive effects of the two drugs. Therefore, albeit
further studies are required to assess in depth possible synergy of the drugs, the obtained
results provide insights in the combination treatment with I2-IR drugs.
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4.8 Final Considerations

At present, there is increasing recognition of the complexity of AD, the diversity of the
pathology and the dynamic interactive network of components that influence the disease
progression. AD complexity suggests that for halting its progression, potential therapeutic
approaches should interfere with more than one pathogenic step responsible for the clinical
symptoms, such as extracellular Aβ plaques, NFTs formation, inflammation, OS. Indeed,
treatment with selective I2-IR ligands addressed most of these central etiological processes
in two preclinical AD models, preventing them from the generalized cognitive downfall
(fig. 15).

When interpreting functional results elicited by I2-IR ligands, it has proven helpful to
consider that I2-IR are a heterogeneous group of proteins, which structure remains to
be elucidated. Moreover, structural differences among I2-IR compounds could lead to
binding to I2-IR with different affinity and/or selectivity, which, in certain cases, result in
inconsistencies in their reported biological effects (Bousquet et al., 2020; J.-X. Li, 2017).
Some of these differences were discussed in the present doctoral thesis while reporting the
effects of novel I2-IR compounds on AD mouse models, jointly with relevant functional
results from previous literature. Moreover, it is also important to note that among these
studies, there is a variety of pathological conditions, disease models, and I2-IR compounds
used, which altogether likely account for these functional differences. In this context,
I2-IR ligands with higher affinity and selectivity for I2-IR over other related receptors
such as I1-IR or α2-AR, such as MCR5, MCR9 and B06 were shown to overcome some
of these hurdles, giving better insights into their pharmacological possibilities and the
molecular mechanisms whereby the I2-IR ligands mediate their action in AD. Indeed, the
novel I2-IR ligands MCR5, MCR9 and B06 elicited their pharmacological effects on the
major components of AD in a relatively homogeneous way at the dose and experimental
conditions tested.

Nevertheless, a lack of structural and molecular information on I2-IR denotes a significant
challenge in delineating the mechanistic basis of the effects reported. Indeed, although
several studies have dealt with the characterization and functional properties of I2-IR since
their discovery, the complete cascade of events after ligands’ binding to I2-IR remains to
be fully elucidated. Two recently proposed mechanistic pathways underlying the I2-IR
ligand-induced analgesia involved interactions with the monoaminergic system via MAO
inhibition and inhibition of glial activity; however, as explained by the authors, other I2-IR
mediated behavioural results cannot be fully explained by these mechanisms (Bousquet et
al., 2020; Siemian, LaMacchia, et al., 2018; Siemian, Wang, et al., 2018). Our studies, in
accordance with the previous literature, suggest a crucial role of I2-IR in modulating glial
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reactivity; thus, given that glial cells are fundamental players in the evolution of AD able
to influence the other AD major components, direct inhibition of glial activity by I2-IR
ligands may represent an early mechanism underlying the I2-IR ligand-induced effects in
the AD models used. Further studies are necessary to decipher the importance of glial
I2-IR modulation by selective compounds and its impact on AD progression.

Figure 15: Schematic representation of the beneficial effects of novel and well-established I2-IR ligands on
central AD pathological processes after treatment in SAMP8 and 5XFAD mouse models of AD, delivering
neuroprotection and protecting the mice against generalized cognitive downfall and BPSD.





Chapter 5

Conclusions

The present doctoral dissertation has shed new insights into the pharmacological possi-
bilities of I2-IR. In general, selective I2-IR ligands confer neuroprotection in AD mouse
models by addressing most of the central etiological processes of the disease. Concretely,
the results obtained lead to the following conclusions:

1. Chronic treatment with selective I2-IR ligands protects SAMP8 mice, a mouse model
of ageing/LOAD, and 5XFAD mice, a mouse model of EOAD, against cognitive
impairment.

2. Administration of selective I2-IR ligands ameliorates BPSD-like phenotypes address-
ing anxiety- and depressive-related symptoms and social deficits in aged SAMP8
and 5XFAD mice.

3. Treatment with selective I2-IR ligands exerts disease-modifying properties by at-
tenuating AD hallmarks. High affinity and selective I2-IR ligands suppress APP
amyloidogenic pathway and promote Aβ degradation in aged SAMP8 mice. In
5XFAD mice, low-dose I2-IR ligand treatment modifies Aβ pathology by decreasing
Aβ peptides levels and plaques in 5XFAD brains. Furthermore, selective I2-IR
ligands treatments show a robust effect on tau hyperphosphorylation accompanied
by alterations in major tau kinases levels (GSK3β, CDK5, ERK½).

4. Selective I2-IR ligands attenuate the neuroinflammatory process in SAMP8 and
5XFAD mice brains by decreasing astrogliosis, microgliosis and inflammatory
cytokines expression; NF-κB signalling appears to be involved in the I2-IR anti-
inflammatory effects observed after treatment in 5XFAD mice.

5. I2-IR ligand treatments deliver an overall beneficial effect against OS damage in AD
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mice hippocampus by re-establishing antioxidant defence enzymes and decreasing
ROS levels.

6. Treatment with a structurally novel I2-IR drug, B06, decreases CaN levels and alters
its major downstream components, including NFAT, CREB, BAD and GSK3β levels,
allowing to postulate that CaN signalling serves a critical role in I2-IR mediated
neuroprotection in SAMP8 mice.

7. The neuroprotective effect of I2-IR ligand treatments is further reflected by an
increase in synaptic plasticity markers (synaptophysin, PSD95) and/or decrease in
apoptotic mediators (calpain, caspase-3, Bcl-2, Bax) in SAMP8 and 5XFAD mice,
consistently with the cognitive and behavioural improvement of the mice.

8. I2-IR ligand, LSL60101, treatment exerts greater effects on AD hallmarks and synap-
tic plasticity markers than donepezil when administered at a low dose of 1 mg/kg/day.
Although combination low-dose treatment of I2-IR ligand with donepezil did not
show clear synergy in 5XFAD mice, discrete synergistic effects were observed at the
molecular level (tau hyperphosphorylation and synaptic plasticity) in 5XFAD mice.

9. I2-IR modulation by selective ligands could be a novel therapeutic strategy against
AD.
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A.1

Preliminary evaluation of the effect of I2 Imidazoline receptor
ligands in human APP Swedish mutated iPSC-derived astrocytes

from Alzheimer’s disease patients.

A.1.1 Background

The complexity of the I2-IR receptors make crucial the conduction of in vitro studies
for a deeper understanding of the intrinsic mechanisms that lead to the neuroprotection
described in vivo. At the same time both the fact that the I2-IR have been associated with
the astrocytes and that our published results in SAMP8 (Publications 1,2,3) and 5XFAD
mice (Publications 4,5) show a strong effect of the I2-treatment on GFAP and inflammatory
response strengthened our interest in the evaluation of I2-IR treatment effect on AD
astrocytes in vitro. To address this, we performed experiments in human induced pluripotent
stem cell (iPSC) derived astrocytes from patients with familial AD (Oksanen et al., 2018).
Models that are based on iPSC technology share important anatomical, physiological, and
genetic features with humans, thus contributing to advancing new treatments for CNS
diseases, such as AD (Oksanen et al., 2017; Penney et al., 2020). Furthermore, the I2-IR,
as already mentioned in terms of the present thesis are heterogeneous and differentially
expressed among different species. In this context, evaluating the effect of selective I2-
IR ligands (MCR5, B06) in iPSC-derived astrocytes from AD patients could not only
contribute to knowledge regarding their direct effect on astroglia, but also to extending our
previously reported results in AD mouse models, to human-based models.

A.1.2 Methods and Results

Astrocytic lines and astrocytic maturation

The experiments were performed based on previously described protocols (Oksanen et al.,
2017, 2018, 2020). Briefly, 5.5-month-old differentiated astrocytic spheres from different
human iPSC-lines (from individuals carrying APP Swedish mutation-AD astrocytes and
from healthy individuals- CTRL astrocytes) were thawed and maintained in Astrocyte
differentiation Medium (ADM) [(DMEM/F12, 1% N2, 1% Glutamax, 1% nonessential
amino acids, 0.5% P/S (50 IU/50 µg/ml) and 0.5 IU/ml heparin] supplemented with 10
ng/ml bFGF, and 10 ng/ml epidermal growth factor (EGF) for approximately 4 weeks.
When spheres completed between 200-220 days in vitro were dissociated with accutase
to single cells and plated on Matrigel coated 48-well plates (60.000 cells/well) or 96-
well plate (20.000/well) in ADM supplemented with 10ng/ml ciliary neurotrophic factor
(CNTF) and 10ng/ml bone morphogenetic protein 4 (BMP4). Cells were maintained for 7
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days in ADM supplemented with CNT and BMP4 (changed every 2 days) until mature
astrocytes were obtained and before any analysis.

I2-IR ligand treatment, chemical stimulation of the cells and cytokine bead array
The iPSC-astrocytes (AD and CTRL astrocytes) were matured on Matrigel-coated 48-
well plates and treated with 1uM and 10uM imidazoline ligands Idazoxan, MCR5, B06
at 1uM and 10uM or vehicle (DMSO) for 24 hr. After the 24 hr pre-treatment period, the
cells were stimulated for 24h with 50 ng/ml TNF-α and 10 ng/ml IL-1β for 24 hr in the
absence (inflammatory stimulated DMSO controls) or presence of the imidazoline drugs
(inflammatory stimulated treated astrocytes). Additional non-stimulated DMSO cells were
maintained in the regular culture medium. Medium was collected and centrifuged at 1000g
for 5 min to remove cell debris and 10µl of supernatant was used for analysis. Cytokine
concentrations (pg/uL) were analyzed by CBA Flex Sets. Human Soluble Protein flex sets
were used for detecting C-C Motif Chemokine Ligand 5 (CCL5)/RANTES, granulocyte-
macrophage colony-stimulating factor (GM-CSF), Interleukin-6 (IL-6), Interleukin-8
(IL-8) and monocyte chemoattractant protein-1 (MCP-1) according to manufacturer’s
instructions with minor modifications. Mean concentrations of each group were compared
with two way ANOVA followed by Tukey’s post hoc tests and presented as fold change
to inflammatory stimulated control astrocytes. Statistical analysis was conducted using
GraphPad Prism version 9.

Effect of I2-IR ligands on cytokine secretion upon inflammatory stimulation in AD
and healthy iPSC- derived astrocytes.

All I2-IR ligands showed to exert anti-inflammatory properties on human iPSC-derived
astrocytes upon inflammatory stimulation with Tnf-α and IL-1β. Idazoxan (10uM) treat-
ment was shown to reduce cytokine secretion in a genotype-independent manner which
is consistent with previously published in vivo and in vitro results (Feinstein et al., 1999;
Regunathan et al., 1999). In contrast, the selective compounds B06 and especially the
compound MCR5 showed a greater effect on AD stimulated astrocytes cytokines secretion
than in control, which together with their beneficial effect on APP processing in vivo
(Chapter 1, 3) suggest that their AD-specific anti-inflammatory effects may be associated
with Aβ pathology.
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Figure 1: Continued
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Figure 1: I2-IR ligand treatment (1uM, 10uM) shows anti-inflammatory effects. Cytokine secretion from
astrocytes upon inflammatory stimulation. (A) GM-CSF, (C) IL-8, (E) IL-6 (G) CCL5, (I) MCP-1 in AD
astrocytes, (B) GM-CSF, (D) IL-8, (F) IL-6 (H) CCL5, (J) MCP-1 in CTRL astrocytes. I2-IR ligands
treatment reduces cytokine secretion from cells of Control (CTRL) and/or AD astrocytes. Relative levels
are shown as fold change to inflammatory stimulated control astrocytes and presented as mean ± SEM
(n=2 (CTRL) and n=3 (AD) independent experiment performed in duplicates per each line). ****p<0.0001,
***p<0.001,*p<0.01, *p<0.05.
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A.2

Evaluation of MAO inhibitory activity and NMDA antagonistic
activity of selective I2-IR compounds MCR5 and MCR9

A.2.1 Background

As already stated in the present thesis, it has been proposed that I2-IR can be located
in the outer mitochondrial membrane and on allosteric sites on MAO A/B (Jones et al.,
2007; McDonald et al., 2010). Moreover, several I2-IR ligands have shown to inhibit
MAO suggesting this to be a possible mechanism of the observed functional effects
induced by I2-IR ligands (). Furthermore, several experimental data described that I2-IR
ligands exerted protective effects against glutamate-induced neurotoxicity interacting at
the NMDA receptor (Olmos et al., 1999) and that I2-IR compounds inhibit NMDA or
glutamate-induced calcium increases in vitro (Han et al., 2013). Based on this background
we tested the effect of the structurally new compounds MCR5 and MCR9 on MAO and
NMDA activity in vitro.

A.2.2 Background

MAO Inhibitory activity

Investigative compounds were evaluated for their in vitro human MAO A or MAO B
activity on separate experiments, using a commercial bioluminescence kit (MAO-GloTM
Assay, Promega). Inhibitory assays were performed according to the protocol provided
by the manufacturer, in a range from 0.01 to 300 µM for each compound using 96-well
black plates (Greiner). MAO-A and B were from a recombinant origin, expressed in
baculovirus-infected BTI insect cells (Sigma-Aldrich). As positive controls, we used
clorgyline for MAO-A (1 µM) or selegiline for MAO B (10 µM). The quantity of MAO A
or B was 1 µg per well, and the time of incubation was set to one hour at room temperature.
Readings were performed 1 hour later in a Synergy HT multimode reader (Biotek). All the
experiments were the mean of three different experiments performed in duplicate.

The in vitro assays did not show any inhibitory activity at recombinant human MAO-B
in a range from 10 nM to 300 µM. MCR5 and MCR9 only inhibited recombinant human
MAO-A at concentrations in the high micromolar range (IC50 > 200µM). Clorgiline (0.1
µM) and selegiline (10 µM) were used as selective positive controls. Both compounds
inhibited completely the activity of MAO-A and MAO-B respectively. These results should
be in accordance with other reports that postulated that I2-IR should not be associated with
MAO enzymes (Halaris & Piletz, 2001; Zhu & Piletz, 2003).
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Antagonist activity against NMDA receptors

The functional assay for antagonist activity against NMDA receptors was performed
using primary cultures of rat cerebellar granule neurons that were prepared according
to established protocols (Canudas et al., 2003). Briefly, cells were dissociated from the
cerebella of 7-8 day-old pups and grown on 24-well culture plates containing 10 mm poly-
L-lysine coated glass coverslips. Density was adjusted to 1×106 cells/ml. Cultures were
grown in basal medium with Eagle’s salts (BME, Gibco-Thermofisher) containing 10%
FCS, 2 mM L-glutamine, 0.1 mg/ml gentamicin and 25 mM KCl. Cytosine arabinoside (10
µM) was added 16-18h after plating to prevent excessive proliferation of astrocytes. Cells
were allowed to differentiate in a Sanyo CO2 cell incubator (37 °C, 5% CO2) and were
ready to be used for the experiments after 6–10 days in vitro. The day of the experiment
cells were loaded with 6 µM Fura-2 AM (Molecular Probes-Thermofisher) for 30 min
and the coverslip was mounted on a fluorimeter quartz cuvette containing a Mg-free
Locke–Hepes buffer (in mM: NaCl 154, KCl 5.6, NaHCO3 3.6, CaCl2 1.3, D-glucose 5.6,
HEPES 10 and 0.1% BSA, pH=7.35) using a special holder (coverslip accessory L2250008,
PerkinElmer). Measurements were made at 37°C under continuous mild stirring in an
LS55 PerkinElmer fluorescence spectrometer, equipped with a fast-filter accessory for
Fura-2 fluorescence ratio measurements. Emission data (510 nm) were collected with
alternate excitation at 340 and 380 nm, and the ratio F340/F380 was calculated in real time,
using proprietary software (FL WinLab 2.0). After stimulation with NMDA (100 µM, in
the presence of 10 µM glycine), increasing cumulative concentrations of the compound to
be tested were added (range 0.1-300 µM). The percentages of inhibition at every tested
concentration were calculated and fitted using a non-linear regression curve (variable slope)
by using the software GraphPad Prism 5.0. All experiments were performed at least three
times using different batches of cultures.

MCR5 and MCR9 had little effect on NMDA-mediated calcium increases in cerebellar
granule cells (approximately 35% inhibition at 300 µM for MCR5, no effect for MCR9).
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ABSTRACT: Imidazoline I2 receptors (I2-IR), widely distributed in the CNS
and altered in patients that suffer from neurodegenerative disorders, are orphans
from a structural point of view, and new I2-IR ligands are urgently required for
improving their pharmacological characterization. We report the synthesis and
three-dimensional quantitative structure−activity relationship (3D-QSAR)
studies of a new family of bicyclic α-iminophosphonates endowed with relevant
affinities for human brain I2-IR. Acute treatment in mice with a selected
compound significantly decreased Fas-associated protein with death domain
(FADD) in the hippocampus, a key signaling mediator of neuroprotective
actions. Additionally, in vivo studies in the familial Alzheimer’s disease 5xFAD
murine model revealed beneficial effects in behavior and cognition. These results are supported by changes in molecular pathways
related to cognitive decline and Alzheimer’s disease. Therefore, bicyclic α-iminophosphonates are tools that may open new
therapeutic avenues for I2-IR, particularly for unmet neurodegenerative conditions.

■ INTRODUCTION

The imidazoline receptors (IRs) (nonadrenergic receptors for
imidazolines)1 have attracted the attention of the scientific
community during decades building a body of knowledge that
place them as relevant biological targets.2,3 IRs are classified in
I1-, I2-, and I3-types depending on the specific radiolabeled
ligands that recognize their binding sites. These receptors are
situated in different locations and are involved in different
physiological functions.4 I1-, I2-, and I3-IRs have been
unequally studied. Pharmacologically, I1-IRs are well charac-
terized and understood, leading to the clinically approved
antihypertensive drugs moxonodine5 and rilmenidine.6 The
most unknown are I3-IRs, identified in pancreatic β-cells and
involved in insulin secretion.7 Regarding I2-IRs, although
structurally undescribed, a considerable understanding has
been achieved on these heterogeneous receptors by using well-
characterized I2-IR ligands.8 I2-IRs are widely distributed in the
brain and, at the molecular level, are located in the outer
membrane of mitochondria. Selective I2-IR ligands have
proven that I2-IRs are involved in analgesia,9 inflammation,10

and a plethora of human brain disorders.11 Dysregulation of
the levels of I2-IRs is a hallmark in illnesses such as glial
tumors,12,13 Huntington’s disease,14 Parkinson’s disease,15 and
depression,16,17 among others. In particular, I2-IRs are reported
to be increased in the brains of patients that suffered from

Alzheimer’s disease (AD).18,19 Recently, two I2-IR ligands,
CR4056 (1) and [13C]BU99008 (2), have been progressed to
clinical trials. CR4056 (1),20,21 described as the first-in-class I2-
IR ligand embodying analgesic properties, is in clinical phase II
studies for osteoarthritis and postoperative dental pain, and
[13C]BU99008 (2)22,23 is in early clinical phase I for PET
diagnosis for patients that suffer from AD.
The implication of I2-IRs in many physiological and

pathological processes emphasizes their pharmacological
relevance, and the deserve in-depth studies. Since the structural
data for I2-IRs remains unknown, the discovery of better and
more selective I2-IR ligands is crucial to build a comprehensive
understanding of the pharmacological implications of I2-IR.
Although there are a few exceptions, LSL60101 (3) and

most notably the clinical candidate CR4056 (1), the vast
majority of known I2-IR ligands (idazoxan, 4; tracizoline, 5,
and 2-BFI, 6) are 2-substituted 2-imidazolines without further
decoration in the 1-, 4-, and 5-positions (Figure 1).24
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In order to explore new imidazoline-based I2-IR ligands
moving out of the comfort zone offered by the rather
structurally homogeneous I2-IR ligands reported so far (Figure
1), we have recently disclosed a family of (2-imidazolin-4-
yl)phosphonates.25,26 The putative therapeutic relevance of a
member of this new family of I2-IR ligands, MCR5 (7), was
validated in a murine model of neurodegeneration, the
senescence accelerated mouse-prone 8 (SAMP8).27 An
improvement in the cognitive decline and related biomarkers
was found when MCR5 (7) was orally administered to the
animals. This study was the first in vivo evidence that
reinforced I2-IRs as a promising target for the treatment of
cognitive impairment associated with multiple neurodegener-
ative diseases.27

Separately, we had reported that the diastereoselective [3 +
2] cycloaddition of diethyl isocyanomethylphosphonate with
10 diversely substituted maleimides in acetonitrile under
AgOAc catalysis furnished a series of bicycles of general
structure Ia (Scheme 1a).28 The presence within this series of
compounds of an α-iminophosphonate unit, also featured in
the above-mentioned (2-imidazolin-4-yl)phosphonates,
prompted us to evaluate whether these bicyclo derivatives
would also behave as I2-IR ligands. We indeed found that two
of these 10 already reported compounds, 8a and 8c (Scheme
1b), displayed an affinity for the I2-IRs similar to that of
idazoxan, 4 (see below). These promising results encouraged
us to resume our research with this family of bicyclic α-

iminophosphonates with the twofold aim of further exploring
the scope of the aforementioned [3 + 2] cycloaddition reaction
and of establishing their structure−activity relationships
(SARs) as I2-IR ligands.
Herein, we explore the synthetic scope of the [3 + 2]

cycloaddition reaction of α-substituted PhosMic derivatives
and diversely substituted maleimides. Particular attention was
given to derivatives including a phenyl substituent in the α-
position of the phosphonate leading to general structures 9
depicted as Ib in the Scheme 1a, in order to resemble the
structure of MCR5, 7 (Scheme 1c). We also assessed the
pharmacological profile and selectivity of a wide range of
bicyclic α-iminophosphonates through competition binding
studies against the selective I2-IR radioligand [3H]2-[(2-
benzofuranyl)-2-imidazoline] ([3H]2-BFI).29 Selectivity versus
two related targets, the I1-IR and the α2-adrenergic receptor
(α2-AR), was evaluated through competition studies using the
selective radioligands [3H]clonidine and [3H]RX821002 (2-
methoxyidazoxan), respectively. Complementarily, we per-
formed 3D-QSAR studies. Compound 9d (named also B06),
endowed with outstanding I2-IR affinity and excellent
selectivity index regarding I1-IR and α2-AR, was selected for
further studies. We first compared the affinity for the human I2-
IR of 9d with those of the standards shown in Figure 1.
Additionally, the affinity for I2-IR from different species was
considered for idazoxan (4) and 9d. Next, we performed
preliminary drug metabolism and pharmacokinetics (DMPK)
studies for 9d, including chemical stability, parallel artificial
membrane permeability assay (PAMPA)−blood−brain barrier
(BBB) permeability assay, solubility, cytotoxicity, microsomal
stability, cytochromes inhibition, and safety. Finally, we
characterized its in vivo neuroprotective effects in the 5xFAD
murine model of AD.

■ RESULTS AND DISCUSSION

Chemistry. Synthesis and Structural Characterization.
Considering the previously described compounds 8a and 8c as
promising starting points for designing potent I2-IR ligands, we
resolved to prepare bicyclic compounds functionally close to
MCR5 (7) by including an α-phenyliminophosphonate moiety
in their structure. To this end, we decided to increase the

Figure 1. Representative I2-IR ligands.

Scheme 1. (a) General Structure of Bicyclic α-Iminophosphonates Ia (Previously Reported) and Ib (Reported Herein),a (b)
Chemical Structures of 8a and 8c, and (c) Chemical Structure of MCR5 (7)

aReagents and conditions: N-substituted maleimide derivative (1.5 mmol), PhosMic (1 mmol), AgOAc (0.06 mmol), acetonitrile, room
temperature, overnight.
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scope of the original [3 + 2] cycloaddition by using diversely
α-substituted PhosMic derivatives (Figure 2).

The preparation of the α-substituted PhosMic derivatives
was performed adapting previously described procedures (for
references and experimental procedures, see Supporting
Information). Briefly, the four phenylisocyanomethylphospho-
nates 10a, 10b, 10c, and 11 were prepared by conversion of
the required (α-aminophenyl)phosphonate derivative to the
corresponding formamide followed by dehydration with
phosphorus oxychloride. While diethyl (α-aminophenyl)-
phosphonate is a commercially available compound, the
other three precursors were synthesized according to published
procedures. A different approach was followed for the α-
benzylisocyano derivatives 10d and 10e. Alkylation of
commercially available PhosMic with either benzylbromide
or 4-fluorobenzylbromide, using potassium tert-butoxide
furnished diethyl benzylisocyanomethylphosphonate 10d and
diethyl 4-fluorobenzylisocyanomethylphosphonate 10e, respec-
tively.
The maleimides used in the cycloaddition reaction were

commercially available or were prepared following previously
described procedures.
Gratifyingly, although the targeted compounds feature

increased steric hindrance in the α-phosphonate position, our
previously optimized set of conditions for the [3 + 2]
cycloaddition reaction of maleimides with PhosMic also
worked for the current set of α-substituted PhosMic
derivatives.28 In this way, 36 new bicycloderivatives (Schemes
2 and 3) having a quaternary stereocenter, were synthesized in
medium to high yields (Experimental Section). The products
were purified by column chromatography, and when they were
solids, analytical samples were obtained by recrystallization.
For the sake of clarity in the section I2-IR Binding Activity and
Structure−Activity Relationships, the new α-substituted bi-

cycles, depicted in Schemes 2 and 3, were ordered and
numbered attending to the SAR discussion.
Analogously to our previous work,28 all the [3 + 2]

cycloaddition reactions occurred in a diastereoselective
manner, and only one of the two possible diastereoisomers
was formed. The relative configuration of the three stereo-
centers in the new compounds was unambiguously confirmed
by X-ray crystallographic analysis for five examples, and the
stereochemistry of the other compounds was assigned by
comparison of their 1H and 13C NMR spectra (Tables S12 and
S13).
As previously noted, the [3 + 2] cycloaddition reaction

between α-substituted PhosMic derivatives and diversely
substituted maleimides was completely diastereoselective,
only one of the two possible diastereoisomers was observed.
Iminophosphonates 9b, 9c, 9d, 9v, and 9ab were recrystallized
as monocrystals from ethyl acetate. Their relative configuration
was unambiguously confirmed by X-ray crystallographic
analysis, indicating a trans relationship between the hydrogen
atoms on the bridged positions and the substituent at the α
phosphonate carbon atom (Figure 3).
Finally, the origin of the diastereoselective [3 + 2]

cycloaddition was investigated by quantum mechanical
(QM) calculations that were performed for the addition of
N-methylmaleimide to α-phenylPhosMic (in this latter case,
the ethyl groups were replaced by methyl in order to reduce
the cost of QM computations). In addition, a silver cation
bound to acetonitrile was introduced to account for the
catalytic effect on the chemical reaction. Reactants, transition
states, and products for the cis and trans [3 + 2] cycloadditions
were determined from geometry optimizations at the B3LYP/
6-31+G(d) (LANL2DZ for silver) level, and the nature of the

Figure 2. α-Substituted PhosMic derivatives used in this work.

Scheme 2. General Procedure for the Synthesis of Bicyclic
α-Iminophosphonatesa

aCompounds prepared in previous work (R = H)28 and compounds
prepared in this work (R = Ph, 4FPh, 4-MeOPh, PhCH2, 4FPhCH2).
Reagents and conditions: (a) N-substituted maleimide derivative (1.5
mmol), α-substituted PhosMic (10a, 10b, 10c, 10d, 10e, 1 mmol),
AgOAc (0.06 mmol), acetonitrile, room temperature, overnight.

Scheme 3. Second Round of Compounds Synthesized,
Featuring Modified N-Maleimide Substituents Inspired by
Compounds 9a and 9b, R′ = Alkyl, and 9c and 9d, R′ =
Aryla

aReagents and conditions: (a) N-alkyl- or N-aryl-substituted
maleimide derivative (1.5 mmol), α-PhenylPhosMic (10a, 1 mmol),
AgOAc (0.06 mmol), acetonitrile, room temperature, overnight.
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stationary points was verified from the analysis of the
vibrational frequencies. The geometries of the transition states
point out that the cycloaddition occurs via an asynchronous
concerted process as the length of the bond that is formed by
carbon atom 3a is shorter than the bond formed by carbon
atom 6a by 0.51 and 0.23 Å in the cis and trans addition,
respectively (Figure 4). Moreover, a significant deviation from

linearity is observed in the isocyano group, as the C−N−C
angle is close to 144° in the two transition states. The results
also point out that the transition state leading to the trans
addition was more stable by 2.3 kcal mol−1 relative to the cis
cycloaddition (Table S1), presumably due to the destabilizing
electrostatic interactions between the oxygen atoms of the
phosphonate and maleimide moieties. The preferred stability

of the trans transition state was further checked by geometry
optimizations performed for the cis and trans cycloadditions
with the MN15L density functional, leading to a free energy
difference of 1.2 kcal mol−1 favoring the trans cycloaddition.
The contribution due to the solvation effects in acetonitrile
was determined by means of continuum solvation calculations
(see Experimental Section). The results (Table S1) reveal that
solvation leads to a slight destabilization of the transition state
relative to the reactants. Nevertheless, this effect cancels out
for the cis and trans addition, which can be understood from
the similar structural features of the two transition states.
Overall, these results justify the preferential formation of the
diastereoselective compound originating from the trans
cycloaddition (Figure 4).

I2-IR Binding Activity and Structure−Activity Rela-
tionships. The pharmacological activity of the compounds
depicted in Schemes 2 and 3 was evaluated through
competition binding studies against the selective I2-IR
radioligand [3H]2-BFI and the selective α2-AR radioligand
[3H]RX821002. The studies were performed in membranes
from post-mortem human frontal cortex, a brain area that
shows an important density of I2-IR and α2-AR.

30 Idazoxan
(4), a compound with well-established affinity for I2-IR (pKi =
7.27 ± 0.07) and α2-AR (pKi = 7.51 ± 0.07), was used as
reference. The inhibition constant (Ki) for each compound was
obtained and is expressed as the corresponding pKi (Table 1).
The selectivity for these two receptors was expressed by the I2-
IR/α2-AR index, calculated as the antilogarithm of the ratio
between pKi value for I2-IR and pKi value for α2-AR (Table 1).
Competition experiments against [3H]2-BFI were monophasic
for most of the compounds (for a few exceptions, see below).
Among the set of 10 bicycles of general structure Ia

(Scheme 1a) already reported,28 five representative com-
pounds, 8a, 8b, 8c, 8d, and 8e, were selected for evaluation as
potential I2-IR ligands considering the substitution in the N-
maleimide by an alkyl (8a), cycloalkyl (8b), unsubstituted
phenyl (8c), electron withdrawing-disubstituted phenyl (8d),
and electron donating-substituted phenyl (8e) groups.
Pleasantly, 8a and 8c displayed pKi I2 affinity of 6.79 and

7.73, respectively, in the range of that of idazoxan (4) (7.41).
However, no promising results were found for 8b, 8d, and 8e
(Table 1). As a first structural approximation, we turned our

Figure 3. X-ray structures of 9b, 9c, 9d, 9v, and 9ab.

Figure 4. Representation of the transition states for the cis and trans
[3 + 2] cycloaddition between N-methylmaleimide and α-phenyl-
PhosMic (ethyl groups substituted by methyl) located from B3LYP
calculations (C···C distances in Å; C−N−C angle in deg).
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attention to compounds bearing a quaternary center in the α-
position by including a phenyl group. In this manner, the new
compounds would resemble the α-phenyliminophosphonate
moiety of MCR5, 7 (in pink color in Scheme 1a,c). In order to
maintain the homology with the first series of evaluated
compounds (Scheme 2, R = H), analogous maleimide
derivatives were considered to give access to compounds 9a,
9b, 9c, 9d, and 9e (Scheme 2, R = phenyl). Indeed, this change
was highly positive for the whole series, increasing the pKi I2
affinity for all the phenyl-substituted derivatives compared to
their unsubstituted congeners, with the added benefit, in three
cases (9a, 9d, and 9e), of an enhanced I2-IR/α2-AR selectivity
ratio up to 195. A remarkable benefit in the I2-IR affinity, pKi I2
9.74 (Ki = 0.18 nM), was observed in N-cyclohexyl derived 9b,
4-fold improvement compared with analogous 8b, with an I2-
IR/α2-AR selectivity of 5. The rise in the affinity was also
conserved in compounds bearing an N-arylimide substitution.
In particular, the presence of an N-phenyl group 9c led to an
outstanding activity binding pKi I2 10.28 (Ki = 52.48 pM) but
not I2-IR/α2-AR selectivity. Gratifyingly, introduction of
halogen atoms (3-chloro-4-fluoro) in the N-phenyl ring of 9c
giving congener 9d kept a nice affinity, with a pKi I2 8.56. Of
note, 9d fitted significantly better to a two-site binding model,
with a high pKi I2 8.61 (KiH = 2.45 nM) and a low pKi I2 4.29
(KiL = 51.2 μM), with the high-affinity site representing a
calculated 37% of the specific binding of [3H]2-BFI at 2 nM
concentration.
The enhancement, in terms of both affinity and selectivity,

observed when moving from the α-unsubstituted to the α-
substituted phosphonates prompted us to briefly consider

additional variations. The introduction in the α-phosphonate
position of p-fluorophenyl (12c) or p-methoxyphenyl (13c),
benzyl (14c), and p-fluorobenzyl (15c) groups was highly
deleterious for the affinity (pKi I2 = 6.59 for 14c and pKi I2 < 3
up to 5.35 for 12c, 13c, and 15c, respectively). However, for
the p-substituted phenyl derivatives, the further introduction of
halogen atoms (3-chloro-4-fluoro) in the N-phenyl ring
(compounds 12d and 13d) nicely restored the affinity (pKi
I2 7.55 for 12d and pKi I2 7.87 for 13d). Additionally, due to
the lack of binding of 12d and 13d to α2-AR, their I2-IR/α2-AR
selectivity was outstanding, 14791 and 74131, respectively.
Taking into account the aforementioned results for a second

round of compounds, the general structure depicted in Scheme
3 was conserved, featuring the unsubstituted phenyl group in
the α-position of the phosphonate and modifying the
substituents in the maleimide. New compounds were classified
in two groups taking into consideration whether an alkyl or an
aryl substituent was introduced in the N-maleimide.
Inspired by 9a and 9b, compounds bearing alkyl substituents

with different lengths, 9f and 9g, ramified alkyl, 9h, and
polycycloalkane, 9i, were prepared. From 9a, the elongation of
the N-alkyl chain, from methyl to ethyl, led to 9f, with an
increase in the affinity to pKi I2 = 8.37 (Ki = 4.3 nM) and in the
I2-IR/α2-AR selectivity to 331, while the n-propyl derivative,
9g, demonstrated much lower affinity, pKi I2 = 4.02. For 9f, the
best fit was a two-site model of binding with a high pKi I2 =
8.95 and a low pKi I2 = 5.86; high affinity site occupancy is
62%. Further increase of the size of the N-alkyl substituent to a
tert-butyl, 9h, or an adamantylmethyl, 9i, did not improve the
affinity. Taking together the affinity values for 9a, 9b, 9f, 9g, 9h

Table 1. I2-IR and α2-AR Binding Affinities (pKi) of Five Previously Reported Compounds 828 and New Compounds

aSelectivity I2-IR/α2-AR expressed as the antilog (pKi I2-IR − pKi α2-AR).
bThe best fit of the data for 9d, 9f, 9m, and 9r was to a two-site binding

model of binding with high pKi (pKiH) and low pKi (pKiL) affinities for both binding sites, respectively.
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and 9i, it seems that small and large substituents are
compatible with good affinity values but that conformational
freedom, as in 9g, is deleterious.
Compounds 9j, 9k, 9l, and 9m, with N-benzyl, N-phenethyl,

N-4-fluorophenethyl, and N-phenylpropyl substituents, respec-
tively, were accessed to increase the examples in the SAR
study. However, their affinities revealed a remarkable decrease
in the biological properties, leading to pKi I2 = 5.26, 6.35, <3,
and 3.84 values, respectively.
Taking into account that 9c displayed an outstanding affinity

for I2-IR but lacked selectivity over α2-AR, further R′ = aryl
derivatives were explored. As we knew that 9d (pKi I2 = 8.56,
I2-IR/α2-AR = 195) was endowed with excellent affinity and
remarkable selectivity, we mainly focused on electron with-
drawing groups (9n, 9o, 9p, 9q, 9r, 9s, 9t, 9u, 9v, 9w, 9x, and
9y), although a few electron donating substituents were briefly
examined (9z, 9aa, and 9ab). Overall, neither these new
phenyl derivatives nor the N-naphthyl derivative 9ac out-
performed the excellent affinity of 9c (Table 1), although 9z
(pKi I2 = 7.90) had an improved I2-IR/α2-AR ratio of 602.
Finally, 9ad with an N-(2-chloro-3-pyridyl) substituent gave a
pKi I2 = 7.96, in the range of standard idazoxan (4), but it
offered as an outstanding advantage a null affinity for α2-AR,
leading to an I2-IR/α2-AR selectivity of 91201.
Selectivity for I2-IR versus I1-IR. After evaluating the

affinity of the indicated compounds for α2-AR, we assessed the
affinity of some representative compounds for I1-IR. To this
end, I1-IR binding site assays were conducted in membranes
obtained from the rat kidney using moxonidine, a known I1-IR
selective compound, as reference. The results are summarized
in Table 2, and only 8e deserves a mention with a pKi I1 8.09.

Gratifyingly, the values for the rest of the assessed compounds
led to the conclusion that there was not a significant
interaction with I1-IR, highlighting the I2-IR selective behavior
of this family of ligands.
Overall, considering its excellent I2-IR affinity (Ki = 2.8 nM)

and the remarkable selectivity versus α2-AR (Ki = 53 μM) and
I1-IR (Ki = 912 μM), we identified 9d as the most promising
compound for performing further studies.
Comparison of I2-IR Human Receptor Binding

Affinities (pKi) of 9d and Other Ligands and across

Species. A problem typically encountered when working with
I2-IR ligands is that the binding experiments reported in the
bibliography have been performed in a variety of non-human
species and using tissues from different anatomical parts (e.g.,
kidney, whole brain, cortex). Another factor of potential
discrepancies is that different radioligands have been used.
Overall, this makes difficult the comparison among studies. For
this reason and in order to better place 9d as a new I2-IR
ligand, unprecedented experiments of displacement of [3H]2-
BFI31 in samples from post-mortem human brains were
performed with clinical candidates [13C]BU99008 (2)32 and
CR4056 (1)33 and the widely used I2-IR ligands tracizoline
(5), LSL60101 (3), and 2-BFI (6) (Table 3).
As previously observed with 9d, the affinity data found for

BU99008 (2) and CR4056 (1) fit best to a two-site model of
binding. In particular, BU99008 (2) showed a pKiH I2 = 6.89
(KiH = 128 nM) and pKiL I2 = 3.82 (KiL = 151 μM), and a
good I2-IR/α2-AR selectivity ratio of 331. CR4056 (1) showed
a pKiH I2 = 7.72 (KiH = 19.0 nM) and pKiL I2 = 5.45 (KiL = 3.5
μM) with an excellent I2-IR/α2-AR selectivity of 117490. The
percentage of occupancy for the high affinity site was different
for BU99008 (2) (51%) compared with CR4056 (1) (29%).
Other well-established I2-IR ligands, tracizoline (5), LSL60101
(3), and 2-BFI (6) also resulted in clearly biphasic curves.
Tracizoline (5) displayed a pKiH I2 = 8.48 (KiH = 3.3 nM) and
pKiL I2 = 6.48 with an excellent I2-IR/α2-AR selectivity of
14125. 2-BFI (6) had a pKiH I2 = 9.87 (KiH = 0.13 nM) and
pKiL I2 = 7.94, with a good I2-IR/α2-AR selectivity of 1698, and
LSL60101 (3) a pKiH I2 = 9.03 (KiH = 0.9 nM) and pKiL I2 =
5.25 (KiL = 5.6 μM), with a good I2-IR/α2-AR selectivity of
7244. The high-affinity site represented 38%, 21%, and 49%
occupancy for tracizoline (5), 2-BFI (6), and LSL60101 (3),
respectively (Table 3). Previous studies have reported [3H]2-
BFI identifying two binding sites in rabbit,34 rat,35,36 and
human brain.31 It remains unclear whether these two sites
observed represent distinct receptors or interconvertible
conformational states of the I2-IR. For tracizoline (5), a single
binding site of pKi I2 = 8.72, similar to the affinity described for
human tissues, was described in the rabbit kidney mem-
branes.37 In the rat cerebral cortex, LSL60101 (3) shows lower
affinity than in human tissues, with a KiH = 350 nM and KiL =
116 μM.38

Therefore, compounds BU99008 (2), tracizoline (5), and 2-
BFI (6), which have a nonsubstituted 2-(imidazolin-2-yl)
group, CR4056 (1) and LSL60101 (3), which feature an
imidazole ring, and the structurally dissimilar 9d have similar
affinity profiles to I2-IR in human brain.
Of note, the ability of BU99008 (2) to displace [3H]2-BFI

from I2-IR in rat brain was fit to a two-site model of binding,
with a KiH = 1.4 ± 0.6 nM and KiL = 238.6 ± 63.3 nM and with
a percentage fraction of high occupancy of 58% ± 7%. That is,
an enhanced affinity by 100 times in rat brain compared with
human brain, the % of occupancy being similar in the high site.
Regarding selectivity, a good I2-IR/α2-AR ratio of 909 was
reported in rat, 4.5 times higher than that found in human. Of
note, the opposite trend was found for CR4056 (1): the
inhibition recorded in rat whole-brain for [3H]2-BFI binding
was IC50 of 596 ± 76 nM, with an improved affinity of 19 nM
shown in human brain.39 Therefore, significant differences
between species occur within the two I2-IR ligands in clinical
trials, BU99008 (2) and CR4056 (1).
In an attempt to incorporate additional data regarding the

differences in I2-IR binding affinities between species, idazoxan

Table 2. I1-IR Potencies (pIC50) of Representative
Compounds

compound pIC50, [
3H]-clonidine

moxonidine 8.45 ± 0.85
8a 5.13 ± 0.44
8b 5.14 ± 0.54
8c 5.47 ± 0.31
8d <3
8e 8.09 ± 0.34
9a 6.19 ± 0.27
9b 7.54 ± 0.79
9c 6.74 ± 0.74
9d 3.04 ± 0.45
9e 3.22 ± 0.67
14c 5.12 ± 0.85
9j 5.87 ± 0.19
9k 7.98 ± 0.31
9x 5.26 ± 0.43
9z 7.19 ± 0.33
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(4) and 9d were investigated (Table 4). In our hands, idazoxan
(4) gave similar results in human frontal cortex, pKi 7.74, as
compared to rat brain cortex, pKi 7.17, and had considerably
less affinity in mouse brain cortical membranes, pKi 5.68.
Importantly, differences for 9d were found not only among
species but also in its binding characteristics. As previously
mentioned, the binding to I2-IR in human frontal cortex
displayed a biphasic curve, whereas a monophasic one was
observed in rat and mouse brain cortex with affinity values of
pKi 6.92 and 6.41, respectively.
Finally, in order to verify if the high affinity site observed for

9d in competition experiments against [3H]2-BFI corre-
sponded to the I2-IR, we performed additional experiments
in the presence of MCR5 (7), a high-affinity I2-IR selective
compound previously reported by our group.25 Interestingly, in
the presence of MCR5 (7) (10−5 M), the 9d competition
curve against [3H]2-BFI became monophasic (pKi = 6.96 ±
0.46), and the high-affinity site recognized by 9d was
completely blocked. These results confirm that the high
affinity site bound by 9d is the I2-IR.
3D-QSAR Study. 3D-QSAR studies were performed to

rationalize the differences in activity and gain insights for
improved bicyclic α-iminophosphonate-based I2-IR ligands.
3D-QSAR models were created using Pentacle program,40

which calculates GRIND descriptors (GRIND and GRIND2)
from molecular interaction fields, and were evaluated by
internal and external validation parameters (Tables S2 and S3).
The data set included structurally diverse bicyclic α-
iminophosphonates (Schemes 2 and 3) with a wide range of
binding activity on I2-IR (pKi I2 = 3.11−10.28) and α2-AR (pKi
α2 = 3.38−10.27) ensuring the good quality and applicability
of the 3D-QSAR models. Additionally, we added four I2-IR
standard ligands (tracizoline, 5; idazoxan, 4; BU99008, 2;
LSL60101, 3) in both data sets to compare and validate our
results. Created 3D-QSAR models were used to analyze
statistically significant variables that describe distance between
chemical groups in the examined compounds. These variables
are presented as interactions between two same (e.g., DRY−
DRY) or different (e.g., DRY−TIP) MIF probes in PLS
coefficient plots (Figures S1 and S2).
Describing the most significant GRIND variables with

positive and negative influence on I2-IR and α2-AR binding
activity gave us the deeper insight into crucial interactions for
enhancing activity and selectivity on I2-IR against α2-AR. Based
on comprehensive 3D-QSAR analysis presented in Supporting

Information, we can conclude that the presence of two steric
hot spots (var183, TIP−TIP), such as halogen atoms (3-
chloro-4-fluoro) in the N-phenyl ring at the distance range
6.00−6.40 Å, may be crucial for enhancing I2-IR binding
activity and selectivity. The highest values are calculated for
compounds 13d and 12d, which possess high selectivity
toward I2-IR (Figure 5B). Likewise, var19 (DRY−DRY, 7.60−
8.00 Å) implies that introduction of hydrophobic regions such
as phenyl ring in the N-maleimide group may be crucial for
establishing favorable van der Waals interactions with aromatic
amino acids of the active pocket of I2-IR (Figure 5A,B).
Comparing to compounds that possess N-alkyl substituents
instead of N-phenyl, such as 8a or 9a, we can conclude that
introduction of this aromatic ring positively correlates with I2-
IR binding activity. Contrarily, the α2-AR model pointed out a
negative DRY−DRY variable (var25, 10.00−10.40 Å), which
suggests that introduction of a phenyl substituent in the α-
phosphonate position negatively correlates with α2-AR activity.
This is in agreement with experimental findings, which show
that α-substituted ligands possess higher affinity and selectivity
toward I2-IR (8a, 8c, 8d, and 8e). Additionally, analysis of
negative variables var200 (TIP−TIP, 12.80−13.20 Å), var314
(DRY−N1, 13.60−14.00 Å), and var377 (DRY−TIP, 16.40−
16.80 Å) emphasizes that introduction of bulkier substituents
in the N-maleimide group unfavorably affects the fit in the
binding site of I2-IR and may decrease the potency of I2 ligands
(Figure 6A,B). The highest values of these variables are
pronounced in compounds 9z, 9m, 9k, 9j, 9ab, and 9ac.

In Silico Analysis of Physicochemical and Pharmaco-
kinetic Parameters. In silico analysis of key parameters is one
of the most important steps in drug discovery processes.41

Thus, ADMET Predictor software 9.5,42 and SwissADME web
tool43 were used to foresee ADMET and physicochemical
properties on the most potent bicyclic α-iminophosphonate I2-
IR ligands (pKi > 7) and four standards. The obtained results
are presented in the Supporting Information (Tables S4 and
S5) including solubility and lipophilicity, BBB-penetration,
elimination rate, and interactions with targets. Note that
introduction of aromatic rings increases log P values and
affinity for albumin, while it decreases the water solubility (9d,
9z, 12d, and 13d). Based on results obtained from different
computational methods, we can conclude that all examined
compounds possess good water solubility and lipophilicity.
Furthermore, calculated values of topological polar surface area
(TPSA) descriptor revealed acceptable polarity of all

Table 3. I2-IR and α2-AR Binding Affinities (pKi) of BU99008 2, CR4056 1, Tracizoline 5, LSL60101 3, and 9d in Post-mortem
Human Brain Cortical Membranes

[3H]-2-BFI I2 pKi, two sites

compound high-affinity low-affinity high-affinity site (%) [3H]-RX821002 α2 pKi selectivity I2-IR/α2-AR for [3H]-2-BFI (high-affinity site)

BU99008, 2 6.89 ± 0.21 3.82 ± 0.30 51 ± 6 4.37 ± 0.17 331
CR4056, 1 7.72 ± 0.31 5.45 ± 0.15 29 ± 6 2.65 ± 1.24 117490
tracizoline, 5 8.48 ± 0.51 6.48 ± 0.32 38 ± 13 4.33 ± 0.22 14125
2-BFI, 6 9.87 ± 0.33 7.94 ± 0.11 21 ± 5 6.64 ± 0.38 1698
LSL60101, 3 9.03 ± 0.21 5.25 ± 0.24 49 ± 4 5.17 ± 1.32 7244
9d 8.61 ± 0.28 4.29 ± 0.20 37 ± 4 6.27 ± 0.56 219

Table 4. I2-IR Binding Affinities (pKi) of Idazoxan 4 and 9d in the Brain Cortex of Different Species

human rat mice

idazoxan, 4 7.74 ± 0.10 7.17 ± 0.11 5.68 ± 0.31
9d 8.61 ± 0.28 4.29 ± 0.20 6.92 ± 0.35 6.41 ± 0.39
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molecules. The Lipinski’s Rule of 5 was used to describe drug-
likeness properties of compounds based on physicochemical
analysis (M log P ≤ 4.15; MW ≤ 500; N or O ≤ 10; OH or
NH ≤ 5). Because of the slightly higher molecular weight, 9z
and 13d violated only one rule. Analysis of pharmacokinetic
parameters shows that all compounds possess high BBB
permeation. Compared to standards, bicyclic α-iminophosph-
onates have lower percentage of unbound drug in plasma. Also,
they are estimated to have lower metabolic CYP risk compared
to idazoxan. Only three compounds, 9z, 12d, and 13d were
identified as P-gp inhibitors. Performed calculations also show
that bicyclic α-iminophosphonates possess lower toxicity risk,
while compound 13d had no predicted toxicity.
The theoretical effort paved the way to continue with crucial

in vitro experiments (drug-like) due to the lack of warnings that
had stopped the progress of this family of α-iminophospho-
nates as I2-IR ligands.
BBB Permeation Assay. Considering the localization of I2-

IR in the CNS, a good ability to cross the BBB is an essential
requirement for developing effective I2-IR ligands with
potential therapeutic applications in the neuroprotective field.
For this reason, the in vitro permeability (Pe) of all the novel
compounds was determined by using the PAMPA−BBB
permeability assay (Table S6). In particular, our representative
compound 9d had a Pe value of (9.7 ± 0.7) × 10−6 cm s−1, well
above the threshold established for high BBB permeation (Pe >

5.198 × 10−6 cm s−1). Thus, compounds were considered
suitable to envisage further in vitro and in vivo studies oriented
to in-depth pharmacological profiling of the new family of I2-IR
ligands.

Cytotoxicity. All the synthesized compounds were devoid
of cytotoxicity in human embryonic lung fibroblast cell cultures
(highest concentration tested, 100 μM). Further evaluation of
eight selected compounds, including the outstanding I2-IR
ligands 9d, 9b, and 9c and representative compounds 8d, 9e,
8b, 9x, and 9j was performed in different mammalian cell lines,
such as HeLa (human cervix carcinoma), Vero (African green
monkey kidney), MDCK (Mandin-Darby canine kidney), and
MT4 (human T-lymphocyte). Serial compound dilutions were
added to semiconfluent cell cultures, and after 3−5 days
incubation at 37 °C, cytotoxicity was estimated by microscopic
inspection of cell morphology and by colorimetric cell viability
assays. None of the compounds produced any cytotoxicity at
100 μM, the highest concentration tested. Additionally, the
cytotoxicity of 9d was tested in MRC-5 (human embryonic
lung fibroblast) cells (CC50 > 100 μM).

ADME−DMPK Profiling of 9d. In order to further
progress 9d to in vivo assays with the confidence that the in
silico studies offered (see above), we evaluated its phys-
icochemical properties, such as solubility and chemical
stability, microsomal stability, cytochromes inhibition, hERG
inhibition, and plasma protein binding.

Figure 5. Representation of positive (in red) interactions of 9c (A) and 13d (B) in I2-IR 3D-QSAR model. The steric hot spots (TIP) are
presented in green and hydrophobic regions (DRY) in yellow.

Figure 6. Representation of negative (in blue) interactions of 9m (A) and 9ac (B) in I2-IR 3D-QSAR model. The steric hot spots (TIP) are
presented in green, hydrophobic regions (DRY) in yellow, and H-bond acceptor regions (N1) in blue.
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The solubility of 9d was determined in several media. An
excellent solubility of 92 μM was found in 1% DMSO and 99%
PBS buffer. Additional solvents, methanol, acetonitrile, and
water, were also evaluated with good solubility.44 To evaluate
the stability of 9d, forced degradation studies were performed
under various stress conditions for a period of 9 weeks, with
HPLC and 1H NMR monitoring every week.45 Particularly, 9d
was subjected to the effect of daylight with temperatures
between 0 and 23 °C and a relative humidity of 25−85%, to
the effect of high temperature (thermal stability at 75 °C), and
to the continuous light of a 100 W (230 V) bulb. Analysis by
HPLC showed that the compound was completely stable
under all the aforementioned conditions. Overall, these studies
confirmed that 9d is sufficiently stable to undertake further
experiments.
Selected compound 9d was further studied in vitro for

ascertaining their microsomal stability, CYP inhibition, and
protein plasma binding. The microsomal stability was assessed
in three species (human, mouse, and rat), considering that the
affinity and selectivity studies were performed in human
samples, the cognition studies were envisaged in mice, and the
hypothermia evaluation was planned in mice and rats (see
below). Compound 9d showed good microsomal stability
(Table S7) and inhibited neither cytochromes [CYP1A2,
CYP2C9, CYP2C19, CYP3A4 (BFC and DBF), and CYP2D6]
nor hERG. Plasma protein binding was measured in mice and
human species (Table S8) with a slight difference that should
be taken into consideration if 9d progress through additional
preclinical studies.
Receptor Characterization Panel. In a Lead Profiling

Screen (Eurofins)46 of 44 potential off targets, 9d showed a
clean ancillary pharmacology (Table S9). Only one target, the
cholecystokinin type A receptor (CCKA), was inhibited more
than 50% at the tested concentration of 10 μM. CCK receptors
belong to the G-protein-coupled receptor superfamily and are
involved in a range of biological actions mediated by two
distinct receptor types, CCKA (present in gastrointestinal tract
and discrete regions of the brain) and CCKB (present in the
CNS).47 Compound 9d exhibited an IC50 of 5.94 μM upon
CCKA and an IC50 > 10 μM for CCKB. Taking into account
the relative high IC50 of 9d for CCKA and the lack of
significant interaction with the other off targets evaluated, we
conclude that 9d shows a very selective profile.

Hypothermic Effects of 9d. It is known that I2-IR ligands
such as idazoxan (4) or 2-(4,5-dihydroimidazol-2-yl)quinoline
(BU224) induce hypothermia in rats.48,49 We have also found
hypothermic effects with compound MCR5 (7) in mice.25,27

In the same line, acute 9d (20 mg/kg) exposure induced
hypothermia in adult CD1 mice as observed by reductions of
core body temperature (ranging from −1.8 to −3.0 °C)
measured 1 h postinjection (Figure 7A,C, day 1). To test for
differences between species, a pilot study was performed in
adult rats, which showed that acute 9d (20 and 35 mg/kg)
treatment induced moderate drops in temperature (−0.4 to
−1.0 °C) as measured 1 and 2 h postinjection (Figure 7B).
Repeated administration of 9d (20 mg/kg, 5 days) in mice
revealed the induction of tolerance to the acute hypothermic
effect of this drug from day 2 of treatment (Figure 7C), effects
previously observed for other I2-IR compounds.25,27

Of note, hypothermia is well established as having a
neuroprotective effect in cerebral ischemia and even mild
temperature drops cause significant neuroprotection.50 Also,
hypothermia has been clinically used to improve the
neurological outcome under various pathological conditions,
including stroke and traumatic brain injury.51,52 Thus, the
hypothermic effects showed by 9d might be a relevant feature
that could mediate neuroprotection.

Effects of Acute and Repeated Treatments with 9d
on Hippocampal FADD Protein Content in Mice. FADD
multifunctional protein is an adaptor of cell death receptors
that can also mediate antiapoptotic or neuroprotective actions
in rodents.25,53,54 Acute treatment with 9d significantly
decreased (−30%) the content of FADD protein in the
hippocampus when compared to vehicle-treated mice (Figure
8, left panel). Following repeated (5 days) administration, no
effects were observed on FADD modulation (Figure 8, right
panel). The significant decrease in hippocampal pro-
apopototic FADD following acute 9d treatment suggests that
this compound might be mediating some of its neuroplastic or
neuroprotective actions through the regulation of this key
brain marker, similarly with other I2-IR compounds.25

5xFAD in Vivo Behavioral Studies on Selected
Compound 9d. Recently, we reported the first in vivo study
that validates I2-IR as a target for cognitive impairment using a
mouse model of age-related cognitive decline and late-onset
AD, the SAMP8, a murine model that displays a phenotype of
accelerated aging.27 To further support the effect of I2-IR

Figure 7. Hypothermic effects of 9d (B06) in rodents. (A) Acute effect of 9d (20 mg/kg, ip) in mice. Columns are means ± SEM of the difference
(Δ, 1 h minus basal value) in body temperature (°C) for each treatment group. ***p < 0.001 vs control group (Student’s t-test). (B) Acute effect
of 9d (20 or 35 mg/kg, ip) in rats. Columns are means ± SEM of the difference (Δ, 1, 2, or 3 h minus basal value) in body temperature (°C) for
each treatment group. #p < 0.05 for dose of 20 mg/kg and **p < 0.01 and ***p < 0.001 for dose of 35 mg/kg vs control group (repeated measures
ANOVA followed by Sidak’s comparison test). (C) Repeated (5 days) effect of 9d (20 mg/kg, ip) in mice. Circles are means ± SEM of the daily
difference (Δ, 1 h minus basal value) in body temperature (°C) for each treatment group. *p < 0.05 vs control group (repeated measures ANOVA
followed by Sidak’s comparison test).
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ligands as a putative treatment for neurodegenerative diseases,
herein we evaluate 9d in the 5xFAD, a well-established murine
model of early on-set AD.55

Because one of the signs of AD is memory loss (cognitive
decline), the effect of orally administered 9d (5 (mg/kg)/day
for 28 days) on cognitive performance was evaluated in the
novel object recognition test (NORT). The NORT is a widely
used behavioral task to assess visual recognition memory.56

This brain activity relies on the hippocampus and involves the
cortex to remember and recognize new and old objects. The
NORT is based on an animal’s innate preference for novelty.
The task consists of three parts: a habituation phase; a training
phase, where mice are presented with two identical objects;
and a trial phase, in which following an interval time (2 or 24
h) memory was assessed by presenting the mice with a trained
object and a novel one. Mice with cognitive ability preserved
preferentially explore the novel object in the different time
exposition studied. After a 2 h acquisition trial, one of the
familiar objects was replaced with a novel object, and the time
spent investigating each of the objects was recorded, and the
discrimination index (DI) was calculated as the percentage of
novel object interaction time relative to total interaction time
during the retention trial. As expected, untreated 5xFAD did
not exhibit differences between exploration times for the
familiar and novel objects (DI close to 0), indicating
deterioration or loss of memory for the familiar object. As
shown in Figure 9A, the oral administration of 9d to 5xFAD
enhanced recognition memory at short-term, reaching DI

values of WT mice (Figure 9A). Of note, 24 h after the
retention trial, 9d treated 5xFAD mice, explored the novel
object for a longer time, obtaining a higher DI, indicative of
preserved memory for the familiar object presented during the
acquisition trial (Figure 9B). These results suggest that
compound 9d enhanced recognition memory during the
NORT in 5xFAD mice.

Effects of Selected Compound 9d in 5xFAD Hippo-
campus: Neuroinflammation and Oxidative Stress
Parameters. Inflammation is an omnipresent sign in neuro-
degeneration and can act as a propagation method for the
deleterious effects for the characteristic event in AD.57

Oxidative stress (OS) is another key risk factor that can
promote ignition of degenerative processes.58 The reduction in
the memory impairment of the 9d treated animals prompted
us to determine indicators of brain neuroinflammation and OS
by comparison of WT and 5xFAD mice (vehicle and 9d
treated). 5xFAD mice had higher gene expression of Cxcl10
(C-X-C motif chemokine 10) and Tnf-α (tumor necrosis factor
α) compared to WT mice (Figure 10A) that decreased after
treatment of 5xFAD mice with 9d (5 (mg/kg)/day). Of note,
it has been reported that TNF-α contributes to amyloido-
genesis via β-secretase regulation, apart from being involved in
AD-related brain neuroinflammation.59 In fact, when amyloid
precursor protein (APP) processing was studied in treated
5xFAD mice, an increase in sAPPα, correlating with a
significant decrease in sAPPβ protein levels, was determined
compared with untreated mice (Figure 10B).
In reference to OS, 5xFAD mice showed no changes in gene

expression for iNOS (inducible nitric oxide synthase, a pro-
oxidant key driver)60 and Hmox1 (an enzyme implicated in
antioxidant defense) (Figure 10A).61 Those results correlated
with published results in 5xFAD mice, and in agreement, 9d
treatment did not modify either iNOS or Hmox1 (Figure 10A).
Nonetheless, total levels of hydrogen peroxide (H2O2),
although not significant, were higher in 5xFAD than in the
WT and were reduced after 9d treatment (Figure 10C). The
increase of OS, without increases in iNOS expression, was also
described in 5xFAD mice; concretely the increase in 4-HNE
(4-hydroxy-2-nonenal), a protein derivative obtained when
reactive species of oxygen, ROS (such as H2O2), increase, is
significant in 6-month-old 5xFAD mice compared to WT
mice.62 All the evaluated parameters are consistent with a mild
reduction in the oxidative environment in treated 5xFAD mice.

Figure 8. Effects of acute (20 mg/kg, ip) and repeated (20 mg/kg, ip,
5 days) treatments with 9d (B06) on the contents of FADD protein
in the hippocampus of mice. Columns are means ± SEM of FADD in
9d- and vehicle-treated groups. *p < 0.05 vs control group (Student’s
t-test).

Figure 9. DI of NORT in 6-month-old (WT C, n = 12), 5xFAD (C, n = 14) control mice and 5xFAD mice after treatment with 9d (B06) at 5 mg/
kg for 4 weeks (n = 25). Summary from (A) Short-Term Memory and (B) Long-Term Memory. Values represented are mean ± standard error of
the mean (SEM). One-way ANOVA followed by (Tukey post hoc test); P-value: *p < 0.05 vs WT-Control, $p < 0.05; $$p < 0.01 vs 5xFAD-
Control.
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■ CONCLUSIONS
To sum up, we have explored the scope of diastereoselective [3
+ 2] cycloaddition reaction of α-substituted-PhosMic deriva-
tives with diversely substituted maleimides leading to a family
of bicyclic α-iminophosphonates. A combination of X-ray
crystallographic analyses and NMR studies allowed a full
stereochemical characterization, and theoretical calculations
provided a basis to justify the excellent diastereoselectivity
observed. The pharmacological profiling of the new com-
pounds led to the identification of high affinity and selective I2-
IR ligands devoid of α2-AR and I1-IR affinities. 3D-QSAR
study revealed key structural parameters for the design of
future promising structures, and theoretical DMPK and
physicochemical parameters were calculated in order to rule
out warnings to continue the medicinal chemistry program.
DMPK and cytotoxicity assays and a safety panel were carried
out for the selected compound 9d. Taking in account the
improvement in the cognitive impairment in a 5xFAD model
treated with 9d, modulation of I2-IR can be proposed as a new
therapeutic strategy for AD treatment.

■ EXPERIMENTAL SECTION
Chemistry. General Information. Reagents, solvents, and starting

products were acquired from commercial sources. The term
“concentration” refers to vacuum evaporation using a Büchi rotavapor.
When indicated, the reaction products were purified by flash
chromatography on silica gel (35−70 μm) with the indicated solvent
system. The melting points were measured in a MFB 59510M
Gallenkamp instruments. IR spectra were performed in a spectropho-
tometer, Nicolet Avantar 320 FTR-IR or Spectrum Two FT-IR, and
only noteworthy IR absorptions (cm−1) are listed. NMR spectra were
recorded in CDCl3 at 400 MHz (1H) and 100.6 MHz (13C), and 162

MHz (31P). Chemical shifts are reported in δ values downfield from
TMS or relative to residual chloroform (7.26 ppm, 77.0 ppm) as an
internal standard. Data are reported in the following manner:
chemical shift, multiplicity, coupling constant (J) in hertz (Hz),
integrated intensity, and assignment (when possible). Multiplicities
are reported using the following abbreviations: s, singlet; d, doublet;
dd, doublet of doublets; ddd, double doublet of doublets; dq, double
quadrupet; t, triplet; qu, quintet; m, multiplet; br s, broad signal; app,
apparent. Assignments and stereochemical determinations are given
only when they are derived from definitive two-dimensional NMR
experiments (g-HSQC−COSY). The accurate mass analyses were
carried out using a LC/MSD-TOF spectrophotometer. The elemental
analyses were carried out in a Flash 1112 series Thermofinnigan
elemental microanalyzer (A5) to determine C, H, and N. HPLC-MS
(Agilent 1260 Infinity II) analysis was conducted on a Poroshell 120
EC-C15 (4.6 mm × 50 mm, 2.7 μm) at 40 °C with mobile phase A
(H2O + 0.05% formic acid) and B (ACN + 0.05% formic acid) using
a gradient elution and flow rate 0.6 mL/min. The DAD detector was
set at 254 nm, the injection volume was 5 μL, and oven temperature
was 40 °C. All tested compounds possess a purity of at least 95%.

General Procedure for the [3 + 2] Cycloaddition Reaction. To a
solution of silver acetate (0.06−0.1 mmol) and maleimide (1.0−1.5
mmol) in acetonitrile was added diethyl α-methylisocyanomethyl-
phosphonate, diethyl α-phenylisocyanomethylphosphonate, diphenyl
α-phenylisocyanomethylphosphonate, diethyl α-(4-fluorophenyl)-
isocyanomethylphosphonate, diethyl α-(4-methoxyphenyl)-
isocyanomethylphosphonate, or diethyl α-benzylisocyanomethyl-
phosphonate (1.0 mmol). The reaction mixture was stirred at room
temperature overnight and concentrated, and the resulting residue
was purified by column chromatography to afford pure products.

Diethyl (1RS,3aSR,6aSR)-5-Methyl-4,6-dioxo-1-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9a).
Following the general procedure, AgOAc (13 mg, 0.08 mmol), N-
methylmaleimide (133 mg, 1.2 mmol), acetonitrile (6 mL), and
diethyl α-phenylisocyanomethylphosphonate (202 mg, 0.8 mmol)

Figure 10. (A) Gene expression of inflammatory markers, Cxcl10 and Tnf-α, and OS markers, iNOS and Hmox1 (n = 4 for each group). (B) H2O2
concentration (n = 10 for each group) and (C) representative Western blot and bar chart sAPPα and sAPPβ (n = 4−6 for each group) in the
hippocampus of 6-month-old female WT, 5xFAD Control mice, and 5xFAD mice after treatment with 9d (B06) at 5 mg/kg for 4 weeks. Bars
represent mean ± standard error of the mean (SEM).

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://dx.doi.org/10.1021/acs.jmedchem.9b02080
J. Med. Chem. 2020, 63, 3610−3633

3620



gave 9a (184 mg, 64%) as a yellowish oil, after column
chromatography (EtOAc/hexane 95:5). IR (NaCl) 3472, 2981,
1709, 1432, 1281, 1248, 1051, 967 cm−1. 1H NMR (400 MHz,
CDCl3, HETCOR) δ 1.15 (t, J = 7.0 Hz, 3H, CH2CH3), 1.27 (t, J =
7.0 Hz, 3H, CH2CH3), 2.70 (s, 3H, NCH3), 3.83 (m, 1H, CH2CH3),
4.01−4.18 (m, 4H, H-6a and CH2CH3), 4.34 (ddd, J = 8.5, 4.0, 1.0
Hz, 1H, H-3a), 7.29−7.37 (m, 3H, ArH), 7.68−7.70 (m, 2H, ArH),
7.95 (dd, J = 5.5, 1.0 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.1 (d,
J = 5.0 Hz, CH2CH3), 16.2 (d, J = 5.0 Hz, CH2CH3), 25.0 (NCH3),
47.7 (d, J = 2.0 Hz, C-6a), 60.5 (C-3a), 63.4 (d, J = 7.0 Hz, CH2CH3),
64.6 (d, J = 7.0 Hz, CH2CH3), 85.6 (d, J = 154.0 Hz, C-1), 127.6 (d, J
= 2.0 Hz, 2CHAr), 128.4 (d, J = 2.5 Hz, CHAr), 128.5 (d, J = 6.0 Hz,
2CHAr), 133.2 (d, J = 4.5 Hz, C-ipso), 162.5 (d, J = 11.5 Hz, C-3),
172.1 (d, J = 5.5 Hz, CO), 172.5 (d, J = 14.0 Hz, CO). MS-EI m/z
364 M+ (36), 255 (31), 227 (73), 199 (23), 170 (41), 143 (21), 142
(100), 115 (58). HRMS C17H22N2O5P [M + H]+ 365.1262; found,
365.1261. Purity 97.0% (tR = 3.89 min).
Diethyl (1RS,3aSR,6aSR)-5-Cyclohexyl-4,6-dioxo-1-phenyl-

1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9b).
Following the general procedure, AgOAc (15 mg, 0.09 mmol), N-
cyclohexylmaleimide (403 mg, 2.3 mmol), acetonitrile (12 mL), and
diethyl α-phenylisocyanomethylphosphonate (380 mg, 1.5 mmol)
gave 9b (494 mg, 76%) as a white solid, after column chromatography
(EtOAc). Mp 128−132 °C (EtOAc). IR (NaCl) 3467, 2934, 2858,
1705, 1370, 1249, 1191, 1025, 971, 755 cm−1. 1H NMR (400 MHz,
CDCl3, HETCOR) δ 1.06−1.13 (m, 3H, CH2cycl), 1.16 (t, J = 7.0
Hz, 3H, CH2CH3), 1.21 (m, 1H, CH2cycl), 1.25 (t, J = 7.0 Hz, 3H,
CH2CH3), 1.51−1.54 (m, 2H, CH2cycl), 1.57−1.69 (m, 3H,
CH2cycl), 1.85 (m, 1H, CH2cycl), 3.60 (m, 1H, CHcycl), 3.90 (m,
1H, CH2CH3), 4.03 (dd, J = 18.5, 8.5 Hz, 1H, H-6a), 4.06−4.18 (m,
3H, CH2CH3), 4.25 (ddd, J = 8.5, 3.0, 1.5 Hz, 1H, H-3a), 7.29−7.35
(m, 3H, ArH), 7.61−7.63 (m, 2H, ArH), 8.00 (dd, J = 5.0, 1.5 Hz,
1H, H-3). 13C NMR (100.6 MHz) δ 16.1 (d, J = 5.5 Hz, CH2CH3),
16.2 (d, J = 5.5 Hz, CH2CH3), 24.7 (CH2cycl), 25.6 (2CH2cycl), 27.8
(CH2cycl), 28.6 (CH2cycl), 47.5 (d, J = 2.5 Hz, C-6a), 51.9
(CHcycl), 59.9 (C-3a), 63.3 (d, J = 7.5 Hz, CH2CH3), 64.6 (d, J = 7.5
Hz, CH2CH3), 85.7 (d, J = 156.0 Hz, C-1), 127.7 (d, J = 1.6 Hz,
2CHAr), 128.2 (CHAr), 128.3 (CHAr), 128.4 (CHAr), 133.6 (d, J =
4.0 Hz, C-ipso), 162.8 (d, J = 12.0 Hz, C-3), 172.1 (d, J = 5.5 Hz,
CO), 172.5 (d, J = 12.0 Hz, CO). MS-EI m/z 432 M+ (60), 323 (30),
295 (95), 223 (12), 170 (78), 142 (100), 115 (35), 81 (15). HRMS
C22H30N2O5P [M + H]+ 433.1892; found, 433.1887. Anal. Calcd for
C22H30N2O5P: C, 61.10%; H, 6.76%; N, 6.48%. Found: C, 61.42%; H,
6.81%; N, 6.47%.
Diethyl (1RS,3aSR,6aSR)-4,6-Dioxo-1,5-diphenyl-1,3a,4,5,6,6a-

hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9c). Following the
general procedure, AgOAc (4 mg, 0.02 mmol), N-phenylmaleimide
(104 mg, 0.6 mmol), acetonitrile (3 mL), and diethyl α-phenyl-
isocyanomethylphosphonate (101 mg, 0.4 mmol) gave 9c (108 mg,
64%) as a white solid, after column chromatography (EtOAc). Mp
158−160 °C (EtOAc). IR (NaCl) 3479, 2969, 1713, 1496, 1390,
1239, 1021, 969 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ
1.10 (t, J = 7.0 Hz, 3H, CH2CH3), 1.19 (t, J = 7.0 Hz, 3H, CH2CH3),
3.85 (m, 1H, CH2CH3), 3.99−4.14 (m, 3H, CH2CH3), 4.17 (dd, J =
18.5, 9.0 Hz, 1H, H-6a), 4.40 (ddd, J = 8.5, 3.0, 1.6 Hz, 1H, H-3a),
6.62−6.65 (m, 2H, ArH), 7.15−7.30 (m, 6H, ArH), 7.61−7.63 (m,
2H, ArH), 7.97 (dd, J = 4.5, 1.6 Hz, 1H, H-3). 13C NMR (100.6
MHz) δ 16.2 (d, J = 4.0 Hz, CH2CH3), 16.3 (d, J = 4.0 Hz, CH2CH3),
48.2 (d, J = 2.0 Hz, C-6a), 60.2 (C-3a), 63.4 (d, J = 7.0 Hz, CH2CH3),
64.6 (d, J = 7.0 Hz, CH2CH3), 86.2 (d, J = 157.0 Hz, C-1), 126.0
(2CHAr), 127.9 (CHAr), 128.0 (CHAr), 128.4 (d, J = 6.0 Hz,
CHAr), 128.5 (CHAr), 128.6 (CHAr), 128.7 (CHAr), 129.0
(2CHAr), 131.1 (C-ipso), 133.5 (d, J = 4.0 Hz, C-ipso), 162.5 (d, J
= 12.0 Hz, C-3), 170.9 (d, J = 5.5 Hz, CO), 171.6 (d, J = 11.5 Hz,
CO). MS-EI m/z 426 M+ (43), 317 (20), 289 (47), 244 (11), 170
(43), 142 (100), 115 (43), 81 (11). HRMS C22H24N2O5P [M + H]+

427.1418; found, 427.1417. Anal. Calcd for C22H23N2O5P: C,
61.97%; H, 5.44%; N, 6.57%. Found: C, 62.18%; H, 5.36%; N, 6.43%.
Diethyl (1RS,3aSR,6aSR)-5-(3-Chloro-4-fluorophenyl)-4,6-dioxo-

1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phospho-

nate (9d). Following the general procedure, AgOAc (8 mg, 0.05
mmol), N-(3-chloro-4-fluorophenyl)maleimide (250 mg, 1.1 mmol),
acetonitrile (6 mL), and diethyl α-phenylisocyanomethylphosphonate
(187 mg, 0.7 mmol) gave 9d (189 mg, 54%) as a white needles, after
column chromatography (EtOAc). Mp 185−186 °C (EtOAc). IR
(NaCl) 3437, 2956, 1718, 1499, 1256, 1050, 980 cm−1. 1H NMR
(400 MHz, CDCl3, HETCOR) δ 1.20 (t, J = 7.0 Hz, 3H, CH2CH3),
1.28 (t, J = 7.0 Hz, 3H, CH2CH3), 3.95 (m, 1H, CH2CH3), 4.09−4.20
(m, 3H, CH2CH3), 4.25 (dd, J = 18.0, 8.0 Hz, 1H, H-6a), 4.47 (m,
1H, H-3a), 6.63 (ddd, J = 9.0, 4.0, 3.0 Hz, 1H, ArH), 6.72 (dd, J =
6.5, 2.5 Hz, 1H, ArH), 7.05 (t, J = 8.5 Hz, 1H, ArH), 7.35−7.39 (m,
3H, ArH), 7.67 (m, J = 5.0 Hz, 2H, ArH), 8.05 (d, J = 4.5 Hz, 1H, H-
3). 13C NMR (100.6 MHz) δ 16.3 (t, J = 5.5 Hz, 2CH2CH3), 48.5 (C-
6a), 60.1 (C-3a), 63.7 (d, J = 7.0 Hz, CH2CH3), 64.8 (d, J = 7.0 Hz,
CH2CH3), 86.2 (d, J = 156.0 Hz, C-1), 116.8 (d, J = 22.5 Hz, CHAr),
121.5 (d, J = 19.5 Hz, C-ipso), 126.1 (d, J = 8.0 Hz, CHAr), 127.4 (d,
J = 4.0 Hz, C-ipso), 128.1 (2CHAr), 128.3 (d, J = 5.5 Hz, 2CHAr),
128.6 (CHAr), 128.8 (CHAr), 133.5 (d, J = 3.0 Hz, C-ipso), 157.7 (d,
J = 251.0 Hz, C-ipso), 162.0 (d, J = 12.5 Hz, C-3), 170.6 (d, J = 5.5
Hz, CO), 171.3 (d, J = 11.0 Hz, CO). 31P NMR (162 MHz) δ 19.71.
MS-EI m/z 478 M+ (2), 341 (12), 281 (41), 207 (100), 191 (11),
147 (14), 73 (31). HRMS C22H22ClFN2O5P [M + H]+ 479.0935;
found, 479.0933. Anal. Calcd for C22H21ClFN2O5P: C, 55.18%; H,
4.42%; N, 5.85%. Found: C, 55.28%; H, 4.49%; N, 5.56%.

Diethyl (1RS,3aSR,6aSR)-5-(4-Methoxyphenyl)-4,6-dioxo-1-phe-
nyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(9e). Following the general procedure, AgOAc (4 mg, 0.02 mmol), N-
(4-methoxyphenyl)maleimide (122 mg, 0.6 mmol), acetonitrile (3
mL), and diethyl α-phenylisocyanomethylphosphonate (102 mg, 0.4
mmol) gave 9e (119 mg, 65%) as a white solid, after column
chromatography (EtOAc). Mp 167 °C (EtOAc). IR (NaCl) 3477,
2981, 2930, 1715, 1513, 1384, 1251, 1024, 970, 755 cm−1. 1H NMR
(400 MHz, CDCl3, HETCOR) δ 1.18 (t, J = 7.0 Hz, 3H, CH2CH3),
1.28 (t, J = 7.0 Hz, 3H, CH2CH3), 3.73 (s, 3H, OCH3), 3.92 (m, 1H,
CH2CH3), 4.09−4.19 (m, 3H, CH2CH3), 4.25 (dd, J = 18.0, 8.5 Hz,
1H, H-6a), 4.45 (ddd, J = 8.5, 3.0, 1.5 Hz, 1H, H-3a), 6.60−6.64 (m,
2H, ArH), 6.77−6.81 (m, 2H, ArH), 7.30−7.39 (m, 3H, ArH), 7.68−
7.70 (m, 2H, ArH), 8.04 (dd, J = 5.0, 1.5 Hz, 1H, H-3). 13C NMR
(100.6 MHz) δ 16.2 (d, J = 3.5 Hz, CH2CH3), 16.3 (d, J = 3.5 Hz,
CH2CH3), 48.1 (d, J = 2.0 Hz, C-6a), 55.4 (OCH3), 60.1 (C-3a), 63.5
(d, J = 7.5 Hz, CH2CH3), 64.6 (d, J = 7.5 Hz, CH2CH3), 86.2 (d, J =
157.5 Hz, C-1), 114.3 (2CHAr), 123.6 (C-ipso), 127.2 (2CHAr),
127.9 (2CHAr), 128.3 (CHAr), 128.4 (CHAr), 128.5 (CHAr), 133.5
(d, J = 4.0 Hz, C-ipso), 159.5 (C-ipso), 162.4 (d, J = 12.0 Hz, C-3),
171.1 (d, J = 5.0 Hz, CO), 171.8 (d, J = 11.5 Hz, CO). HRMS
C23H26N2O6P [M + H]+ 457.1519; found, 457.1523. Anal. Calcd for
C23H25N2O6P: C, 60.52%; H, 5.52%; N, 6.14%. Found: C, 60.71%; H,
5.75%; N, 5.98%.

Diethyl (1RS,3aSR,6aSR)-1-(4-Fluorophenyl)-4,6-dioxo-5-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(12c). Following the general procedure, AgOAc (10 mg, 0.06 mmol),
N-phenylmaleimide (156 mg, 0.9 mmol), acetonitrile (4 mL), and
diethyl α-(4-fluorophenyl)isocyanomethylphosphonate (164 mg, 0.6
mmol) gave 12c (159 mg, 60%) as a white solid, after column
chromatography (EtOAc/hexane 4:1). Mp 191−193 °C (EtOAc). IR
(ATR) 3491, 2991, 2909, 1775, 1718, 1598, 1506, 1377, 1242, 1189,
1016, 982, 742, 598 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ
1.20 (t, J = 7.0 Hz, 3H, CH2CH3), 1.29 (t, J = 7.0 Hz, 3H, CH2CH3),
3.93 (m, 1H, CH2CH3), 4.08−4.19 (m, 3H, CH2CH3), 4.25 (dd, J =
18.0, 8.5 Hz, 1H, H-6a), 4.49 (dq, J = 8.5, 1.5 Hz, 1H, H-3a), 6.79−
6.81 (m, 2H, ArH), 7.03−7.08 (m, 2H, ArH), 7.29−7.35 (m, 3H,
ArH), 7.70−7.73 (m, 2H, ArH), 8.04 (dd, J = 5.0, 1.5 Hz, 1H, H-3).
13C NMR (100.6 MHz) δ 16.4 (d, J = 5.5 Hz, CH2CH3), 16.5 (d, J =
5.0 Hz, CH2CH3), 48.1 (d, J = 3.0 Hz, C-6a), 60.5 (C-3a), 63.8 (d, J =
8.0 Hz, CH2CH3), 64.9 (d, J = 8.0 Hz, CH2CH3), 85.9 (d, J = 156.0
Hz, C-1), 114.9 (d, J = 2.0 Hz, CHAr), 115.1 (d, J = 2.0 Hz, CHAr),
126.2 (2CHAr), 129.0 (CHAr), 129.3 (2CHAr), 129.4 (dd, J = 4.0,
3.5 Hz, C-ipso), 130.6 (d, J = 6.0 Hz, CHAr), 130.7 (d, J = 6.0 Hz,
CHAr), 131.1 (C-ipso), 162.8 (d, J = 12.0 H, C-3), 162.9 (dd, J =
246.0, 2.5 Hz, C-ipso), 171.0 (d, J = 6.0 Hz, CO), 171.8 (d, J = 12.0
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Hz, CO). HRMS C22H23FN2O5P [M + H]+ 445.1323; found,
445.1324. Anal. Calcd for C22H22FN2O5P: C, 59.46%; H, 4.99%; N,
6.30%. Found: C, 59.90%; H, 5.13%; N, 6.20%.
Diethyl (1RS,3aSR,6aSR)-5-(3-Chloro-4-fluorophenyl)-1-(4-fluo-

rophenyl)-4,6-dioxo-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-
1-phosphonate (12d). Following the general procedure, AgOAc (7
mg, 0.04 mmol), N-(3-chloro-4-fluorophenyl)maleimide (135 mg, 0.6
mmol), acetonitrile (3 mL), and diethyl α-(4-fluorophenyl)-
isocyanomethylphosphonate (108 mg, 0.4 mmol) gave 12d (124
mg, 62%) as a white solid, after column chromatography (EtOAc).
Mp 179−181 °C (EtOAc). IR (ATR) 3483, 2962, 2903, 1719, 1504,
1236, 1051, 1012, 978, 739, 593 cm−1. 1H NMR (400 MHz, CDCl3,
HETCOR) δ 1.20 (t, J = 7.0 Hz, 3H, CH2CH3), 1.28 (t, J = 7.0 Hz,
3H, CH2CH3), 3.94 (m, 1H, CH2CH3), 4.08−4.19 (m, 3H,
CH2CH3), 4.25 (dd, J = 18.0, 8.5 Hz, 1H, H-6a), 4.49 (ddd, J =
8.5, 3.0, 1.5 Hz, 1H, H-3a), 6.71 (m, 1H, ArH), 6.87 (dd, J = 6.5, 2.5
Hz, 1H, ArH), 7.04−7.09 (m, 3H, ArH), 7.68−7.71 (m, 2H, ArH),
8.02 (dd, J = 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.4 (d,
J = 5.5 Hz, CH2CH3), 16.5 (d, J = 5.5 Hz, CH2CH3), 48.2 (d, J = 3.0
Hz, C-6a), 60.3 (C-3a), 63.9 (d, J = 7.0 Hz, CH2CH3), 64.9 (d, J = 8.0
Hz, CH2CH3), 86.0 (d, J = 156.0 Hz, C-1), 115.1 (dd, J = 21.0, 2.0
Hz, 2CHAr), 117.1 (d, J = 22.0 Hz, CHAr), 121.8 (d, J = 19.0 Hz, C-
ipso), 126.1 (CHAr), 127.4 (d, J = 3.0 Hz, C-ipso), 128.7 (CHAr),
129.2 (dd, J = 4.0, 3.0 Hz, C-ipso), 130.6 (dd, J = 7.0, 2.0 Hz,
2CHAr), 157.9 (d, J = 251.0 Hz, C-ipso), 162.4 (d, J = 12.0 Hz, C-3),
163.0 (d, J = 249.5, 3.0 Hz, C-ipso), 170.5 (d, J = 5.0 Hz, CO), 171.5
(d, J = 13.0 Hz, CO). HRMS C22H21ClF2N2O5P [M + H]+ 497.0839;
found, 497.0840. Anal. Calcd for C22H20ClF2N2O5P: C, 53.19%; H,
4.06%; N, 5.64%. Found: C, 53.45%; H, 4.24%; N, 5.46%.
Diethyl (1RS,3aSR,6aSR)-1-(4-Methoxyphenyl)-4,6-dioxo-5-phe-

nyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(13c). Following the general procedure, AgOAc (8 mg, 0.05 mmol),
N-phenylmaleimide (138 mg, 0.8 mmol), acetonitrile (4 mL), and
diethyl α-(4-methoxyphenyl)isocyanomethylphosphonate (142 mg,
0.5 mmol) gave 13c (155 mg, 69%) as a white solid, after column
chromatography (EtOAc/hexane 4:1). Mp 184−186 °C (EtOAc). IR
(ATR) 3481, 2986, 2914, 1785, 1713, 1607, 1511, 1386, 1247, 1189,
1021, 737, 694, 598 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ
1.20 (t, J = 7.0 Hz, 3H, CH2CH3), 1.28 (t, J = 7.0 Hz, 3H, CH2CH3),
3.79 (s, 3H, OCH3), 3.92 (m, 1H, CH2CH3), 4.08−4.18 (m, 3H,
CH2CH3), 4.23 (dd, J = 18.0, 8.5 Hz, 1H, H-6a), 4.46 (ddd, J = 8.5,
3.0, 1.5 Hz, 1H, H-3a), 6.76−6.78 (m, 2H, ArH), 6.88 (d, J = 9.0 Hz,
2H, ArH), 7.27−7.32 (m, 3H, ArH), 7.60−7.63 (m, 2H, ArH), 8.02
(dd, J = 5.5, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.4 (d, J =
5.0 Hz, 2CH2CH3), 48.3 (d, J = 3.0 Hz, C-6a), 55.3 (OCH3), 60.3
(C-3a), 63.5 (d, J = 8.0 Hz, CH2CH3), 64.8 (d, J = 8.0 Hz, CH2CH3),
86.0 (d, J = 157.0 Hz, C-1), 113.4 (d, J = 2.0 Hz, 2CHAr), 125.5 (d, J
= 4.0 Hz, C-ipso), 126.3 (2CHAr), 128.8 (CHAr), 129.2 (2CHAr),
129.9 (d, J = 6.0 Hz, 2CHAr), 131.2 (C-ipso), 159.7 (d, J = 2.0 Hz, C-
ipso), 162.3 (d, J = 12.0 Hz, C-3), 171.2 (d, J = 6.0 Hz, CO), 171.9 (d,
J = 12.0 Hz, CO). HRMS C23H26N2O6P [M + H]+ 457.1523; found,
457.1520. Anal. Calcd For C23H25N2O6P: C, 60.52%; H, 5.52%; N,
6.14%. Found: C, 60.85%; H, 5.51%; N, 5.94%.
Diethyl (1RS,3aSR,6aSR)-5-(3-Chloro-4-fluorophenyl)-1-(4-me-

thoxyphenyl)-4,6-dioxo-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]-
pyrrole-1-phosphonate (13d). Following the general procedure,
AgOAc (8 mg, 0.05 mmol), N-(3-chloro-4-fluorophenyl)maleimide
(181 mg, 0.8 mmol), acetonitrile (4 mL) and diethyl α-(4-
methoxyphenyl)isocyanomethylphosphonate (142 mg, 0.5 mmol)
gave 13d (170 mg, 67%) as a white solid, after column
chromatography (EtOAc). Mp 227−228 °C (EtOAc). IR (ATR)
3481, 2986, 2905, 1771, 1718, 1612, 1497, 1386, 1237, 1184, 1026,
968, 752, 656 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 1.21
(t, J = 7.0 Hz, 3H, CH2CH3), 1.28 (t, J = 7.0 Hz, 3H, CH2CH3), 3.81
(s, 3H, OCH3), 3.94 (m, 1H, CH2CH3), 4.09−4.18 (m, 3H,
CH2CH3), 4.22 (dd, J = 18.0, 8.5 Hz, 1H, H-6a), 4.46 (ddd, J = 8.5,
3.0, 1.5 Hz, 1H, H-3a), 6.69−6.73 (m, 2H, ArH), 6.89 (d, J = 9.0 Hz,
2H, ArH), 7.07 (m, 1H, ArH), 7.59 (d, J = 7.5 Hz, 2H, ArH), 8.02
(dd, J = 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.4 (d, J =
5.0 Hz, CH2CH3), 16.5 (d, J = 5.0 Hz, CH2CH3), 48.6 (d, J = 3.0 Hz,

C-6a), 55.3 (OCH3), 60.1 (C-3a), 63.7 (d, J = 8.0 Hz, CH2CH3), 64.8
(d, J = 7.0 Hz, CH2CH3), 86.0 (d, J = 158.0 Hz, C-1), 113.5 (d, J =
1.0 Hz, 2CHAr), 117.0 (d, J = 22.0 Hz, CHAr), 121.7 (d, J = 19.0 Hz,
C-ipso), 125.3 (d, J = 4.0 Hz, C-ipso), 126.2 (d, J = 8.0 Hz, CHAr),
127.5 (d, J = 4.0 Hz, C-ipso), 128.7 (CHAr), 129.8 (d, J = 6.0 Hz,
2CHAr), 157.9 (d, J = 250.0 Hz, C-ipso), 159.9 (d, J = 2.0 Hz, C-
ipso), 161.8 (d, J = 13.0 Hz, C-3), 170.7 (d, J = 5.0 Hz, CO), 171.6 (d,
J = 11.0 Hz, CO). HRMS C23H24ClFN2O6P [M + H]+ 509.1039;
found, 509.1037. Anal. Calcd for C23H23ClFN2O6P: C, 54.29%; H,
4.56%; N, 5.51%. Found: C, 54.66%; H, 4.63%; N, 5.36%.

Diethyl (1RS,3aSR,6aSR)-1-Benzyl-4,6-dioxo-5-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(14c). Following the general procedure, AgOAc (8 mg, 0.05 mmol),
N-phenylmaleimide (139 mg, 0.8 mmol), acetonitrile (6 mL), and
diethyl α-benzylisocyanomethylphosphonate (213 mg, 0.8 mmol)
gave 14c (32 mg, 9%) as a yellowish oil, after column chromatography
(EtOAc/hexane 1:1). IR (ATR) 3738, 2926, 2843, 1730, 1492, 1385,
1220, 1181, 1059, 1020, 782, 700 cm−1. 1H NMR (400 MHz, CDCl3,
HETCOR) δ 1.29 (t, J = 7.0 Hz, 3H, CH2CH3), 1.40 (t, J = 7.0 Hz,
3H, CH2CH3), 3.29 (dd, J = 15.0, 12.5 Hz, 1H, CH2-Ar), 3.86 (dd, J
= 15.0, 9.5 Hz, 1H, CH2-Ar), 3.97 (dd, J = 19.0, 9.0 Hz, 1H, H-6a),
4.11−4.26 (m, 4H, CH2CH3), 4.39 (dq, J = 9.0, 1.5 Hz, 1H, H-3a),
6.73−6.75 (m, 2H, ArH), 7.10−7.12 (m, 3H, ArH), 7.21−7.23 (m,
2H, ArH), 7.33−7.36 (m, 3H, ArH), 7.82 (dd, J = 5.0, 1.5 Hz, 1H, H-
3). 13C NMR (100.6 MHz) δ 16.3 (d, J = 6.0 Hz, CH2CH3), 16.5 (d,
J = 6.0 Hz, CH2CH3), 36.8 (d, J = 2.0 Hz, CH2−Ar), 45.9 (d, J = 3.0
Hz, C-6a), 59.9 (C-3a), 63.4 (d, J = 7.0 Hz, CH2CH3), 64.0 (d, J = 6.0
Hz, CH2CH3), 83.7 (d, J = 158.0 Hz, C-1), 126.5 (2CHAr), 126.7
(CHAr), 127.8 (2CHAr), 128.7 (CHAr), 128.8 (2CHAr), 131.0 (C-
ipso), 131.8 (2CHAr), 134.9 (d, J = 12.0 Hz, C-ipso), 161.3 (d, J =
13.0 Hz, C-3), 171.1 (d, J = 6.0 Hz, CO), 173.1 (d, J = 8.0 Hz, CO).
HRMS C23H26N2O5P [M + H]+ 441.1574; found, 441.1580.
Additional column chromatography led to sample for testing. Purity
95.7% (tR = 4.50 min).

Diethyl (1RS,3aSR,6aSR)-1-(4-Fluorobenzyl)-4,6-dioxo-5-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(15c). Following the general procedure, AgOAc (12 mg, 0.07 mmol),
N-phenylmaleimide (121 mg, 0.7 mmol), acetonitrile (5 mL) and
diethyl α-(4-fluorobenzyl)isocyanomethylphosphonate (200 mg, 0.7
mmol) gave 15c (67 mg, 21%) as an oil, after column
chromatography (EtOAc). IR (ATR) 3471, 2924, 2853, 1780,
1711, 1509, 1378, 1221, 1049, 1017, 968, 691 cm−1. 1H NMR (400
MHz, CDCl3, HETCOR) δ 1.30 (td, J = 7.0, 0.5 Hz, 3H, CH2CH3),
1.40 (td, J = 7.0, 0.5 Hz, 3H, CH2CH3), 3.25 (dd, J = 14.5, 12.5 Hz,
1H, CH2-Ar), 3.81 (dd, J = 14.5, 9.0 Hz, 1H, CH2-Ar), 3.96 (dd, J =
19.0, 9.5 Hz, 1H, H-6a), 4.11−4.27 (m, 4H, CH2CH3), 4.39 (ddd, J =
9.5, 3.5, 1.5 Hz, 1H, H-3a), 6.76−6.82 (m, 3H, ArH), 7.14−7.19 (m,
2H, ArH), 7.33−7.47 (m, 4H, ArH), 7.82 (dd, J = 5.0, 1.5 Hz, 1H, H-
3). 13C NMR (100.6 MHz) δ 16.3 (d, J = 6.0 Hz, CH2CH3), 16.5 (d,
J = 5.5 Hz, CH2CH3), 36.0 (CH2Ar), 45.9 (d, J = 2.5 Hz, C-6a), 59.9
(C-3a), 63.4 (d, J = 7.5 Hz, CH2CH3), 64.4 (d, J = 7.0 Hz, CH2CH3),
83.7 (d, J = 159.5 Hz, C-1), 114.5 (d, J = 2.0 Hz, 2CHAr), 126.3
(2CHAr), 128.9 (CHAr), 129.0 (2CHAr), 130.5 (d, J = 12.5. Hz, C-
ipso), 130.9 (C-ipso), 133.4 (d, J = 8.0 Hz, 2CHAr), 161.5 (d, J = 12.5
Hz, C-3), 161.8 (d, J = 245.5 Hz, C-ipso), 171.0 (d, J = 6.0 Hz, CO),
173.2 (d, J = 12.5 Hz, CO). HRMS C23H25FN2O5P [M + H]+

459.1480; found, 459.1483. Purity 96.4% (tR = 4.56 min).
Diethyl (1RS,3aSR,6aSR)-5-Ethyl-4,6-dioxo-1-phenyl-

1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9f).
Following the general procedure, AgOAc (11 mg, 0.07 mmol), N-
ethylmaleimide (213 mg, 1.7 mmol), acetonitrile (8 mL), and diethyl
α-phenylisocyanomethylphosphonate (279 mg, 1.1 mmol) gave 9f
(130 mg, 31%) as a yellowish oil, after column chromatography
(EtOAc). IR (ATR) 3476, 2981, 2929, 1780, 1698, 1626, 1396, 1251,
1055, 1026, 968, 766 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR)
δ 0.75 (t, J = 7.0 Hz, 3H, NCH2CH3), 1.15 (t, J = 7.0 Hz, 3H,
CH2CH3), 1.25 (t, J = 7.0 Hz, 3H, CH2CH3), 3.21−3.27 (m, 2H,
NCH2CH3), 3.88 (m, 1H, CH2CH3), 4.06−4.15 (m, 4H, CH2CH3
and H-6a), 4.29 (ddd, J = 8.5, 3.5, 1.5 Hz, 1H, H-3a), 7.31−7.34 (m,
3H, ArH), 7.65 (dbr, J = 11.6 Hz, 2H, ArH), 7.96 (dd, J = 5.0, 1.5 Hz,
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1H, H-3). 13C NMR (100.6 MHz) δ 12.6 (NCH2CH3), 16.4 (d, J =
5.5 Hz, CH2CH3), 16.4 (d, J = 5.5 Hz, CH2CH3), 34.0 (NCH2CH3),
47.9 (d, J = 2.0 Hz, C-6a), 60.5 (C-3a), 63.6 (d, J = 8.0 Hz, CH2CH3),
64.8 (d, J = 8.0 Hz, CH2CH3), 85.8 (d, J = 155.0 Hz, C-1), 127.9 (d, J
= 1.0 Hz, 2CHAr), 128.6 (d, J = 2.0 Hz, 2CHAr), 128.6 (CHAr),
133.6 (d, J = 4.0 Hz, C-ipso), 162.7 (d, J = 12.0 Hz, C-3), 171.0 (d, J =
6.0 Hz, CO), 172.5 (d, J = 12.0 Hz, CO). HRMS C18H24N2O5P [M +
H]+ 379.1417; found, 379.1418. Additional column chromatography
led to sample for testing. Purity 95.5% (tR = 4.06 min).
Diethyl (1RS,3aSR,6aSR)-4,6-Dioxo-1-phenyl-5-propyl-

1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9g).
Following the general procedure, AgOAc (8 mg, 0.05 mmol), N-
propylmaleimide (200 mg, 1.4 mmol), acetonitrile (7 mL), and
diethyl α-phenylisocyanomethylphosphonate (228 mg, 0.9 mmol)
gave 9g (314 mg, 89%) as a yellowish oil, after column
chromatography (EtOAc/hexane 1:1 to 3:2). IR (ATR) 3464,
2976, 2928, 1719, 1631, 1451, 1402, 1202, 1056, 1027, 963, 705,
583 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 0.59 (t, J = 7.0
Hz, 3H, CH2CH2CH3), 1.13−1.19 (m, 2H, CH2CH2CH3), 1.14 (t, J
= 7.0 Hz, 3H, CH2CH3), 1.25 (t, J = 7.0 Hz, 3H, CH2CH3), 3.16 (m,
2H, CH2CH2CH3), 3.85 (m, 1H, CH2CH3), 4.02−4.14 (m, 4H,
CH2CH3 and H-6a), 4.30 (ddd, J = 8.5, 3.5, 1.5 Hz, 1H, H-3a), 7.29−
7.34 (m, 3H, ArH), 7.65 (br d, J = 8.0 Hz, 2H, ArH), 7.95 (dd, J =
5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 11.0 (CH2CH2CH3),
16.3 (d, J = 4.0 Hz, CH2CH3), 16.4 (d, J = 6.0 Hz, CH2CH3), 20.7
(CH2CH2CH3), 40.6 (CH2CH2CH3), 47.8 (d, J = 3.0 Hz, C-6a), 60.5
(C-3a), 63.5 (d, J = 7.0 Hz, CH2CH3), 64.7 (d, J = 7.0 Hz, CH2CH3),
85.9 (d, J = 154.0 Hz, C-1), 127.8 (d, J = 2.0 Hz, 2CHAr), 128.5 (d, J
= 3.0 Hz, CHAr), 128.6 (d, J = 6.0 Hz, 2CHAr), 133.5 (d, J = 4.0 Hz,
C-ipso), 162.8 (d, J = 12.0 Hz, C-3), 172.2 (d, J = 6.0 Hz, CO), 172.7
(d, J = 12.0 Hz, CO). HRMS C19H26N2O5P [M + H]+ 393.1574;
found, 393.1572. Additional column chromatography led to sample
for testing. Purity 95.6% (tR = 4.24 min).
Diethyl (1RS,3aSR,6aSR)-5-(tert-Butyl)-4,6-dioxo-1-phenyl-

1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9h).
Following the general procedure, AgOAc (9 mg, 0.05 mmol), N-tert-
butylmaleimide (215 mg, 1.4 mmol), acetonitrile (7 mL), and diethyl
α-phenylisocyanomethylphosphonate (229 mg, 0.9 mmol) gave 9h
(202 mg, 55%) as a yellowish oil, after column chromatography
(EtOAc). IR (ATR) 3454, 2981, 2923, 1777, 1709, 1348, 1265, 1241,
1173, 1061, 973, 744, 710, 588 cm−1. 1H NMR (400 MHz, CDCl3,
HETCOR) δ 1.13 [s, 9H, C(CH3)3], 1.17 (t, J = 7.0 Hz, 3H,
CH2CH3), 1.24 (t, J = 7.0 Hz, 3H, CH2CH3), 3.88−3.95 (m, 2H,
CH2CH3 and H-6a), 4.07−4.15 (m, 4H, CH2CH3 and H-3a), 7.28−
7.33 (m, 3H, ArH), 7.59 (dbr, J = 8.0 Hz, 2H, ArH), 7.93 (dd, J = 5.0,
1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.4 (d, J = 6.0 Hz,
CH2CH3), 16.4 (d, J = 6.0 Hz, CH2CH3), 27.7 (C(CH3)3), 48.1 (d, J
= 2.0 Hz, C-6a), 58.6 [C(CH3)3], 60.2 (C-3a), 63.5 (d, J = 8.0 Hz,
CH2CH3), 64.6 (d, J = 8.0 Hz, CH2CH3), 86.6 (d, J = 158.0 Hz, C-1),
127.9 (d, J = 2.0 Hz, 2CHAr), 128.4 (d, J = 2.0 Hz, CHAr), 128.5 (d,
J = 6.0 Hz, 2CHAr), 134.1 (d, J = 4.0 Hz, C-ipso), 163.3 (d, J = 12.0
Hz, C-3), 172.6 (d, J = 5.0 Hz, CO), 173.6 (d, J = 10.0 Hz, CO).
HRMS C20H28N2O5P [M + H]+ 407.1730; found, 407.1733.
Additional column chromatography led to sample for testing. Purity
98.3% (tR = 4.46 min).
Diethyl (1RS,3aSR,6aSR)-5-(Adamantan-1-yl)methyl)-4,6-dioxo-

1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phospho-
nate (9i). Following the general procedure, AgOAc (12 mg, 0.07
mmol), N-(adamantan-1-methylphenyl)maleimide (270 mg, 1.1
mmol), acetonitrile (5 mL), and diethyl α-phenylisocyanomethyl-
phosphonate (177 mg, 0.7 mmol) gave 9i (220 mg, 63%) as a white
solid, after column chromatography (EtOAc/hexane 7:3). Mp 107−
108 °C (EtOAc). IR (ATR) 3469, 2908, 2850, 1714, 1446, 1392,
1226, 1158, 1012, 978, 758, 700, 573 cm−1. 1H NMR (400 MHz,
CDCl3, HETCOR) δ 0.95 (dd, J = 52.0, 12.0 Hz, 6H, 3CH2), 1.12 (t,
J = 7.0 Hz, 3H, CH2CH3), 1.25 (t, J = 7.0 Hz, 3H, CH2CH3), 1.47
(dd, J = 53.0, 12.0 Hz, 6H, 3CH2), 1.72 (s, 3H, 3CH), 2.95 (s, 2H,
NCH2), 3.81 (m, 1H, CH2CH3), 3.99−3.15 (m, 3H, CH2CH3), 4.11
(dd, J = 19.0, 8.5 Hz, 1H, H-6a), 4.29 (ddd, J = 8.5, 3.0, 1.0 Hz, 1H,
H-3a), 7.25−7.33 (m, 3H, ArH), 7.72 (d, J = 7.0 Hz, 2H, ArH), 7.95

(dd, J = 5.0, 1.0 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.3 (d, J =
5.5 Hz, CH2CH3), 16.4 (d, J = 6.0 Hz, CH2CH3), 28.1 (3CH), 34.9
(C), 36.5 (3CH2), 40.0 (3CH2), 47.7 (d, J = 2.0 Hz, C-6a), 50.2
(NCH2), 60.6 (C-3a), 63.6 (d, J = 7.5 Hz, CH2CH3), 64.7 (d, J = 7.5
Hz, CH2CH3), 86.0 (d, J = 155.0 Hz, C-1), 127.8 (d, J = 2.0 Hz,
2CHAr), 128.5 (d, J = 3.0 Hz, CHAr), 129.0 (d, J = 4.5 Hz, 2CHAr),
133.5 (d, J = 5.0 Hz, C-ipso), 162.6 (d, J = 12.0 Hz, C-3), 172.7 (d, J
= 5.0 Hz, CO), 173.2 (d, J = 13.0 Hz, CO); HRMS C27H36N2O5P [M
+ H]+ 499.2356; found, 499.2359. Purity 97.8% (tR= 5.27 min).

Diethyl (1RS,3aSR,6aSR)-5-Benzyl-4,6-dioxo-1-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9j).
Following the general procedure, AgOAc (4 mg, 0.02 mmol), N-
benzylmaleimide (112 mg, 0.6 mmol), acetonitrile (3 mL), and
diethyl α-phenylisocyanomethylphosphonate (101 mg, 0.4 mmol)
gave 9j (139 mg, 79%) as a yellowish oil, after column
chromatography (EtOAc/hexane 9:1). IR (NaCl) 3472, 3068, 2984,
1778, 1698, 1632, 1495, 1249, 1172, 1021, 750, 615 cm−1. 1H NMR
(400 MHz, CDCl3, HETCOR) δ 1.14 (t, J = 7.0 Hz, 3H, CH2CH3),
1.25 (t, J = 7.0 Hz, 3H CH2CH3), 3.86 (m, 1H, CH2CH3), 4.00−4.18
(m, 4H, CH2CH3 and H-6a), 4.33 (ddd, J = 8.5, 3.5, 1.5 Hz, 1H, H-
3a), 4.36 (dd, J = 53.5, 14.5 Hz, 2H, CH2Ar), 6.94−6.96 (m, 2H,
ArH), 7.14−7.22 (m, 3H, ArH), 7.23−7.30 (m, 3H, ArH), 7.61−7.63
(m, 2H, ArH), 7.92 (dd, J = 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6
MHz) δ 16.1 (d, J = 5.0 Hz, CH2CH3), 16.2 (d, J = 5.0 Hz, CH2CH3),
42.4 (CH2Ar), 47.8 (d, J = 2.0 Hz, C-6a), 60.4 (C-3a), 63.4 (d, J = 7.5
Hz, CH2CH3), 64.6 (d, J = 7.5 Hz, CH2CH3), 85.7 (d, J = 155.0 Hz,
C-1), 127.7 (d, J = 1.0 Hz, 2CHAr), 127.8 (CHAr), 128.3 (br s,
4CHAr), 128.4 (CHAr), 128.5 (2CHAr), 133.2 (d, J = 4.0 Hz, C-
ipso), 135.0 (C-ipso), 162.3 (d, J = 11.5 Hz, C-3), 171.6 (d, J = 5.5
Hz, CO), 172.2 (d, J = 13.5 Hz, CO). HRMS C23H25N2O5P [M +
H]+ 441.1574; found, 441.1579. Additional column chromatography
led to sample for testing. Purity 95.4% (tR = 4.43 min).

Diethyl (1RS,3aSR,6aSR)-4,6-Dioxo-5-phenethyl-1-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9k).
Following the general procedure, AgOAc (7 mg, 0.04 mmol), N-
phenethylmaleimide (200 mg, 1.0 mmol), acetonitrile (5 mL), and
diethyl α-phenylisocyanomethylphosphonate (170 mg, 0.7 mmol)
gave 9k (110 mg, 36%) as an oil, after column chromatography
(EtOAc/hexane 1:1). IR (NaCl) 3468, 3027, 2981, 1709, 1627, 1394,
1250, 1162, 1052, 1025, 968, 792, 750 cm−1. 1H NMR (400 MHz,
CDCl3, HETCOR) δ 1.14 (t, J = 7.0 Hz, 3H, CH2CH3), 1.25 (t, J =
7.0 Hz, 3H, CH2CH3), 2.40−2.53 (m, 2H, CH2), 3.46 (t, J = 7.5 Hz,
2H, CH2), 3.83 (m, 1H, CH2CH3), 3.99−4.16 (m, 4H, CH2CH3 and
H-6a), 4.24 (ddd, J = 8.5, 4.0, 1.0 Hz, 1H, H-3a), 6.97−6.99 (m, 2H,
ArH), 7.16−7.25 (m, 3H, ArH), 7.30−7.38 (m, 3H, ArH), 7.68−7.70
(m, 2H, ArH), 7.85 (dd, J = 5.0, 1.0 Hz, 1H, H-3). 13C NMR (100.6
MHz) δ 16.1 (d, J = 4.0 Hz, CH2CH3), 16.2 (d, J = 4.5 Hz, CH2CH3),
33.0 (CH2), 39.9 (CH2), 47.5 (d, J = 2.5 Hz, C-6a), 60.2 (C-3a), 63.4
(d, J = 7.5 Hz, CH2CH3), 64.6 (d, J = 7.5 Hz, CH2CH3), 126.6
(CHAr), 127.6 (CHAr), 127.7 (CHAr), 128.4 (d, J = 2.5 Hz, CHAr),
128.5 (2CHAr), 128.6 (CHAr), 128.7 (CHAr), 128.8 (2CHAr),
133.2 (d, J = 4.5 Hz, C-ipso), 137.1 (C-ipso), 162.6 (d, J = 11.5 Hz, C-
3), 171.6 (d, J = 5.5 Hz, CO), 172.3 (d, J = 13.5 Hz, CO). HMRS
C24H28N2O5P [M + H]+ 455.1730; found, 455.1731. Additional
column chromatography led to sample for testing. Purity 98.0% (tR =
4.54 min).

Diethyl (1RS,3aSR,6aSR)-5-(4-Fluorophenethyl)-4,6-dioxo-1-phe-
nyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(9l). Following the general procedure, AgOAc (8 mg, 0.05 mmol), N-
(4-fluorophenethyl)maleimide (263 mg, 1.2 mmol), acetonitrile (6
mL), and diethyl α-phenylisocyanomethylphosphonate (202 mg, 0.8
mmol) gave 9l (201 mg, 53%) as a white solid, after column
chromatography (EtOAc). Mp 94−95 °C (EtOAc). IR (NaCl) 3466,
3050, 2976, 1779, 1702, 1632, 1507, 1257, 1153, 1013, 763, 583
cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 1.23 (t, J = 7.0 Hz,
3H, CH2CH3), 1.25 (t, J = 7.0 Hz, 3H, CH2CH3), 2.40−2.52 (m, 2H,
CH2), 3.41−3.46 (m, 2H, CH2), 3.80 (m, 1H, CH2CH3), 3.97−4.15
(m, 4H, CH2CH3 and H-6a), 4.24 (ddd, J = 8.0, 4.0, 1.5 Hz, 1H, H-
3a), 6.86−6.92 (m, 4H, ArH), 7.31−7.37 (m, 3H, ArH), 7.67 (m, 2H,
ArH), 7.83 (dd, J = 5.5, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ
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16.1 (d, J = 5.0 Hz, CH2CH3), 16.2 (d, J = 5.0 Hz, CH2CH3), 32.1
(CH2), 39.9 (CH2), 47.5 (d, J = 2.0 Hz, C-6a), 60.3 (C-3a), 63.4 (d, J
= 7.0 Hz, CH2CH3), 64.6 (d, J = 7.0 Hz, CH2CH3), 85.7 (d, J = 153.0
Hz, C-1), 115.3 (d, J = 2.0 Hz, 2CHAr), 127.6 (d, J = 2.0 Hz,
2CHAr), 128.4 (d, J = 3.0 Hz, CHAr), 128.6 (d, J = 6.0 Hz, 2CHAr),
130.1 (d, J = 8.0 Hz, 2CHAr), 132.7 (d, J = 3.0 Hz, C-ipso), 133.1 (d,
J = 5.0 Hz, C-ipso), 160.4 (d, J = 244.5 Hz, C-ipso), 162.5 (d, J = 12.0
Hz, C-3), 171.6 (d, J = 6.0 Hz, CO), 172.3 (d, J = 14.0 Hz, CO).
HRMS C24H27FN2O5P [M + H]+ 473.1636; found, 473.1640. Anal.
Calcd for C24H26FN2O5P: C, 61.01%; H, 5.55%; N, 5.93%. Found: C,
61.14%; H, 5.74%; N, 5.83%.
Diethyl (1RS,3aSR,6aSR)-5-(2,3-Dihydro-1H-inden-2-yl)-4,6-

dioxo-1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-
phosphonate (9m). Following the general procedure, AgOAc (7 mg,
0.04 mmol), N-(2,3-dihydro-1H-inden-2-yl)maleimide (126 mg, 0.6
mmol), acetonitrile (3 mL), and diethyl α-phenylisocyanomethyl-
phosphonate (100 mg, 0.4 mmol) gave 9m (158 mg, 85%) as a beige
solid, after column chromatography (EtOAc). Mp 124−126 °C
(EtOAc). IR (ATR) 3457, 2986, 2943, 2866, 1766, 1698, 1623, 1377,
1252, 1170, 1055, 1021, 790, 704, 574 cm−1. 1H NMR (400 MHz,
CDCl3, HETCOR) δ 1.18 (t, J = 7.0 Hz, 3H, CH2CH3), 1.26 (t, J =
7.0 Hz, 3H, CH2CH3), 2.69 (dd, J = 15.0, 9.0 Hz, 1H, CH2), 2.75
(dd, J = 15.0, 9.0 Hz, 1H, CH2), 2.77 (dd, J = 15.0, 9.0 Hz, 1H, CH2),
3.23 (dd, J = 15.0, 9.0 Hz, 1H, CH2), 3.92 (m, 1H, CH2CH3), 4.08−
4.17 (m, 4H, CH2CH3 and H-6a), 4.31 (ddd, J = 9.0, 3.0, 1.5 Hz, 1H,
H-3a), 4.62 (qu, J = 9,2 Hz, 1H, CH), 7.09 (m, 1 H, ArH), 7.07−7.11
(m, 3H, ArH), 7.32−7.37 (m, 3H, ArH), 7.64 (br d, J = 7.5 Hz, 2H,
ArH), 8.00 (dd, J = 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ
16.4 (d, J = 2.0 Hz, CH2CH3), 16.5 (d, J = 3.0 Hz, CH2CH3), 34.6
(CH2), 35.1 (CH2), 48.0 (d, J = 2.0 Hz, C-6a), 50.8 (CH), 60.2 (C-
3a), 63.6 (d, J = 7.0 Hz, CH2CH3), 64.7 (d, J = 8.0 Hz, CH2CH3),
86.1 (d, J = 157.0 Hz, C-1), 124.4 (d, J = 2.0 Hz, 2CHAr), 126.8 (d, J
= 2.0 Hz, 2CHAr), 128.0 (d, J = 1.0 Hz, 2CHAr), 128.5 (d, J = 8.0
Hz, 2CHAr), 128.6 (CHAr), 133.7 (C-ipso), 133.8 (C-ipso), 140.5 (d,
J = 9.0 Hz, C-ipso), 162.7 (d, J = 12.0 Hz, C-3), 172.1 (d, J = 5.0 Hz,
CO), 172.7 (d, J = 12.0 Hz, CO). HRMS C25H28N2O5P [M + H]+

467.1730; found, 467.1728. Anal. Calcd for C25H27N2O5P: C,
64.37%; H, 5.83%; N, 6.01%. Found: C,64.55%; H,6.11%; N,5.76%.
Die thy l (1RS ,3aSR ,6aSR ) -4 ,6 -D ioxo -1 -pheny l -5 - [4 -

(trifluoromethyl)phenyl]-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]-
pyrrole-1-phosphonate (9n). Following the general procedure,
AgOAc (4 mg, 0.03 mmol), N-(4-trifluoromethylphenyl)maleimide
(144 mg, 0.6 mmol), acetonitrile (3 mL), and diethyl α-phenyl-
isocyanomethylphosphonate (101 mg, 0.4 mmol) gave 9n (133 mg,
67%) as a white solid, after column chromatography (EtOAc). Mp
184−185 °C (EtOAc). IR (NaCl) 3492, 3050, 2984, 1723, 1616,
1378, 1326, 1249, 1170, 1067, 758, 580 cm−1. 1H NMR (400 MHz,
CDCl3, HETCOR) δ 1.19 (t, J = 7.0 Hz, 3H, CH2CH3), 1.28 (t, J =
7.0 Hz, 3H, CH2CH3), 3.95 (m, 1H, CH2CH3), 4.10−4.20 (m, 3H,
CH2CH3), 4.28 (dd, J = 18.0, 9.0, 1H, H-6a), 4.51 (ddd, J = 8.5, 3.0,
1.5 Hz, 1H, H-3a), 6.85−6.87 (m, 2H, ArH), 7.34−7.38 (m, 3H,
ArH), 7.54−7.56 (m, 2H, ArH), 7.67−7.69 (m, 2H, ArH), 8.05 (dd, J
= 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.2 (d, J = 5.0
Hz, CH2CH3), 16.3 (d, J = 5.0 Hz, CH2CH3), 48.3 (d, J = 3.0 Hz, C-
6a), 60.1 (C-3a), 63.6 (d, J = 7.0 Hz, CH2CH3), 64.7 (d, J = 7.0 Hz,
CH2CH3), 86.3 (d, J = 157.0 Hz, C-1), 123.5 (q, J = 272.5 Hz, CF3),
126.0 (q, J = 4.0 Hz, 2CHAr), 126.3 (2CHAr), 128.0 (d, J = 1.0 Hz,
2CHAr), 128.4 (d, J = 6.0 Hz, 2CHAr), 128.7 (d, J = 2.0 Hz, CHAr),
137.5 (q, J = 33.0 Hz, CCF3), 133.4 (d, J = 4.0 Hz, C-ipso), 134.1 (d, J
= 1.5 Hz, C-ipso), 162.0 (d, J = 13.0 Hz, C-3), 170.4 (d, J = 5.0 Hz,
CO), 171.2 (d, J = 12.0 Hz, CO). HRMS C23H23F3N2O5P [M + H]+

495.1291; found, 495.1288. Anal. Calcd for C23H22F3N2O5P: C,
55.88%; H, 4.49%; N, 5.67%. Found: C, 56.04%; H, 4.71%; N, 5.56%.
Die thy l (1RS ,3aSR ,6aSR ) -4 ,6 -D ioxo -1 -pheny l -5 - [3 -

(trifluoromethyl)phenyl]-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]-
pyrrole-1-phosphonate (9o). Following the general procedure,
AgOAc (10 mg, 0.06 mmol), N-(3-trifluoromethylphenyl)maleimide
(362 mg, 1.5 mmol), acetonitrile (8 mL), and diethyl α-phenyl-
isocyanomethylphosphonate (253 mg, 1.0 mmol) gave 9o (218 mg,
44%) as a white solid, after column chromatography (EtOAc). Mp

179−180 °C (EtOAc). IR (ATR) 3483, 3084, 2957, 2036, 1719,
1446, 1382, 1329, 1168, 1027, 978, 739, 573 cm−1. 1H NMR (400
MHz, CDCl3, HETCOR) δ 1.21 (t, J = 7.0 Hz, 3H, CH2CH3), 1.28
(t, J = 7.0 Hz, 3H, CH2CH3), 3.98 (m, 1H, CH2CH3), 4.11−4.20 (m,
3H, CH2CH3), 4.27 (dd, J = 18.0, 9.0 Hz, 1H, H-6a), 4.50 (ddd, J =
9.0, 2.5, 1.5 Hz, 1H, H-3a), 6.86 (s, 1H, ArH), 6.96 (d, J = 9.5 Hz,
1H, ArH), 7.36−7.39 (m, 3H, ArH), 7.42 (t, 7.5 Hz, 1H, ArH), 7.53
(d, J = 8.0 Hz, 1H, ArH), 7.67 (br d, J = 7.0 Hz, 2H, ArH), 8.06 (dd, J
= 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.4 (d, J = 5.5
Hz, CH2CH3), 16.4 (d, J = 5.5 Hz, CH2CH3), 48.6 (d, J = 2.0 Hz, C-
6a), 60.2 (C-3a), 63.8 (d, J = 7.5 Hz, CH2CH3), 64.9 (d, J = 7.5 Hz,
CH2CH3), 86.4 (d, J = 158.0 Hz, C-1), 123.3 (q, J = 4.0 Hz, CHAr),
123.4 (q, J = 272.5 Hz, CF3), 125.6 (q, J = 4.0 Hz, CHAr), 128.2 (d, J
= 2.0 Hz, 2CHAr), 128.5 (d, J = 6.0 Hz, 2CHAr), 128.9 (d, J = 2.0
Hz, CHAr), 129.5 (d, J = 1.0 Hz, CHAr), 129.7 (CHAr), 131.6 (q, J =
33.5 Hz, CCF3), 131.7 (C-ipso), 133.5 (d, J = 4.0 Hz, C-ipso), 162.1
(d, J = 12.0 Hz, C-3), 170.6 (d, J = 5.0 Hz, CO), 171.5 (d, J = 11.0
Hz, CO). HRMS C23H23F3N2O5P [M + H]+ 495.1291; found,
495.1287. Anal. Calcd for C23H22F3N2O5P: C, 55.88%; H, 4.49%; N,
5.67%. Found: C, 56.00%; H, 4.63%; N, 5.46%.

Diethyl (1RS,3aSR,6aSR)-5-(4-Fluorophenyl)-4,6-dioxo-1-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9p).
Following the general procedure, AgOAc (7 mg, 0.04 mmol), N-(4-
fluorophenyl)maleimide (211 mg, 1.1 mmol), acetonitrile (5 mL),
and diethyl α-phenylisocyanomethylphosphonate (177 mg, 0.7
mmol) gave 9p (198 mg, 64%) as a white solid, after column
chromatography (EtOAc). Mp 200−201 °C (EtOAc). IR (NaCl)
3481, 3061, 2980, 1787, 1717, 1511, 1385, 1245, 1017, 969, 700, 583
cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 1.19 (t, J = 7.5 Hz,
3H, CH2CH3), 1.28 (t, J = 7.5 Hz, 3H, CH2CH3), 3.93 (m, 1H,
CH2CH3), 4.10−4.20 (m, 3H, CH2CH3), 4.26 (dd, J = 18.0, 9.0, 1H,
H-6a), 4.48 (ddd, J = 8.5, 3.0, 1.5 Hz, 1H, H-3a), 6.67−6.72 (m, 2H,
ArH), 6.96−7.00 (m, 2H, ArH), 7.33−7.39 (m, 3H, ArH), 7.68−7.70
(m, 2H, ArH), 8.05 (dd, J = 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6
MHz) δ 16.2 (d, J = 4.0 Hz, CH2CH3), 16.3 (d, J = 4.0 Hz, CH2CH3),
48.2 (d, J = 3.0 Hz, C-6a), 60.1 (C-3a), 63.6 (d, J = 8.0 Hz, CH2CH3),
63.7 (d, J = 7.0 Hz, CH2CH3), 86.2 (d, J = 157.0 Hz, C-1), 116.1 (d, J
= 23.0 Hz, 2CHAr), 126.9 (d, J = 3.0 Hz, C-ipso), 127.9 (2CHAr),
128.0 (2CHAr), 128.4 (d, J = 6.0 Hz, 2CHAr), 128.6 (d, J = 2.0 Hz,
CHAr), 133.4 (d, J = 4.0 Hz, C-ipso), 160.9 (d, J = 248.5 Hz, C-ipso),
162.2 (d, J = 12.0 Hz, C-3), 170.9 (d, J = 5.0 Hz, CO), 171.6 (d, J =
11.0 Hz, CO). HRMS C22H23FN2O5P [M + H]+445.1323; found,
445.1322. Anal. Calcd for C22H22FN2O5P: C, 59.46%; H, 4.99%; N,
6.30%. Found: C, 59.73%; H, 5.13%; N, 6.19%.

Diethyl (1RS,3aSR,6aSR)-5-(4-Chlorophenyl)-4,6-dioxo-1-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9q).
Following the general procedure, AgOAc (5 mg, 0.03 mmol), N-(4-
chlorophenyl)maleimide (150 mg, 0.7 mmol), acetonitrile (4 mL),
and diethyl α-phenylisocyanomethylphosphonate (118 mg, 0.5
mmol) gave 9q (136 mg, 59%) as a white solid, after column
chromatography (EtOAc). Mp 211−212 °C (EtOAc). IR (ATR)
3078, 2981, 2923, 2855, 1713, 1499, 1377, 1187, 1022, 773, 583
cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 1.19 (t, J = 7.0 Hz,
3H, CH2CH3), 1.28 (t, J = 7.0 Hz, 3H, CH2CH3), 3.94 (m, 1H,
CH2CH3), 4.11−4.19 (m, 3H, CH2CH3), 4.25 (dd, J = 18.0, 9.0 Hz,
1H, H-6a), 4.47 (ddd, J = 8.5, 3.0, 1.0 Hz, 1H, H-3a), 6.65−6.67 (m,
2H, ArH), 7.24−7.27 (m, 2H, ArH), 7.33−7.37 (m, 3H, ArH), 7.67
(br d, J = 7.5 Hz, 2H, ArH), 8.04 (dd, J = 5.5, 1.0 Hz, 1H, H-3). 13C
NMR (100.6 MHz) δ 16.4 (d, J = 3.0 Hz, CH2CH3), 16.4 (d, J = 4.0
Hz, CH2CH3), 48.4 (d, J = 2.0 Hz, C-6a), 60.2 (C-3a), 63.7 (d, J = 7.0
Hz, CH2CH3), 64.8 (d, J = 7.0 Hz, CH2CH3), 86.4 (d, J = 157.0 Hz,
C-1), 127.4 (2CHAr), 128.1 (d, J = 1.0 Hz, 2CHAr), 128.5 (d, J = 6.0
Hz, 2CHAr), 128.7 (d, J = 2.0 Hz, CHAr), 129.4 (2CHAr), 129.6 (C-
ipso), 133.6 (d, J = 4.0 Hz, C-ipso), 134.7 (C-ipso), 162.2 (d, J = 12.0
Hz, C-3), 170.8 (d, J = 5.0 Hz, CO), 171.5 (d, J = 12.0 Hz, CO).
HRMS C22H23ClN2O5P [M + H]+ 461.1028; found, 461.1026. Anal.
Calcd for C22H22ClN2O5P: C, 57.34%; H, 4.81%; N, 6.08%. Found:
C, 57.71%; H, 4.92%; N, 5.96%.

Diethyl (1RS,3aSR,6aSR)-5-(2-Chlorophenyl)-4,6-dioxo-1-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9r).
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Following the general procedure, AgOAc (6 mg, 0.04 mmol), N-(2-
chlorophenyl)maleimide (180 mg, 0.9 mmol), acetonitrile (5 mL),
and diethyl α-phenylisocyanomethylphosphonate (152 mg, 0.6
mmol) gave 9r (200 mg, 72%) as a white solid, after column
chromatography (EtOAc/hexane 7:3). Mp 172−174 °C (EtOAc). IR
(ATR) 3496, 2981, 2866, 1790, 1718, 1482, 1386, 1237, 1194, 1045,
1021, 973, 757, 579 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ
1.14 (t, J = 7.0 Hz, 3H, CH2CH3-rotamer A), 1.19 (t, J = 7.0 Hz, 3H,
CH2CH3-rotamer B), 1.29 (t, J = 7.0 Hz, 3H, CH2CH3-rotamer A),
1.30 (t, J = 7.0 Hz, 3H, CH2CH3-rotamer B), 3.82 (m, 1H, CH2CH3-
rotamer A), 3.93 (m, 1H, CH2CH3-rotamer B), 4.05−4.20 (m, 6H,
CH2CH3-rotamer A and B), 4.35 (dd, J = 18.0, 8.5 Hz, 1H, H-6a
rotamer A), 4.36 (dd, J = 18.0, 8.5 Hz, 1H, H-6a rotamer B), 4.52
(ddd, J = 8.5, 4.5, 1.5 Hz, 1H, H-3a rotamer A), 4.56 (ddd, J = 8.5,
3.0, 1.5 Hz, 1H, H-3a rotamer B), 6.30 (dd, J = 8.0, 1.5 Hz, 1H, ArH
rotamer B), 7.10 (m, 1H, ArH rotamer B), 7.13 (ddd, J = 16.0, 8.0,
2.0 Hz, 1H, ArH rotamer A), 7.25−7.43 (m, 10H, 6ArH rotamer A
and 4ArH rotamer B), 7.42 (dd, J = 8.0, 1.5 Hz, 1H, ArH rotamer B),
7.71 (d, J = 8.0 Hz, 2H, ArH rotamer B), 7.78 (d, J = 8.0 Hz, 2H, ArH
rotamer A), 8.03 (dd, J = 5.5 Hz, 1.5 Hz, 1H, H-3 rotamer A), 8.08
(dd, J = 5.0, 1.5 Hz, 1H, H-3 rotamer B). 13C NMR (100.6 MHz) δ
16.2 (d, J = 6.0 Hz, CH2CH3 rotamer A or B), 16.2 (d, J = 6.0 Hz,
CH2CH3 rotamer A or B), 16.3 (d, J = 6.0 Hz, CH2CH3 rotamer A or
B), 16.3 (d, J = 5.5 Hz, CH2CH3 rotamer A or B), 48.0 (d, J = 2.5 Hz,
C-6a rotamer A), 48.6 (d, J = 2.5 Hz, C-6a rotamer B), 60.3 (C-3a
rotamer B), 60.1 (C-3a rotamer A), 63.5 (d, J = 7.5 Hz, CH2CH3
rotamer A), 63.6 (d, J = 7.5 Hz, CH2CH3 rotamer B), 64.7 (d, J = 7.5
Hz, CH2CH3 rotamer B), 64.8 (d, J = 7.5 Hz, CH2CH3 rotamer A),
86.0 (d, J = 157.5, C-1 rotamer A), 86.6 (d, J = 153.5, C-1 rotamer B),
127.6 (CHAr rotamer A or B), 127.7 (d, J = 2.0 Hz, CHAr rotamer A
or B), 127.8 (CHAr rotamer A), 127.9 (CHAr rotamer A or B), 128.0
(CHAr rotamer A or B), 128.4 (d, J = 5.0 Hz, 2CHAr rotamer B),
128.5 (2CHAr rotamer A or B), 128.6 (d, J = 2.0 Hz, CHAr rotamer
A or B), 128.9 (d, J = 6.0 Hz, CHAr rotamer A), 129.1 (C-ipso
rotamer A), 129.2 (C-ipso rotamer B), 129.3 (CHAr rotamer B),
129.6 (CHAr rotamer A), 130.2 (CHAr rotamer B), 130.3 (CHAr
rotamer A or B), 130.7 (CHAr rotamer A or B), 130.9 (CHAr
rotamer A or B), 132.0 (C-ipso rotamer A), 132.2 (C-ipso rotamer B),
132.9 (d, J = 4.0 Hz, C-ipso rotamer A), 133.5 (d, J = 4.0 Hz, C-ipso
rotamer B), 162.0 (d, J = 11.5 Hz, C-3 rotamer A), 162.2 (d, J = 12.5
Hz, C-3 rotamer B), 170.2 (d, J = 5.0 Hz, CO rotamer B), 170.3 (d, J
= 5.5 Hz, CO rotamer A), 170.7 (d, J = 11.5 Hz, CO rotamer A or B),
170.8 (d, J = 15.0 Hz, CO rotamer B). HRMS C22H23ClN2O5P [M +
H]+ 461.1028; found, 461.1025. Anal. Calcd for C22H22ClN2O5P: C,
57.34%; H, 4.81%; N, 6.08%. Found: C,57.18%; H,4.86%; N,5.88%.
Diethyl (1RS,3aSR,6aSR)-5-(3-Chlorophenyl)-4,6-dioxo-1-phenyl-

1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9s).
Following the general procedure, AgOAc (8 mg, 0.05 mmol), N-(3-
chlorophenyl)maleimide (250 mg, 1.2 mmol), acetonitrile (6 mL),
and diethyl α-phenylisocyanomethylphosphonate (203 mg, 0.8
mmol) gave 9s (167 mg, 45%) as a white solid, after column
chromatography (EtOAc). Mp 186−187 °C (EtOAc). IR (ATR)
3488, 3084, 2962, 2928, 1709, 1587, 1475, 1382, 1241, 1183, 1051,
1022, 948, 705 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 1.19
(t, J = 7.0 Hz, 3H, CH2CH3), 1.28 (t, J = 7.0 Hz, 3H, CH2CH3), 3.94
(m, 1H, CH2CH3), 4.10−4.19 (m, 3H, CH2CH3), 4.26 (dd, J = 18.0,
9.0 Hz, 1H, H-6a), 4.48 (ddd, J = 8.5, 3.0, 1.5 Hz, 1H, H-3a), 6.63−
6.68 (m, 2H, ArH), 7.22 (m, 1H, ArH), 7.26 (m, 1H, ArH), 7.35−
7.39 (m, 3H, ArH), 7.68 (br d, J = 7.5 Hz, 2H, ArH), 8.05 (dd, J =
5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.4 (d, J = 5.5 Hz,
CH2CH3), 16.4 (d, J = 5.5 Hz, CH2CH3), 48.5 (d, J = 3.0 Hz, C-6a),
60.2 (C-3a), 63.7 (d, J = 7.0 Hz, CH2CH3), 64.8 (d, J = 7.0 Hz,
CH2CH3), 86.4 (d, J = 157.0 Hz, C-1), 124.4 (CHAr), 126.5 (CHAr),
128.2 (d, J = 2.0 Hz, 2CHAr), 128.5 (d, J = 6.0 Hz, 2CHAr), 128.9
(d, J = 2.0 Hz, CHAr), 129.0 (CHAr), 130.1 (CHAr), 132.2 (C-ipso),
133.5 (d, J = 4.0 Hz, C-ipso), 134.7 (C-ipso), 162.3 (d, J = 12.0 Hz, C-
3), 170.6 (d, J = 5.0 Hz, CO), 171.4 (d, J = 12.0 Hz, CO). HRMS
C22H23ClN2O5P [M + H]+ 461.1028; found, 461.1029. Anal. Calcd
for C22H22ClN2O5P: C, 57.34%; H, 4.81%; N, 6.08%. Found: C,
57.70%; H, 4.96%; N, 5.59%.

Diethyl (1RS,3aSR,6aSR)-5-(4-Bromophenyl)-4,6-dioxo-1-phenyl-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9t).
Following the general procedure, AgOAc (7 mg, 0.04 mmol), N-(4-
bromophenyl)maleimide (275 mg, 1.1 mmol), acetonitrile (5 mL),
and diethyl α-phenylisocyanomethylphosphonate (177 mg, 0.7
mmol) gave 9t (181 mg, 51%) as a white solid, after column
chromatography (EtOAc/hexane 1:1). Mp 180−182 °C (EtOAc). IR
(ATR) 3478, 2918, 2845, 1797, 1714, 1480, 1387, 1236, 1187, 1158,
1022, 973, 744, 578 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ
1.19 (t, J = 7.0 Hz, 3H, CH2CH3), 1.28 (t, J = 7.0 Hz, 3H, CH2CH3),
3.93 (m, 1H, CH2CH3), 4.10−4.19 (m, 3H, CH2CH3), 4.25 (dd, J =
18.0, 9.0 Hz, 1H, H-6a), 4.47 (ddd, J = 9.0, 3.0, 1.5 Hz, 1H, H-3a),
6.59−6.61 (m, 2H, ArH), 7.34−7.36 (m, 3H, ArH), 7.40−7.42 (m,
2H, ArH), 7.67 (br s, J = 7.5 Hz, 2H, ArH), 8.04 (dd, J = 5.0, 1.5 Hz,
1H, H-3). 13C NMR (100.6 MHz) δ 16.4 (d, J = 3.0 Hz, CH2CH3),
16.4 (d, J = 4.0 Hz, CH2CH3), 48.4 (d, J = 3.0 Hz, C-6a), 60.3 (C-3a),
63.7 (d, J = 8.0 Hz, CH2CH3), 64.8 (d, J = 7.0 Hz, CH2CH3), 86.4 (d,
J = 157.0 Hz, C-1), 122.7 (C-ipso), 127.7 (2CHAr), 128.1 (d, J = 2.0
Hz, 2CHAr), 128.5 (d, J = 6.0 Hz, 2CHAr), 128.8 (d, J = 2.0 Hz,
CHAr), 130.2 (C-ipso), 132.4 (2CHAr), 133.6 (d, J = 4.0 Hz, C-ipso),
162.2 (d, J = 12.0 Hz, C-3), 170.7 (d, J = 5.0 Hz, CO), 171.4 (d, J =
11.0 Hz, CO). HRMS C22H23BrN2O5P [M + H]+ 505.0522; found,
505.0522. Anal. Calcd for C22H22BrN2O5P: C, 52.99%; H, 4.90%; N,
5.24%. Found: C, 53.30%; H, 4.61%; N, 5.10%.

Diethyl (1RS,3aSR,6aSR)-5-(3,5-Dichlorophenyl)-4,6-dioxo-1-
phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phospho-
nate (9u). Following the general procedure, AgOAc (12 mg, 0.07
mmol), N-(3,5-dichlorophenyl)maleimide (267 mg, 1.1 mmol),
acetonitrile (5 mL), and diethyl α-phenylisocyanomethylphosphonate
(177 mg, 0.7 mmol) gave 9u (190 mg, 55%) as a white solid, after
column chromatography (EtOAc/hexane 8:2). Mp 207−209 °C
(EtOAc). IR (ATR) 3483, 3079, 2952, 2928, 1719, 1573, 1441, 1373,
1226, 1183, 1027, 973, 763, 734, 727, 588 cm−1. 1H NMR (400 MHz,
CDCl3, HETCOR) δ 1.20 (t, J = 7.0 Hz, 3H, CH2CH3), 1.28 (t, J =
7.0 Hz, 3H, CH2CH3), 3.94 (m, 1H, CH2CH3), 4.10−4.19 (m, 3H,
CH2CH3), 4.25 (dd, J = 18.0, 8.5 Hz, 1H, H-6a), 4.47 (ddd, J = 9.0,
2.5, 1.5 Hz, 1H, H-3a), 6.60 (d, J = 2.0 Hz, 2H, ArH), 7.27 (m, 1H,
ArH), 7.37−7.40 (m, 3H, ArH), 7.65 (br d, J = 5.0 Hz, 2H, ArH),
8.04 (dd, J = 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.3 (d,
J = 5.5 Hz, CH2CH3), 16.4 (d, J = 5.5 Hz, CH2CH3), 48.6 (d, J = 3.0
Hz, C-6a), 60.9 (C-3a), 63.8 (d, J = 7.0 Hz, CH2CH3), 64.9 (d, J = 7.0
Hz, CH2CH3), 86.5 (d, J = 158.0 Hz, C-1), 124.8 (2CHAr), 128.3 (d,
J = 2.0 Hz, 2CHAr), 128.5 (d, J = 5.0 Hz, 2CHAr), 129.0 (d, J = 2.0
Hz, CHAr), 129.1 (CHAr), 132.8 (C-ipso), 133.5 (d, J = 3.0 Hz, C-
ipso), 135.3 (2C-ipso), 162.0 (d, J = 13.0 Hz, C-3), 170.2 (d, J = 5.0
Hz, CO), 171.1 (d, J = 11.0 Hz, CO). HRMS C22H22Cl2N2O5P [M +
H]+ 495.0638; found, 495.0638. Anal. Calcd for C22H21Cl2N2O5P: C,
53.35%; H, 4.27%; N, 5.66%. Found: C, 53.69%; H, 4.35%; N, 5.42%.

Diethyl (1RS,3aSR,6aSR)-5-(3,4-Dichlorophenyl)-4,6-dioxo-1-
phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phospho-
nate (9v). Following the general procedure, AgOAc (8 mg, 0.05
mmol), N-(3-chloro-4-chlorophenyl)maleimide (288 mg, 1.2 mmol),
acetonitrile (6 mL), and diethyl α-phenylisocyanomethylphosphonate
(202 mg, 0.8 mmol) gave 9v (210 mg, 53%) as a white solid, after
column chromatography (EtOAc/hexane 1:1). Mp 172−174 °C
(EtOAc). IR (ATR) 3480, 3075, 2957, 1790, 1716, 1464, 1251, 1187,
1058, 1024, 737, 579 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR)
δ 1.20 (t, J = 7.0 Hz, 3H, CH2CH3), 1.28 (t, J = 7.0 Hz, 3H,
CH2CH3), 3.95 (m, 1H, CH2CH3), 4.10−4.20 (m, 3H, CH2CH3),
4.26 (dd, J = 18.0, 8.5 Hz, 1H, H-6a), 4.47 (ddd, J = 8.5, 3.0, 1.5 Hz,
1H, H-3a), 6.61 (dd, J = 9.0, 2.5 Hz, 1H, ArH), 6.78 (d, J = 2.5 Hz,
1H, ArH), 7.35−7.38 (m, 4H, ArH), 7.65−7.68 (m, 2H, ArH), 8.04
(dd, J = 4.5, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.2 (d, J =
6.0 Hz, CH2CH3), 16.3 (d, J = 6.0 Hz, CH2CH3), 48.4 (d, J = 3.0 Hz,
C-6a), 60.0 (C-3a), 63.6 (d, J = 7.0 Hz, CH2CH3), 64.7 (d, J = 8.0 Hz,
CH2CH3), 86.2 (d, J = 157.0 Hz, C-1), 125.2 (CHAr), 127.9 (CHAr),
128.0 (d, J = 2.0 Hz, 2CHAr), 128,3 (d, J = 6.0 Hz, 2CHAr), 128.7
(d, J = 2.0 Hz, CHAr), 130.2 (C-ipso), 130.6 (CHAr), 132.9 (C-ipso),
133.0 (C-ipso), 133.3 (d, J = 4.0 Hz, C-ipso), 161.9 (d, J = 13.0 Hz, C-
3), 170.2 (d, J = 5.0 Hz, CO), 171.1 (d, J = 12.0 Hz, CO). HRMS
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C22H22Cl2N2O5P [M + H]+ 495.0638; found, 495.0637. Anal. Calcd
for C22H21Cl2N2O5P: C, 53.35%; H, 4.27%; N, 5.66%. Found: C,
53.42%; H, 4.30%; N, 5.48%.
Diethyl (1RS,3aSR,6aSR)-4,6-Dioxo-1-phenyl-5-(2,4,6-trichloro-

phenyl)-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phospho-
nate (9w). Following the general procedure, AgOAc (8.3 mg, 0.05
mmol), N-(2,4,6-trichlorophenyl)maleimide (194 mg, 0.7 mmol),
acetonitrile (4 mL), and diethyl α-phenylisocyanomethylphosphonate
(127 mg, 0.5 mmol) gave 9w (215 mg, 81%) as a yellowish solid, after
column chromatography (EtOAc). Mp 146−148 °C (EtOAc). IR
(ATR) 3501, 2976, 2854, 1786, 1727, 1471, 1361, 1253, 1043, 1322,
961, 704 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 1.14 (t, J =
7.0 Hz, 3H, CH2CH3), 1.28 (t, J = 7.0 Hz, 3H, CH2CH3), 3.84 (m,
1H, CH2CH3), 4.03−4.17 (m, 3H, CH2CH3), 4.41 (dd, J = 18.0, 9.0
Hz, 1H, H-6a), 4.57 (ddd, J = 8.5, 4.0, 1.0 Hz, 1H, H-3a), 7.26 (d, J =
3.0 Hz, 1H, ArH), 7.28−7.34 (m, 3H, ArH), 7.36 (d, J = 2.0 Hz, 1H,
ArH), 7.75 (br d, J = 8.0 Hz, 2H, ArH), 8.02 (dd, J = 5.0, 1.0 Hz, 1H,
H-3). 13C NMR (100.6 MHz) δ 16.3 (d, J = 6.0 Hz, CH2CH3), 16.4
(d, J = 6.0 Hz, CH2CH3), 48.3 (d, J = 3.0 Hz, C-6a), 61.0 (C-3a), 63.7
(d, J = 7.0 Hz, CH2CH3), 64.9 (d, J = 8.0 Hz, CH2CH3), 86.7 (d, J =
152.0 Hz, C-1), 126.6 (C-ipso), 127.8 (d, J = 2.0 Hz, 2CHAr), 128.6
(CHAr), 128.7 (CHAr), 128.8 (CHAr), 129.0 (d, J = 5.0 Hz,
2CHAr), 133.0 (d, J = 5.0 Hz, C-ipso), 135.1 (d, J = 10.0 Hz, C-ipso),
136.8 (2C-ipso), 161.8 (d, J = 11.0 Hz, C-3), 169.3 (d, J = 5.0 Hz,
CO), 169.8 (d, J = 14.0 Hz, CO). HRMS C22H21Cl3N2O5P [M + H]+

529.0248; found, 529.0242. Purity 98% (tR = 5.06 min).
Diethyl (1RS,3aSR,6aSR)-5-(3-Nitrophenyl)-4,6-dioxo-1-phenyl-

1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate (9x).
Following the general procedure, AgOAc (4 mg, 0.02 mmol), N-(3-
nitrophenyl)maleimide (131 mg, 0.6 mmol), acetonitrile (3 mL), and
diethyl α-phenylisocyanomethylphosphonate (101 mg, 0.4 mmol)
gave 9x (101 mg, 54%) as a white solid, after column chromatography
(EtOAc). Mp 192−195 °C (EtOAc). IR (NaCl) 2984, 1724, 1537,
1351, 1248, 1176, 1050, 971, 758, 674 cm−1. 1H NMR (400 MHz,
CDCl3, HETCOR) δ 1.21 (t, J = 7.0 Hz, 3H, CH2CH3), 1.29 (t, J =
7.0 Hz, 3H, CH2CH3), 3.98 (m, 1H, CH2CH3), 4.10−4.24 (m, 3H,
CH2CH3), 4.30 (dd, J = 18.0, 9.0 Hz, 1H, H-6a), 4.53 (ddd, J = 9.0,
3.0, 1.0 Hz, H-3a), 7.11 (dq, J = 8.0, 1.0 Hz, 1H, ArH), 7.38−7.41 (m,
3H, ArH), 7.49 (t, J = 8.0 Hz, 1H, ArH), 7.58 (t, J = 2.0 Hz, 1H,
ArH), 7.67−7.69 (m, 2H, ArH), 8.07 (dd, J = 5.0, 1.0 Hz, 1H, H-3),
8.14 (ddd, J = 8.5, 2.5, 1.0 Hz, 1H, ArH). 13C NMR (100.6 MHz) δ
16.2 (d, J = 3.0 Hz, CH2CH3), 16.3 (d, J = 3.5 Hz, CH2CH3), 48.5 (d,
J = 2.0 Hz, C-6a), 60.0 (C-3a), 63.6 (d, J = 7.5 Hz, CH2CH3), 64.7 (d,
J = 7.5 Hz, CH2CH3), 86.2 (d, J = 158.0 Hz, C-1), 121.4 (CHAr),
123.3 (CHAr), 128.1 (2CHAr), 128.2 (CHAr), 128.3 (CHAr), 128.9
(d, J = 1.5 Hz, CHAr), 129.8 (CHAr), 131.9 (CHAr), 132.0 (C-ipso),
133.2 (d, J = 4.0 Hz, C-ipso), 148.3 (C-ipso), 161.7 (d, J = 12.0 Hz, C-
3), 170.2 (d, J = 5.5 Hz, CO), 171.1 (d, J = 11.0 Hz, CO). HRMS
C22H23N3O7P [M + H]+ 472.1268; found, 472.1276. Anal. Calcd for
C22H22N3O7P: C, 56.05%; H, 4.70%; N, 8.91%. Found: C, 55.73%; H,
4.74%; N, 8.85%.
Diethyl (1RS,3aSR,6aSR)-5-(2-Methyl-5-nitrophenyl)-4,6-dioxo-

1-phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phospho-
nate (9y). Following the general procedure, AgOAc (5 mg, 0.03
mmol), N-(2-methyl-5-nitrophenyl)maleimide (138 mg, 0.6 mmol),
acetonitrile (3 mL), and diethyl α-phenylisocyanomethylphosphonate
(101 mg, 0.4 mmol) gave 9y (111 mg, 57%) as a white solid, after
column chromatography (EtOAc). Mp 196−198 °C (EtOAc). IR
(ATR) 3493, 3079, 2947, 2845, 1724, 1519, 1343, 1192, 1017, 739,
578 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 1.16 (td, J =
7.0, 0.5 Hz, 3H, CH2CH3 rotamer A), 1.22 (td, J = 7.0, 0.5 Hz, 3H,
CH2CH3 rotamer B), 1.29 (td, J = 7.0, 0.5 Hz, 3H, CH2CH3 rotamer
B), 1.30 (td, J = 7.0, 0.5 Hz, 3H, CH2CH3 rotamer A), 1.51 (s, 3H,
CH3 rotamer A), 2.15 (s, 3H, CH3 rotamer B), 3.85 (m, 1H, CH2CH3
rotamer A), 3.99 (m, 1H, CH2CH3 rotamer B), 4.03−4.24 (m, 6H,
CH2CH3 rotamer A and B), 4.35 (dd, J = 18.0, 9.0 Hz, 1H, H-6a
rotamer B), 4.39 (dd, J = 18.5, 9.0 Hz, 1H, H-6a rotamer A), 4.55
(ddd, J = 10.0, 2.5, 1.5 Hz, 1H, H-3a rotamer B), 4.59 (ddd, J = 9.0,
3.5, 1.5 Hz, 1H, H-3a rotamer A), 6.88 (d, J = 2.5 Hz, 1H, ArH
rotamer B), 7.47−7.19 (m, 8H, 4ArH rotamer A and 4ArH rotamer

B), 7.69 (br s, 2H, ArH rotamer B), 7.77 (d, J = 7.5 Hz, 2H, ArH
rotamer A), 7.91 (d, J = 2.5 Hz, 1H, ArH rotamer A), 8.05 (dd, J =
5.0, 1.5 Hz, 1H, C-3 rotamer A), 8.08 (dd, J = 5.5, 2.5 Hz, 1H, C-3
rotamer B), 8.08−8.11 (m, 2H, ArH rotamer A and rotamer B). 13C
NMR (100.6 MHz) δ 16.3 (d, J = 5.5 Hz, CH2CH3 rotamer A), 16.3
(d, J = 5.5 Hz, CH2CH3 rotamer B), 16.4 (d, J = 5.5 Hz, CH2CH3
rotamer A), 16.4 (d, J = 5.5 Hz, CH2CH3 rotamer B), 17.5 (CH3
rotamer A), 18.2 (CH3 rotamer B), 48.3 (d, J = 2.5 Hz, C-6a rotamer
A), 49.2 (d, J = 2.5 Hz, C-6a rotamer B), 60.1 (C-3a rotamer B), 61.0
(C-3a rotamer A), 63.7 (d, J = 7.5 Hz, CH2CH3 rotamer A), 63.8 (d, J
= 7.5 Hz, CH2CH3 rotamer B), 64.9 (d, J = 7.5 Hz, CH2CH3 rotamer
B), 65.0((d, J = 7.5 Hz, CH2CH3 rotamer A), 86.3 (d, J = 159.0, C-1
rotamer B), 86.6 (d, J = 154.5, C-1 rotamer A), 123.5 (CHAr rotamer
B), 123.7 (CHAr rotamer A), 124.3 (CHAr rotamer A), 124.5 (CHAr
rotamer B), 127.9 (CHAr rotamer A), 128.0 (CHAr rotamer B),
128.3 (d, J = 5.5 Hz, 2CHAr rotamer B), 128.3 (CHAr rotamer A),
128.4 (CHAr rotamer B), 128.8 (d, J = 2.5 Hz, CHAr rotamer A),
128.9 (d, J = 6.5 Hz, 2CHAr rotamer A), 129.4 (d, J = 2.0 Hz, CHAr
rotamer B), 131.1 (C-ipso rotamer A), 131.2 (C-ipso rotamer B),
131.8 (CHAr rotamer B), 131.9 (CHAr rotamer A), 133.3 (d, J = 4.5
Hz, C-ipso rotamer A), 133.4 (d, J = 4.0 Hz, C-ipso rotamer B), 143.8
(C-ipso rotamer A), 143.9 (C-ipso rotamer B), 146.6 (C-ipso rotamer
A), 146.7 (C-ipso rotamer B), 161.8 (d, J = 12.5 Hz, C-3 rotamer B),
161.9 (d, J = 11.5 Hz, C-3 rotamer A), 170.4 (d, J = 5.0 Hz, CO
rotamer B), 170.6 (d, J = 5.5 Hz, CO rotamer A), 171.0 (d, J = 13.5
Hz, CO rotamer A), 171.3 (d, J = 10.0 Hz, CO rotamer B). HRMS
C23H25N3O7P [M + H]+ 486.1425; found, 486.1424. Anal. Calcd for
C23H24N3O7P: C, 56.91%; H, 4.98%; N, 8.66%. Found: C, 57.33%; H,
5.11%; N, 8.59%.

Diethyl (1RS,3aSR,6aSR)-5-(1,1′-Biphenyl)-4-yl-4,6-dioxo-1-phe-
nyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(9z). Following the general procedure, AgOAc (5 mg, 0.03 mmol), N-
(p-phenylphenyl)maleimide (200 mg, 0.8 mmol), acetonitrile (4 mL),
and diethyl α-phenylisocyanomethylphosphonate (134 mg, 0.5
mmol) gave 9z (129 mg, 49%) as a yellowish oil, after column
chromatography (EtOAc). IR (NaCl) 3483, 2982, 2928, 1716, 1628,
1487, 1378, 1248, 1182, 1052, 1024, 969, 839, 792 cm−1. 1H NMR
(400 MHz, CDCl3, HETCOR) δ 1.20 (t, J = 7.0 Hz, 3H, CH2CH3),
1.29 (t, J = 7.0 Hz, 3H, CH2CH3), 3.97 (m, 1H, CH2CH3), 4.09−4.23
(m, 3H, CH2CH3), 4.30 (dd, J = 18.5, 9.0 Hz, 1H, H-6a), 4.51 (ddd, J
= 9.0, 3.0, 1.5 Hz, 1H, H-3a), 6.80 (m, 2H, ArH), 7.31−7.42 (m, 6H,
ArH), 7.47−7.51 (m, 4H, ArH), 7.71 (br d, J = 7.5 Hz, 2H, ArH),
8.08 (dd, J = 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.2 (d,
J = 5.5 Hz, CH2CH3), 16.3 (d, J = 5.5 Hz, CH2CH3), 48.2 (d, J = 2.5
Hz, C-6a), 60.2 (C-3a), 63.5 (d, J = 7.0 Hz, CH2CH3), 64.6 (d, J = 7.5
Hz, CH2CH3), 86.5 (d, J = 157.0 Hz, C-1), 126.3 (2CHAr), 127.1
(2CHAr), 127.7 (CHAr), 127.8 (2CHAr), 127.9 (d, J = 1.5 Hz,
2CHAr), 128.4 (d, J = 6.0 Hz, 2CHAr), 128.6 (d, J = 2.0 Hz, CHAr),
128.8 (2CHAr), 130.0 (C-ipso), 133.4 (d, J = 4.0 Hz, C-ipso), 140.0
(C-ipso), 141.7 (C-ipso), 162.3 (d, J = 12.0 Hz, C-3), 170.9 (d, J = 5.5
Hz, CO), 171.7 (d, J = 11.5 Hz, CO). HRMS C28H28N2O5P [M +
H]+503.1730; found, 503.1727. Purity 98.5% (tR = 4.71 min).

Diethyl (1RS,3aSR,6aSR)-4,6-Dioxo-1-phenyl-5-(p-tolyl)-
1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(9aa). Following the general procedure, AgOAc (6 mg, 0.04 mmol),
N-(4-methylphenyl)maleimide (153 mg, 0.9 mmol), acetonitrile (4.5
mL), and diethyl α-phenylisocyanomethylphosphonate (168 mg, 0.6
mmol) gave 9aa (199 mg, 75%) as a white solid, after column
chromatography (EtOAc/hexane 3:2 to 9:1). Mp 156−158 °C
(EtOAc). IR (ATR) 3476, 2936, 2863, 1711, 1632, 1520, 1368, 1240,
1181, 1025, 971, 740, 583 cm−1. 1H NMR (400 MHz, CDCl3,
HETCOR) δ 1.19 (t, J = 7.0 Hz, 3H, CH2CH3), 1.29 (t, J = 7.0 Hz,
3H, CH2CH3), 2.28 (s, 3H, CH3−Ar), 3.93 (m, 1H, CH2CH3), 4.11−
4.19 (m, 3H, CH2CH3), 4.24 (dd, J = 16.5, 9.0, 1H, H-6a), 4.46 (ddd,
J = 8.5, 3.0, 1.5 Hz, 1H, H-3a), 6.60 (m, 2H, ArH), 7.09 (m, 2H,
ArH), 7.31−7.38 (m, 3H, ArH), 7.68−7.70 (m, 2H, ArH), 8.05 (dd, J
= 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6 MHz) δ 16.2 (d, J = 5.5
Hz, CH2CH3), 16.3 (d, J = 5.5 Hz, CH2CH3), 21.1 (CH3−Ar), 48.1
(d, J = 3.0 Hz, C-6a), 60.2 (C-3a), 63.5 (d, J = 7.0 Hz, CH2CH3), 64.6
(d, J = 8.0 Hz, CH2CH3), 86.2 (d, J = 156.0 Hz, C-1), 125.8
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(2CHAr), 127.9 (d, J = 2.0 Hz, 2CHAr), 128.3 (CHAr), 128.4
(CHAr), 128.5 (d, J = 2.0 Hz, CHAr), 128.5 (C-ipso), 129.6
(2CHAr), 133.5 (d, J = 4.0 Hz, C-ipso), 138.8 (C-ipso), 162.4 (d, J =
12.0 Hz, C-3), 171.1 (d, J = 5.0 Hz, CO), 171.7 (d, J = 11.0 Hz, CO).
HRMS C23H26N2O5P [M + H]+ 441.1574; found, 441.1572. Anal.
Calcd for C23H25N2O5P: C, 62.72%; H, 5.72%; N, 6.36%. Found: C,
62.87%; H, 5.82%; N, 6.18%.
Diethyl (1RS,3aSR,6aSR)-4,6-Dioxo-5-(4-phenoxyphenyl)-1-phe-

nyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(9ab). Following the general procedure, AgOAc (9 mg, 0.05 mmol),
N-(4-phenoxyphenyl)maleimide (371 mg, 1.4 mmol), acetonitrile (7
mL), and diethyl α-phenylisocyanomethylphosphonate (228 mg, 0.9
mmol) gave 9ab (302 mg, 65%) as a white solid, after column
chromatography (EtOAc). Mp 165−167 °C (EtOAc). IR (NaCl)
3488, 3057, 2984, 1783, 1715, 1628, 1488, 1242, 1187, 1024, 700,
578 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 1.19 (t, J = 7.0
Hz, 3H, CH2CH3), 1.28 (t, J = 7.0 Hz, 3H, CH2CH3), 3.95 (m, 1H,
CH2CH3), 4.10−4.19 (m, 3H, CH2CH3), 4.25 (dd, J = 18.0, 8.5 Hz,
1H, H-6a), 4.46−4,49 (ddd, J = 8.5, 3.0, 1.5 Hz, 1H, H-3a), 6.64−
6.67 (m, 2H, ArH), 6.87−6.89 (m, 2H, ArH), 6.96−6.98 (m, 2H,
ArH), 7.12 (m, 1H, ArH), 7.30−7.38 (m, 5H, ArH), 7.69 (d, J = 8.0
Hz, 2H, ArH), 8.01 (dd, J = 5.0, 1.5 Hz, 1H, H-3). 13C NMR (100.6
MHz) δ 16.2 (d, J = 4.0 Hz, CH2CH3), 16.3 (d, J = 4.0 Hz, CH2CH3),
48.2 (d, J = 3.0 Hz, C-6a), 60.1 (C-3a), 63.5 (d, J = 7.0 Hz, CH2CH3),
64.6 (d, J = 7.0 Hz, CH2CH3), 86.2 (d, J = 157.0 Hz, C-1), 118.5
(2CHAr), 119.6 (2CHAr), 124.0 (2CHAr), 125.6 (C-ipso), 127.5
(2CHAr), 127.9 (d, J = 2.0 Hz, 2CHAr), 128.4 (d, J = 6.0 Hz, CHAr),
128.6 (d, J = 2.0. Hz, CHAr), 129.8 (2CHAr), 133.5 (d, J = 4.0 Hz,
C-ipso), 156.2 (C-ipso), 157.6 (C-ipso), 162.2 (d, J = 12.0 Hz, C-3),
171.0 (d, J = 6.0 Hz, CO), 171.7 (d, J = 11.0 Hz, CO). HRMS
C28H28N2O6P [M + H]+ 519.1679; found, 519.1675. Anal. Calcd for
C28H27N2O6P: C, 64.86%; H, 5.25%; N, 5.40%. Found: C, 65.12%; H,
5.26%; N, 5.41%.
Diethyl (1RS,3aSR,6aSR)-5-(Naphth-1-yl)-4,6-dioxo-1-phenyl-

1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phosphonate
(9ac). Following the general procedure, AgOAc (3 mg, 0.02 mmol),
N-(naphth-1-yl)maleimide (100 mg, 0.5 mmol), acetonitrile (2 mL),
and diethyl α-phenylisocyanomethylphosphonate (76 mg, 0.3 mmol)
gave 9ac (70 mg, 49%) as a white solid, after column chromatography
(EtOAc/hexane 1:1 to 9:1). Mp 197−198 °C (EtOAc). IR (ATR)
3480, 2927, 2853, 1716, 1598, 1446, 1397, 1358, 1240, 1177, 1039,
1025, 961, 775, 706, 583 cm−1. 1H NMR (400 MHz, CDCl3,
HETCOR) δ 1.17 (td, J = 7.0, 0.5 Hz, 3H, CH2CH3 rotamer A), 1.20
(td, J = 7.0, 0.5 Hz, 3H, CH2CH3 rotamer B), 1.30 (t, J = 7.0 Hz, 3H,
CH2CH3 rotamer A), 1.31 (t, J = 7.0 Hz, 3H, CH2CH3 rotamer B),
3.90 (m, 1H, CH2CH3 rotamer A), 3.98 (m, 1H, CH2CH3 rotamer
B), 4.04−4.26 (m, 6H, CH2CH3 rotamer A and B), 4.43 (dd, J = 18.5,
9.0 Hz, 1H, H-6a rotamer A), 4.46 (dd, J = 18.0, 8.5 Hz, 1H, H-6a
rotamer B), 4.63 (ddd, J = 9.0, 3.5, 1.5 Hz, 1H, H-3a rotamer A), 4.67
(ddd, J = 8.5, 3.0, 1.5 Hz, 1H, H-3a rotamer B), 6.33 (dd, J = 8.5, 1.0
Hz, 1H, ArH rotamer A), 6.39 (dd, J = 7.5, 1.0 Hz, 1H, ArH rotamer
B), 7.12 (ddd, J = 8.5, 7.0, 1.5 Hz, 1H, ArH rotamer A), 7.21 (dd, J =
7.5, 1.0 Hz, 1H, ArH rotamer A), 7.28−7.49 (m, 12H, ArH rotamer A
and B), 7.73−7.90 (m, 8H, ArH rotamer A and B), 8.12 (dd, J = 5.0
Hz, 1.5 Hz, 1H, H-3 rotamer B), 8.13 (dd, J = 5.0, 1.5 Hz, 1H, H-3
rotamer A). 13C NMR (100.6 MHz) δ 16.2 (d, J = 5.0 Hz, CH2CH3
rotamer A or B), 16.3 (d, J = 5.0 Hz, CH2CH3 rotamer A or B), 16.3
(d, J = 6.0 Hz, 2CH2CH3 rotamer A or B), 48.3 (d, J = 2.5 Hz, C-6a
rotamer A), 48.6 (d, J = 2.5 Hz, C-6a rotamer B), 60.3 (C-3a rotamer
B), 61.0 (C-3a rotamer A), 63.6 (d, J = 7.5 Hz, 2CH2CH3 rotamer A
and B), 64.7 (d, J = 7.0 Hz, CH2CH3 rotamer B), 64.7 (d, J = 7.5 Hz,
CH2CH3 rotamer A), 86.2 (d, J = 157.5 Hz, C-1 rotamer B), 86.5 (d, J
= 155.0 Hz, C-1 rotamer A), 121.2 (CHAr rotamer A), 121.6 (CHAr
rotamer B), 125.0 (CHAr rotamer A), 125.1 (CHAr rotamer B),
125.7 (CHAr rotamer B), 126.0 (CHAr rotamer A), 126.3 (CHAr
rotamer A), 126.5 (CHAr rotamer B), 127.0 (CHAr rotamer A),
127.2 (CHAr rotamer B), 127.6 (C-ipso rotamer A), 127.8 (C-ipso
rotamer B), 127.9 (d, J = 2.0 Hz, 2CHAr rotamer A), 128.0 (d, J = 2.0
Hz, 2CHAr rotamer B), 128.3 (CHAr rotamer A), 128.4 (d, J = 6.0
Hz, CHAr rotamer B), 128.6 (d, J = 2.0 Hz, 2CHAr rotamer A),

128.7 (d, J = 2.5 Hz, 2CHAr rotamer B), 128.9 (CHAr rotamer B),
129.0 (CHAr rotamer A), 130.0 (CHAr rotamer A), 130.1 (CHAr
rotamer B), 133.4 (d, J = 4.5 Hz, C-ipso rotamer A), 133.5 (d, J = 4.0
Hz, C-ipso rotamer B), 134.1 (C-ipso rotamer A), 134.2 (C-ipso
rotamer B), 162.3 (d, J = 11.5 Hz, C-3 rotamer A), 162.4 (d, J = 12.0
Hz, C-3 rotamer B), 171.3 (d, J = 5.5 Hz, CO rotamer B), 171.4 (d, J
= 5.5 Hz, CO rotamer A), 171.7 (d, J = 12.5 Hz, CO rotamer A),
171.9 (d, J = 11.5 Hz, CO rotamer B). HRMS C26H26N2O5P [M +
H]+ 477.1574; found, 477.1571. Anal. Calcd For C26H25N2O5P: C,
65.54%; H, 5.29%; N, 5.88%. Found: C, 65.34%; H, 5.12%; N, 5.65%.

Diethyl (1RS,3aSR,6aSR)-5-(2-Chloropyridin-3-yl)-4,6-dioxo-1-
phenyl-1,3a,4,5,6,6a-hexahydropyrrolo[3,4-c]pyrrole-1-phospho-
nate (9ad). Following the general procedure, AgOAc (12 mg, 0.07
mmol), N-(2-chloropyridin-3-yl)maleimide (250 mg, 1.2 mmol),
acetonitrile (6 mL), and diethyl α-phenylisocyanomethylphosphonate
(203 mg, 0.8 mmol) gave 9ad (224 mg, 61%) as a white solid, after
column chromatography (EtOAc). Mp 176−178 °C (EtOAc). IR
(ATR) 3483, 2991, 2948, 1790, 1722, 1564, 1420, 1242, 1050, 752,
699, 574 cm−1. 1H NMR (400 MHz, CDCl3, HETCOR) δ 1.14 (td, J
= 7.0, 0.5 Hz, 3H, CH2CH3 rotamer A), 1.19 (td, J = 7.0, 0.5 Hz, 3H,
CH2CH3 rotamer B), 1.28 (td, J = 7.0, 0.5 Hz, 3H, CH2CH3 rotamer
A), 1.29 (td, J = 7.0, 0.5 Hz, 3H, CH2CH3 rotamer B), 3.82 (m, 1H,
CH2CH3 rotamer A), 3.95 (m, 1H, CH2CH3 rotamer B), 4.05−4.20
(m, 6H, CH2CH3 rotamer A and B), 4.36 (dd, J = 18.0, 8.5 Hz, 1H,
H-6a rotamer A), 4.38 (dd, J = 18.0, 8.5 Hz, 1H, H-6a rotamer B),
4.53 (ddd, J = 8.5, 4.0, 1.5 Hz, 1H, H-3a rotamer A), 4.58 (ddd, J =
8.5, 3.0, 1.5 Hz, 1H, H-3a rotamer B), 6.59 (dd, J = 8.0, 2.0 Hz, 1H,
ArH rotamer B), 7.14 (dd, J = 8.0, 5.0 Hz, 1H, ArH rotamer B), 7.27
(dd, J = 8.0, 5.0 Hz, 1H, ArH rotamer A), 7.31−7.37 (m, 6H, 3ArH
rotamer A and 3ArH rotamer B), 7.46 (dd, J = 8.0, 2.0 Hz, 1H, ArH
rotamer A), 7.69 (m, 2H, ArH rotamer A), 7.76 (m, 2H, ArH rotamer
B), 8.02 (dd, J = 5.5 Hz, 1.5 Hz, 1H, H-3 rotamer A), 8.07 (dd, J =
5.0, 1.5 Hz, 1H, H-3 rotamer B), 8.36 (dd, J = 5.0, 2.0 Hz, 2H, ArH
rotamer A and rotamer B). 13C NMR (100.6 MHz) δ 16.3 (d, J = 5.5
Hz, CH2CH3 rotamer A), 16.4 (d, J = 5.5 Hz, CH2CH3 rotamer B),
16.4 (d, J = 6.0 Hz, CH2CH3 rotamer A), 16.5 (d, J = 5.5 Hz,
CH2CH3 rotamer B), 48.4 (d, J = 2.5 Hz, C-6a rotamer A), 49.0 (d, J
= 2.5 Hz, C-6a rotamer B), 60.4 (C-3a rotamer A), 61.0 (C-3a
rotamer B), 63.7 (d, J = 7.5 Hz, CH2CH3 rotamer A), 63.8 (d, J = 7.5
Hz, CH2CH3 rotamer B), 64.9 (d, J = 7.5 Hz, CH2CH3 rotamer B),
65.0 (d, J = 7.5 Hz, CH2CH3 rotamer A), 86.1 (d, J = 158.0 Hz, C-1
rotamer A or B), 86.9 (d, J = 153.0 Hz, C-1 rotamer A or B), 123.0
(CHAr rotamer A), 123.2 (CHAr rotamer B), 126.4 (C-ipso rotamer
A), 126.5 (C-ipso rotamer B), 127.9 (d, J = 2.0 Hz, 2CHAr rotamer
A), 128.1 (d, J = 1.5 Hz, 2CHAr rotamer B), 128.6 (d, J = 5.5 Hz,
2CHAr rotamer B), 128.8 (d, J = 4.5 Hz, CHAr rotamer A or B),
128.8 (CHAr rotamer A or B), 128.9 (d, J = 5.5 Hz, 2CHAr rotamer
A), 132.9 (d, J = 4.5 Hz, C-ipso rotamer A), 133.6 (d, J = 4.0 Hz, C-
ipso rotamer B), 138.4 (CHAr rotamer B), 138.6 (CHAr rotamer A),
149.2 (C-ipso rotamer A), 149.5 (C-ipso rotamer B), 150.3 (CHAr
rotamer A), 150.5 (CHAr rotamer B), 161.6 (d, J = 11.5 Hz, C-3
rotamer A), 162.0 (d, J = 12.5 Hz, C-3 rotamer B), 169.7 (d, J = 5.0
Hz, CO rotamer A), 169.8 (d, J = 5.5 Hz, CO rotamer B), 170.5 (d, J
= 11.5 Hz, CO rotamer A), 170.6 (d, J = 14.5 Hz, CO rotamer B).
HRMS C21H22ClN3O5P [M + H]+ 462.0980; found, 462.0980. Anal.
Calcd For C21H21ClN3O5P: C, 54.61%; H, 4.58%; N, 9.10%. Found:
C, 55.01%; H, 4.67%; N, 8.86%.

Theoretical Calculations. The study of the [3 + 2] cycloaddition
reaction (Scheme 1) was performed for model systems that include
the reactants (dimethyl α-phenylisocyanomethylphosphonate and N-
methylmaleimide) and a silver cation bound to acetonitrile as the
catalytic moiety. Geometry optimizations were carried out using the
B3LYP functional63,64 and the 6-31+G(d) basis set65 for all atoms but
silver, which was treated with the LANL2DZ basis66 in conjunction
with the effective core potential for inner electrons. The nature of the
stationary points (reactant, transition state, and products) was
confirmed by inspection of the vibrational frequencies. Intrinsic
reaction coordinate calculations67 were carried out to check the
connection between the transition states and the minimum energy
structures. To further check the relative stabilities of transition states,
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geometry optimizations were also performed using the MN15L
functional.68 Finally, solvation calculations were performed with the
SMD version69 of the IEFPCM model to take into account the
contribution due to solvation in acetonitrile. All calculations were
performed with Gaussian 16.70

Binding Studies. Preparation of Cellular Membranes. Male
Swiss mice (final age 8−10 weeks) and Sprague−Dawley rats
weighting 250−300 g (Harlan Interfauna Iberica, Spain) were killed,
and the brain cortex was dissected and stored at −70 °C until assays
were performed. Kidneys were also obtained from male Sprague−
Dawley rats. All animal experimental protocols were performed in
agreement with European Union regulations (O.J. of E.C. L 358/1
18/12/1986).
Human brain samples were obtained at autopsy in the Basque

Institute of Legal Medicine, Bilbao, Spain. Samples from the
prefrontal cortex (Brodmann’s area 9) were dissected at the time of
autopsy and immediately stored at −70 °C until assay. The study was
developed in compliance with policies of research and ethical review
boards for post-mortem brain studies.
To obtain cellular membranes (P2 fraction), the different samples

were homogenized using an ultraturrax in 30 volumes of
homogenization buffer (0.25 M sucrose, 1 mM MgCl2, 5 mM Tris-
HCl, pH 7.4). The crude homogenate was centrifuged for 5 min at
1000g (4 °C), and the supernatant was centrifuged again for 10 min at
40000g (4 °C). The resultant pellet was washed twice in 20 volumes
of homogenization buffer and recentrifuged in similar conditions.
Protein content was measured according to the method of Bradford
using BSA as standard.
Competition Binding Assays. The pharmacological activity of the

compounds was evaluated through competition binding studies
against the I2-IR selective radioligand [3H]2-[(2-benzofuranyl)-2-
imidazoline (2-BFI), the α2-adrenergic receptor selective radioligand
[3H]RX821002 (2-methoxyidazoxan) or the I1-IR selective radio-
ligand [3H]clonidine. Specific binding was measured in 0.25 mL
aliquots (50 mM Tris-HCl, pH 7.5) containing 100 μg of membranes,
which were incubated in 96-well plates either with [3H]2-BFI (2 nM)
for 45 min at 25 °C, [3H]RX821002 (1 nM) for 30 min at 25 °C, or
[3H]clonidine (5 nM) for 45 min at 22 °C, in the absence or presence
of the competing compounds (10−12 to 10−3 M, 10 concentrations).
[3H]Clonidine binding was performed in the presence of 10 μM
adrenaline to preclude binding to α2-AR.
Incubations were terminated by separating free ligand from bound

ligand by rapid filtration under vacuum (1450 Filter Mate Harvester,
PerkinElmer) through GF/C glass fiber filters. The filters were then
rinsed three times with 300 μL of binding buffer, air-dried (120 min),
and counted for radioactivity by liquid scintillation spectrometry using
a MicroBeta TriLux counter (PerkinElmer). Specific binding was
determined and plotted as a function of the compound concentration.
Nonspecific binding was determined in the presence of idazoxan
(10−5 M), a compound with well established affinity for I2-IR and α2-
adrenergic receptors, in [3H]2-BFI and [3H]RX821002 assays or
rilmenidine (10−5 M) in [3H]clonidine experiments. Analyses of
competition experiments to obtain the inhibition constant (Ki) were
performed by nonlinear regression using the GraphPad Prism
program. Ki values were normalized to pKi values. I2-IR/α2 selectivity
index was calculated as the antilogarithm of the difference between
pKi values for I2-IR and pKi values for α2-AR. For [3H]clonidine
experiments, IC50 values were calculated (the concentration of tested
ligand that displaces 50% of specifically bound [3H]clonidine).
I1-Binding Site Assay. Kidneys were obtained from male

Sprague−Dawley rats (250−280 g) and cellular membranes (P2
fractions) prepared according to established methods. [3H]RX821002
(2-methoxyidazoxan) binds to α2-adrenoceptor subtypes and a
nonadrenoceptor imidazoline binding site in rat kidney.71

Competition binding assays were performed as previously reported
with minor modifications.25 [3H]Clonidine (5 nM, Perkin−Elmer)
was bound in the presence of 10 μM adrenaline to preclude binding
to α2-adrenoceptors. The specific component was defined by 1 mM
rilmenidine. Membrane aliquots (220 μL, 0.1−0.12 mg of protein)

were incubated with 10 concentrations of the test compounds over
the range 10−12 to 10−3 M.

Incubations were carried out in 96 well plates (final volume 250
μL/well) in 50 mM Tris−HCl buffer (pH 7.4) supplemented with 1
mM MgCl2 at 22 °C for 45 min with agitation (400 rpm). Bound
radioligand and free radioactivity were separated by rapid filtration
through presoaked (0.5% polyethylenimine) glass-fiber filters (What-
man GFB). Trapped radioligand was determined by liquid
scintillation counting, and the data were analyzed with GraphPad
Prism version 5.0 for Windows (GraphPad Software, San Diego, CA,
USA) to yield IC50 values (the concentration of tested ligand that
displaces 50% of specifically bound [3H]clonidine).

3D-QSAR Study. Data Set Preparation. The data set composed
of previously synthesized and in vitro tested bicyclic α-iminophosph-
onates with different affinities on I2-IR and α2-AR receptors was used
for the creation of the 3D-QSAR models (Table 1). Additionally, to
compare and validate our results, we have added four standards in
both data sets, tracizoline, idazoxan, BU99008, and LSL60101.
Examined compounds cover wide range of experimental activity (pKi
I2, 3.11−10.28; pKi α2, 3.59−10.27) and structural diversity, which
ensure good quality and applicability of the created 3D-QSAR
models. Selection of dominant forms of studied ligands at
physiological pH 7.4 was obtained by the Marvin Sketch 5.5.1.0
program.72 Subsequently, they were initially preoptimized with
semiempirical/PM3 (Parameterized Model revision 3) method73,74

and then by ab initio Hartree−Fock/3-21G method75 using Gaussian
09 software76 included in Chem3D Ultra program.77 Obtained
ligands’ conformations were used for calculation of specific molecular
descriptors (grid independent descriptors, GRIND)78 and 3D-QSAR
model building.

3D-QSAR Study. 3D-QSAR models were created using Pentacle
program,79 which calculates GRID independent descriptors (GRIND
and GRIND2) from molecular interaction fields (MIFs). Four
different probes were used to calculate MIFs: O probe (hydrogen
bond acceptor groups), N1 probe (hydrogen bond donor groups),
DRY probe (hydrophobic interactions), and TIP probe (the shape of
molecule). The grid spacing was set to 0.5. ALMOND algorithm was
used for the extraction of the most relevant regions, which represent
favorable interaction positions between ligand and probe. Consis-
tently Large Auto and Cross Correlation (CLACC) algorithm was
used to calculate GRIND descriptors using the correlation between
same and different nodes. The smoothing window was set to 0.8 Å.
Partial Least Square (PLS) regression was applied for 3D-QSAR
model building. Initial number of descriptors was reduced using
Fractional Factorial Design (FFD) to obtain most significant GRIND
variables. The results of node−node energies between the same or a
different probe were then presented as correlograms.79,80

In vivo studies in mice. Studies and procedures involving mouse
brain dissection and extractions followed the ARRIVE81 and standard
ethical guidelines (European Communities Council Directive 2010/
63/EU and Guidelines for the Care and Use of Mammals in
Neuroscience and Behavioral Research, National Research Council
2003) and were approved by the respective Local Bioethical
Committees (Universitat de les Illes Balears-CAIB and University of
Barcelona-GenCat). All efforts were made to minimize the number of
animals used and their suffering.

Hypothermia. For this study a total of 35 adult CD-1 mice and 9
adult Sprague−Dawley rats bred and housed in standard cages under
defined environmental conditions (22 °C, 70% humidity, and 12 h
light/dark cycle, lights on at 8:00 AM, with free access to a standard
diet and tap water) in the animal facility at the University of the
Balearic Islands were used. Animals were habituated to the
experimenter by being handled and weighed for 2 days prior to any
experimental procedures. For the acute treatment, mice or rats
received a single dose of 9d (20 mg/kg, ip, n = 12 for mice, and 20 or
35 mg/kg, ip, n = 3 per dose for rats) or vehicle (1 mL/kg of DMSO,
ip, n = 13 for mice and n = 3 for rats), while for the repeated
treatment, mice were daily treated with 9d (20 mg/kg, ip, n = 5) or
vehicle (ip, n = 5) for 5 consecutive days. The possible hypothermic
effect exerted by 9d was evaluated by measuring changes in rectal
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temperature before any drug treatment (basal value) and 1 h (for
mice) or 1, 2, and 3 h (for rats) after drug injection by a rectal probe
connected to a digital thermometer (Compact LCD display
thermometer, SA880-1M, RS, Corby, UK). Animals were sacrificed
right after the last rectal temperature measurement, and the
hippocampus was freshly dissected and kept at −80 °C for future
biochemical analysis.
Western Blot Analysis for FADD Protein. Hippocampal sample

proteins (40 μg) were separated by sodium dodecyl sulfate
polyacrylamide electrophoresis (SDS-PAGE) on 10% polyacrylamide
minigels (Bio-Rad) and transferred onto nitrocellulose membranes by
standard Western blot procedures as described previously.25 The
membranes were incubated overnight with anti-FADD (H-181) Ab,
no. sc-5559 (Santa Cruz Biotechnology, Santa Cruz, CA) and then
stripped and reprobed for β-actin (clone AC-15) Ab, no. A1978
(Sigma). Following secondary antibody (anti-rabbit or anti-mouse)
incubation and ECL detection system (Amersham, Buckinghamshire,
UK), proteins were visualized on autoradiographic films (Amersham
ECL Hyperfilm). Upon densitometric scanning (GS-800 Imaging
Densitometer, Bio-Rad) of immunoreactive bands (integrated optical
density, IOD) the amount of FADD protein in brain samples of mice
from different treatment groups was compared with that of vehicle-
treated controls (100%) in the same gel. Quantification of β-actin
contents served as a loading control (no differences between
treatment groups, data not shown). Each brain sample (and target
protein) was quantified in 2−4 gels, and the mean value was used as a
final estimate.
5xFAD In Vivo Experimental Design. Female 5xFAD and WT

mice, 5-months-old (n = 51), were used to carry out cognitive and
molecular analyses. The 5xFAD mouse is a double transgenic APP/
PS1 that coexpresses five mutations associated with AD and that
rapidly develops severe amyloid pathology with high levels of
intraneuronal Aβ42 around 2 months of age. The model was
generated by the introduction of human APP with the Swedish
(K670N/M671L), Florida (I716V), and London (Val717Ile)
mutations and the introduction of PS1 M146L and L286V. Moreover,
5xFAD mouse presents neuronal loss and cognitive deficits in spatial
learning (at approximately four to five months).82

The animals were randomly allocated to three experimental groups:
WT control (n = 12) and 5xFAD control (n = 14), animals
administered vehicle (2-hydroxypropyl)-β-cyclodextrin 1.8%, and
5xFAD treated with 9d 5 (mg/kg)/day (n = 25), diluted in 1.8%
(2-hydroxypropyl)-β-cyclodextrin and administered through drinking
water, up to euthanasia. Weight and water consumption were
controlled each week, and the 9d concentration was adjusted
accordingly to reach the precise dose. Animals had free access to
food and water and were kept under standard temperature conditions
(22 ± 2 °C) and 12 h/12 h light−dark cycles (300 lx/0 lx).
After 4 weeks of treatment period, animals were subjected to

cognitive tests to study the effect of treatment on learning and
memory, including short- and long-term memory (NORT). Mice
were euthanized 3 days after the behavioral test completion by
cervical dislocation. Brains were immediately removed from the skull,
and the hippocampus was then isolated and frozen on powdered dry
ice. They were maintained at −80 °C for biochemical experiments.
Behavioral Testing: NORT. In brief, mice were placed in a black

L-shape maze consisting of two arms at 90°, 25 cm long, 20 cm high,
and 5 cm wide. The mice were habituated to the apparatus for 10 min
on 3 consecutive days in the habituation phase. Afterward, on day 4,
the training session took place, in which two identical objects (A)
were placed in the maze and the mice were allowed to explore freely
for 10 min. Two hours after training sessions, one of the objects was
replaced with a novel object (B) to assess short-term-memory. Again,
the amount of time spent exploring each object was scored. During
this second trial, objects A and B were placed in the maze, and the
times that the animal took to explore the new object (TN) and the
old object (TO) were recorded. A discrimination index (DI) was
calculated, defined as (TN − TO)/(TN + TO). Twenty-four hours
after the acquisition trial, the mice were tested again to assess long-
term memory, with a new object substituting object B and a new DI

calculated. Exploration of an object by a mouse was defined as
pointing the nose toward the object at a distance ≤2 cm or touching it
with the nose. Turning or sitting around the object was not
considered exploration. To avoid object preference biases, objects A
and B were counterbalanced so that one-half of the animals in each
experimental group were first exposed to object A and then to object
B, whereas the other half first saw object B and then object A. All
sessions were videotaped, and the time spent with each object was
manually recorded. The maze, the surface, and the objects were
cleaned with 70% ethanol between the animal trials to eliminate
olfactory cues.

Determination of Oxidative Stress. Hydrogen peroxide from
brain samples of 10 mice of each group was measured as an indicator
of OS, and it was quantified using the Hydrogen Peroxide Assay Kit
(Sigma-Aldrich, St. Louis, MI) according to the manufacturer’s
instructions.

RNA Extraction and Gene Expression Determination. Total
RNA isolation was carried out using TRIzol reagent according to
manufacturer’s instructions. The yield, purity, and quality of RNA
were determined spectrophotometrically with a NanoDrop ND-1000
(Thermo Scientific) apparatus and an Agilent 2100B Bioanalyzer
(Agilent Technologies). RNAs with 260/280 ratios and RNA integrity
number (RIN) higher than 1.9 and 7.5, respectively, were selected.
Reverse transcription-polymerase chain reaction (RT-PCR) was
performed as follows: 2 μg of mRNA (mRNA) was reverse-
transcribed using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems). Real-time quantitative PCR (qPCR) from
48 mice of both strains (n = 4−6 per group) was used to quantify
mRNA expression of OS and inflammatory genes.

SYBR Green real-time PCR was performed on a Step One Plus
Detection System (Applied-Biosystems) employing SYBR Green PCR
Master Mix (Applied-Biosystems). Each reaction mixture contained
6.75 μL (2 μg) of complementary DNA (cDNA), 0.75 μL of each
primer (of which concentration was 100 nM), and 6.75 μL of SYBR
Green PCR Master Mix (2×).

TaqMan-based real-time PCR (Applied Biosystems) was also
performed in a Step One Plus Detection System (Applied-
Biosystems). Each 20 μL of TaqMan reaction contained 9 μL (25
ng) of cDNA, 1 μL of 20× probe of TaqMan Gene Expression Assays,
and 10 μL of 2× TaqMan Universal PCR Master Mix.

Data were analyzed utilizing the comparative cycle threshold (Ct)
method (ΔΔCt), where the housekeeping gene level was used to
normalize differences in sample loading and preparation.49 Normal-
ization of expression levels was performed with β-actin gene for SYBR
Green-based real-time PCR and TATA-binding protein (Tbp) gene
for TaqMan-based real-time PCR. Primers sequences and TaqMan
probes used in this study are presented in Table S10. Each sample was
analyzed in duplicate, and the results represent the n-fold difference of
the transcript levels among different groups.
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a b s t r a c t

Recent findings unveil the pharmacological modulation of imidazoline I2 receptors (I2-IR) as a novel
strategy to face unmet medical neurodegenerative diseases. In this work, we report the chemical char-
acterization, three-dimensional quantitative structure-activity relationship (3D-QSAR) and ADMET in
silico of a family of benzofuranyl-2-imidazoles that exhibit affinity against human brain I2-IR and most of
them have been predicted to be brain permeable. Acute treatment in mice with 2-(2-benzofuranyl)-2-
imidazole, known as LSL60101 (garsevil), showed non-warning properties in the ADMET studies and
an optimal pharmacokinetic profile. Moreover, LSL60101 induced hypothermia in mice while decreased
pro-apoptotic FADD protein in the hippocampus. In vivo studies in the familial Alzheimer's disease 5xFAD
murine model with the representative compound, revealed significant decreases in the protein
expression levels of antioxidant enzymes superoxide dismutase and glutathione peroxidase in hippo-
campus. Overall, LSL60101 plays a neuroprotective role by reducing apoptosis and modulating oxidative
stress.

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

Imidazoline I2 receptors (I2-IR) are heterogeneous entities, often
described as nonadrenergic binding sites for imidazolines [1], that

bind with high affinity to [3H]idazoxan and with lower affinity to
[3H]p-aminoclonidine and [3H]clonidine [2,3]. I2-IR are present in
many organs, tissues and cell types, including brain, kidney, liver,
astrocytes, platelets [4], pancreatic cells and, vascular smooth
muscle cells [5]. Modifications in the levels of I2-IR have been
associated with analgesia [6], inflammation [7] and with human
brain disorders [8] such as depression [9], Alzheimer's type
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dementia [10], Parkinson's disease [11], and glial tumors [12]. The
fact that I2-IR are altered in many pathophysiological processes and
the availability of known I2-IR ligands have permitted to place I2-IR
in a privileged position as new promising therapeutic targets.
Representative I2-IR ligands [13] emerged from the literature as
useful tools to reveal the biological implications of these non-
structurally described receptors (Fig. 1). The compelling evidence
has demonstrated the neuroprotective role of I2-IR through the
pharmacological activities observed for their ligands. Agmatine,
identified as the endogenous I2-IR ligand, has modulated actions in
several neurotransmitters leading to neuroprotection in both
in vitro and in rodent models [14]. Idazoxan reduced neuron
damage in the rat brain hippocampus after global ischemia [15]. 2-
(2-Benzofuranyl)-2-imidazoline (2-BFI), a selective I2-IR ligand,
provided neuroprotective benefits against cerebral ischemia in
models of chronic opioid therapy [16]. Idazoxan and 2-BFI have
been proposed to exert neuroprotection by direct blocking of N-
methyl-D-aspartate receptor (NMDA) mediated intracellular [Ca2þ]
influx [17].

Two out of these seven ligands depicted in Fig. 1, CR4056 and
[11C]BU99008, are in the process of validating their therapeutic
potential by progressing in clinical trials for osteoarthritis [18], and
for PET diagnosis for patients that suffer from Alzheimer's disease
(AD) [19,20], respectively. Due to the clinical implications of I2-IR,
the discovery of new I2-IR ligands that could modulate the phar-
macology involved is a challenging goal for a medicinal chemistry
program. In this framework, we recently provided two structurally
new families of I2-IR ligands and validated their properties
ameliorating the devastating cognitive decline in two murine
models of neurodegeneration [21e23].

At the subcellular level in the central nervous system (CNS), I2-IR
are mainly located on the outer membrane of mitochondria in as-
trocytes [24,25]. Mitochondria are one of the main sources of
reactive oxygen species (ROS) and reactive nitrogen species (RNS).

The amyloid cascade hypothesis, that dominates the field of AD, has
been replaced by alternative explanations arising from the
connection of mitochondrial dysfunction and increased ROS. There
is evidence that indicates a pro-oxidant ability of Ab, mediating an
accelerated production of ROS by directly binding to the mito-
chondrial membranes. Consequently, mitochondrial dynamics and
function are altered, disrupting the energymetabolism, and leading
to the loss of synaptic function. An excess in ROS/RNS production
and a mitochondrial dysfunction could lead to oxidative stress (OS),
which is implicated in several neurodegenerative diseases, such as
AD [26e28]. In fact, there is growing evidence for the contribution
of OS and neuroinflammation to the pathogenesis of AD [29,30].
Recent studies have investigated the role of I2-IR in OS processes.
Selective 2-BFI [31] decreased OS and altered the levels of antiox-
idant enzymes in an AD rat model and protected against OS-
induced astrocytic cell death. Moreover, our group reported
decreased levels of hydrogen peroxide levels and OS markers
induced by two new I2-IR ligands in aged SAMP8 mice [32].

In this manuscript, we focused our attention on 2-(2-
benzofuranyl)-2-imidazole, named as LSL60101 (garsevil), first
described in 1995 by García-Sevilla's group as a I2-IR selective
ligand involved in astrocyte activation and neuronal regeneration
[33,34]. In the following years, some outstanding papers described
the biological relevance of LSL60101 in the attenuation of morphine
tolerance and hence proposing a neuroprotective role [35], such as
provoking morphological/biochemical changes in astroglia that
were neuroprotective after neonatal axotomy [36], and producing
discriminable stimulus [37], amongst others. Of note, astrocytes as
the main supportive cells in the CNS are significantly involved in
the redox homeostasis, and consequently, this could be an indica-
tive of a possible effect of LSL60101 on OS balance.

From the structural chemical point of view, the nature of known
I2-IR ligands (Fig. 1) is relatively restricted and the pharmacophore
moiety is generally related to 2-imidazoline-like structures.

Fig. 1. Representative I2-IR ligands.
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Structural comparison of LSL60101with other known I2-IR ligands,
and in particular with 2-BFI that shares a benzofuran moiety, sug-
gest a pharmacomodulation involving an unsaturation of the imi-
dazoline ring, a drug optimization strategy appealed in the design
of new drugs. The presence of an imidazole ring in the successful
CR4056 ligand encourages the proposal.

Hereinwe describe the synthesis and full characterization of ten
benzofuranyl-2-imidazole derivatives to shed light on the
structural-activity relationship of this family. Note, that the struc-
tural exploration involves substituents, either eletron donating
(methoxy) or electron attractor by inductive effect (bromide),
located in different positions of the phenyl ring, and alkylation of
the imidazole ring of the benzofuranyl-2-imidazole scaffold. We
assessed the pharmacological profile of the ten analogues and
selectivity through competition binding studies against the selec-
tive I2-IR radioligand [3H]2-BFI. Selectivity versus two related tar-
gets, the imidoline I1 receptor (I1-IR) and the a2-adrenergic
receptor (a2-AR) was evaluated through competition studies using
the selective radioligands [3H]clonidine and [3H]RX821002 (2-
methoxyidazoxan), respectively. Complementarily, we performed
three-dimensional quantitative structure�activity relationship
(3D-QSAR) studies of this compound family and predicted in silico
the ADMET properties. LSL60101 endowed with the best I2-IR af-
finity and an excellent selectivity index regarding I1-IR and a2-AR
was selected for further studies. We carried out preliminary drug
metabolism and pharmacokinetics (DMPK) studies for LSL60101,
including chemical stability, PAMPA-BBB permeability assay, solu-
bility, cytotoxicity, microsomal stability, cytochromes inhibition,
and safety. The hypothermic properties and FADD multifunctional
protein (as a marker of neuroplasticity) regulation were also
studied following several LSL60101 treatments in mice. Pharma-
cokinetics was carried out prior to an in vivo treatment in a proper
murine model of AD. Thus, we further assessed the neuroprotective
effects of LSL60101 by evaluating specific OS markers under
oxidative damage and several transcription factors related to OS
machinery in 5xFAD mice (an early-onset mouse transgenic model
of AD).

2. Results and discussion

2.1. Chemistry

The preparation of the required final benzofuranyl-2-imidazoles
was accomplished, based on previous described procedure [33],
starting from the corresponding commercially available benzo-
furan-2-carboxylic acid derivatives (Scheme 1). Except for the
commercially available benzofuran-2-carbonitrile, 2a, the other
derivatives 2b, 2c, and 2d, were prepared in two steps. Treatment of
the corresponding benzofuran-2-carboxylic acid derivatives with
thionyl chloride and ammonium hydroxide furnished the carbox-
amides 1b,1c, and 1d in excellent yields. Dehydration reactionwith
phosphorus oxychloride gave benzofuran-2-carbonitriles, 2b, 2c,
and 2d, that were efficiently transformed in the corresponding
benzofuran-2-carbimididates hydrochlorides 3a, 3b, 3c and 3d af-
ter treatment with ethereal HCl 2M. To construct the imidazole
moiety, the reaction with 2,2-dimethoxyethylamine was under-
taken to give 4a, 4b, 4c and 4d in quantitative yields, that were
treated with aqueous hydrochloric acid accomplish the attack of
the nitrogen atom to the ketal electrophilic carbon, affording ben-
zofuranyl-2-imidazoles 5a (named LSL60101), 5b, 5c and 5d.
Recrystallization of 5a as monocrystal confirmed its structure by X-
ray crystallographic analysis (see supporting information S51).

To access hydroxybenzofuran-2-imidazole derivatives 6b and
6c, hydrolysis of the methylether group of 5b and 5c was achieved
by treatment with hydrobromic acid. The alkylation of the N-
imidazole of compound 5a with methyl iodide gave compound 7a
and with ethyl iodide yielded 7aa. Analogously, the reaction of 5b
and 5cwith ethyl bromide furnished the expected products 7b and
7c in excellent yields.

All final products 5a-5d, 6b-6c and 7a, 7aa, 7b and 7c, were
completely characterized (see experimental section and supporting
information S19eS29) and all the tested compounds possess a
purity of at least 95% (see supporting information S30eS49).

2.2. Pharmacological evaluation

2.2.1. Radioligand I2-IR binding assays
The pharmacological profile of the ten compounds with the

structures 5, 6 and 7 (Scheme 1) was evaluated through competi-
tion binding studies against the selective I2-IR radioligand [3H]2-
BFI and the selective a2-AR radioligand [3H]RX821002. The
studies were performed in membranes from post-mortem human
frontal cortex, a brain area that shows an important density of I2-IR
and a2-AR. Idazoxan, a compound with well-established affinity for
I2-IR (pKi¼ 7.41± 0.63) and a2-AR (pKi¼ 8.35± 0.16) was used as
reference. The inhibition constant (Ki) for each compound was
obtained and is expressed as the corresponding pKi. The selectivity
for these two receptors was expressed by the I2/a2 index, calculated
as the antilogarithm of the ratio between pKi values for I2-IR and pKi
values for a2-AR. Competition experiments against [3H]2-BFI were
biphasic for most of the compounds (Table 1).

We have previously reported the affinity of 2-BFI in I2-IR human
brain (pKiH¼ 9.08 and pKiL¼ 7.15). The structural differences be-
tween 2-BFI and LSL60101 rely on the presence of an additional
double bond in the five membered ring, from a 2-imidazoline to an
imidazole conferring a planar structure to LSL60101 (see X-ray
crystallography discussion in the experimental section). The
mentioned structural difference rendered a decrease in the affinity
to pKiH¼ 8.17± 0.19 and pKiL¼ 6.02± 0.10, with 34% occupancy of
the high affinity site. The decreased affinity upon a2-AR plays in our
favor and selectivity had an excellent ratio of 3090.

Next, electron-donating groups in the phenyl ring, such as a
methoxy group was considered. Thus, compounds 5b and 5c
bearing a methoxy group in the position �5 and �6, gave affinity
values of pKi¼ 6.41± 0.16 and pKiH¼ 6.77± 0.29 and
pKiL¼ 4.58± 0.39, respectively. The introduction of a 5-bromine
furnished compound 5d with similar affinity values as LSL60101
(pKiH¼ 8.63± 0.51 and pKiL¼ 5.85± 0.18) but showing less selec-
tivity against a2-AR. The hydroxybenzofuran-2-imidazole de-
rivatives 6b and 6c showed affinities of pKiH¼ 9.57± 0.63 and
pKiL¼ 4.6± 0.26 and pKi¼ 5.48 ± 0.11, respectively, with a drop in
the I2/a2 selectivity in relation to their methoxy derivative partners
5b and 5c. Compounds 7a, 7aa and 7b bearing a N-alkylated
imidazole nucleus showed affinity that better fit to a two-site
binding model with pKiH¼ 6.99± 0.28 and pKiL¼ 5.35± 0.21,
pKiH¼ 7.09± 0.42 and pKiL¼ 4.72± 0.15, and pKiH¼ 6.95± 0.16 and
pKiL¼ 4.16± 0.12, with high affinity site occupancy of 38, 22 and
35%, respectively. Compared to the non-alkylated partners
LSL60101 and 5b, the additional N-alkyl group did not result in a
significant increase in the pKi value but in a drop in the I2/a2
selectivity. N-Ethyl substituted 7c gave an outstanding
pKiH¼ 9.13± 0.47 value of I2 affinity with a 12% high occupancy
affinity site, whereas the non-alkylated homologous 5c displayed a
and pKiL¼ 5.11± 0.06.
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The study highlighted LSL60101 as the most promising candi-
date of the benzofuran-2-imidazole family to tackle further in vitro
and in vivo studies.

2.2.2. Comparison of I2-IR binding affinities of LSL60101 across
species

The literature is non-uniform in the I2-IR affinity values across
species (human, rat, rabbit, mouse, and monkey), given the radio-
ligand considered as a reference (idazoxan, 2-BFI) and the tissues
used for analysis (from different anatomical parts: kidney, whole
brain, cortex, etc). Thus, we made an effort in the comparison of
affinities of standard I2-IR ligands, 2-BFI, tracizoline, and clinically
prominent [11C]BU99008 and CR4056 [23]. When evaluating
LSL60101 a two-site model of bindingwas observed in humanpost-
mortem brain cortical membranes with a pKiH 8.17± 0.19 and
pKiL¼ 6.02± 0.10, and an occupancy of the high site of 34%. In rat
cerebral cortex using idazoxan as radioligand, LSL60101 was re-
ported a lower affinity than in human tissues, with a pKiH¼ 6.45

and pKiL¼ 1.16, but a higher percentage fraction of occupancy (79%)
[34]. In mice brain cortical membranes, the competition curve
against [3H]2-BFI binding was significantly better with a two-site fit
than a one-site binding model, providing a pKiH 9.92± 0.17 and
pKiL¼ 6.00± 0.14. These values were close to those found in human
tissues including a similar occupancy of the high site (41%) sup-
porting the in vivo experiments in mice.

2.3. 3D-QSAR study

The 3D-QSAR method was used to analyse the most significant
descriptors that were interpreted in terms of identifying and
quantifying structural elements important for I2-IR and a2-AR ac-
tivity. The study was conducted on structurally diverse I2-IR ligands
that were divided into two clusters, based on their chemical
structures. Cluster 1 represents compounds synthesized in this
manuscript, while cluster 2 contains bicyclic a-iminophosphonate
I2-IR ligands previously described by our group (Fig. S1) [23]. To

Scheme. 1. Reagents and conditions: (i) SOCl2, toluene, 3 h, reflux; 25% aq. NH4OH, rt; (ii) POCl3, dichloroethane, 75 �C, 2 h; (iii) Et2O.HCl 2M, 4 �C, 48 h; (iv) 2,2-
dimethoxyethylamine, methanol, 60 �C, 16 h; (v) HCl 2M, 60 �C, 16 h; (vi) HBr 47%, 100 �C, 7 h; (vii) NaH, methyl iodide or ethyl bromide, DMF, 0 �C to rt, 75min.
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compare and validate our results, we have added three I2-IR stan-
dard ligands (tracizoline, idazoxan, and BU99008, Fig. 1), in both
data sets. Structural diversity of prepared data set enabled us not
only to deeper analyse the most important structural characteris-
tics, but also to suggest modifications to come up with novel
compounds with improved I2-IR activity and selectivity.

The Pentacle program [38] was used for calculation of GRID
independent descriptors (GRIND and GRIND2) and 3D-QSARmodel
building. The reliability and predictive power of the created 3D-
QSAR models were assessed using different internal and external
validation parameters (Tables S1 and S2). Obtained results indi-
cated that both models possessed good predictive capability and
could be used for activity prediction of newly designed compounds.
PLS coefficient plots presented the most important variables with
positive and negative influence on I2-IR and a2-AR activity (Figs. S2
and S3).

Compounds from cluster 1 are compounds reported here
(Scheme 1) with pKi ranges between 4.87 and 6.67 for I2-IR, and
3.01e4.92 for a2-AR, while cluster 2 compounds present our bicy-
clic a-iminophosphonate derivatives (Fig. S1) with pKi ranging from
4.02 to 8.56 for I2-IR, and 3.38e6.77 for a2-AR. Comparing to
molecules from cluster 2, cluster 1 compounds possess lower pKi
values for I2-IR as well as a2-AR.

The most potent compound from cluster 1, LSL60101
(pKi¼ 6.67), displayed all significant variables with the most posi-
tive impact on the activity. Positive influence on both I2-IR and a2-
AR activity showed variables var24 (DRY-DRY: 9.60e10.00 Å) and
var25 (DRY-DRY: 10.00e10.40 Å), respectively. They described the
optimal distance range between two hydrophobic regions, around
benzofuranyl and imidazole rings, which may be crucial for
establishing favourable van der Waals interactions with amino
acids in the active pocket of both receptors (Fig. 2a). Moreover, I2-IR
3D-QSAR model pointed out var232 (DRY-O: 6.40e6.80 Å) as the
variable with the strongest positive influence on I2-IR binding

activity. This variable implies the importance of hydrogen bond
donor group, eNH from imidazoline ring, located at a certain dis-
tance from hydrophobic region, benzofuranyl ring (Fig. 2a). Con-
trary, it did not possess such a significant influence in the
compounds from cluster 2, since they lack hydrogen bond donor
groups (Fig. S4). GRIND variable OeN1 (var394: 6.40e6.80 Å)
signified a positive influence of the imidazole ring on I2-IR activity,
describing the distance between hydrogen bond acceptor and
donor probes located around nitrogen atoms (Fig. 2a). On the other
hand, it did not show a significant effect on a2-AR activity.
Furthermore, the importance of hydrogen bonding interactions in
the binding site of I2 receptor was confirmed with variables var452
(O-TIP: 8.00e8.40 Å) and var503 (N1-TIP: 6.80e7.20 Å), which
underlined optimal distances between the steric region around the
benzofuranyl ring and eNH from the imidazoline ring as a
hydrogen bond donor or acceptor (Fig. 2a). Therefore, we can
conclude that the substitution of theeNH imidazole group (R3) and
losing of the hydrogen bond donating characteristics negatively
correlated with I2-IR binding activity and selectivity (7a, 7aa, 7c,
7b). Analysis of a2-AR 3D-QSAR model showed that the sole
introduction of a hydrogen bond acceptor-group, at a certain dis-
tance from hydrophobic or steric region around heterocyclic ring,
induced a positive impact on a2-AR activity.

The compoundwith the lowest activity within the cluster 1 is 6b
(pKi¼ 4.87). The introduction of a hydroxy or methoxy group on
the carbon atom of the benzofuranyl nucleus resulted in reduced
affinity, which could be described with var197 (TIP-TIP:
14.00e14.40 Å) and var350 (DRY-TIP: 10.40e10.80 Å) (Fig. 2b).
Additionally, the unfavourable impact of these groups is also
defined with the negative variable var408 (OeN1), which explains
the distance of 12.00e12.40 Å between eNH of imidazoline, as a
hydrogen bond donor and the oxygen atom in hydroxy or methoxy
substituent as a hydrogen bond acceptor (Fig. 2b). Based on these
findings we can conclude that the introduction of a hydrogen bond

Table 1
I2-IR and a2-AR Binding Affinities (pKi) of compound idazoxan and 2-BFI and new compounds 5a-5d, 6b, 6c, 7a, 7aa, 7b and 7c.

Compound
R1/R2/R3

General structure

a[3H]2-BFI

I2 pKi one site

b[3H]-2-BFI

I2 pKi two sites

High-affinity site % [3H]-RX821002
a2 pKi

Selectivity I2/a2

Idazoxan 7.41± 0.63 7.87± 0.74 5.76± 0.57 40± 7 8.35± 0.16 e

2-BFI 8.31± 0.13 9.08± 0.22 7.15± 0.31 58± 9 4.58± 0.22 5370
5a, LSL60101
R1¼ R2¼ R3¼H

6.67± 0.09 8.17± 0.19 6.02± 0.10 34± 4 3.18± 0.17 3090

5b
R1¼OMe, R2¼ R3¼H

6.41± 0.16 e e e 3.94± 0.07 295

5c
R1¼H, R2¼OMe, R3¼H

5.88± 0.16 6.77± 0.29 4.58± 0.39 46± 9 3.01± 0.45 741

5d
R1¼ Br, R2¼H, R3¼H

6.28± 0.18 8.63± 0.51 5.85± 0.18 20± 5 4.92± 0.25 23

6b
R1¼OH, R2¼H, R3¼H

4.87± 0.23 9.57± 0.63 4.6± 0.25 29± 5 3.84± 0.16 11

6c
R1¼H, R2¼OH, R3¼H

5.48± 0.11 e e e 3.76± 0.12 52

7a
R1¼ R2¼H, R3¼Me

5.98± 0.08 6.99± 0.28 5.35± 0.21 38± 10 3.75± 0.12 170

7aa
R1¼ R2¼H, R3¼ Et

5.05± 0.10 7.09± 0.42 4.72± 0.15 22± 6 3.77± 0.08 19

7b
R1¼OMe, R2¼H, R3¼ Et

4.96± 0.15 6.95± 0.16 4.16± 0.12 35± 3 4.21± 0.19 6

7c
R1¼H, R2¼OMe, R3¼ Et

5.26± 0.08 9.13± 0.47 5.11± 0.06 12± 2 3.17± 0.25 123

a Selectivity I2-IR/a2-AR expressed as the antilog (pKi I2-IR� pKi a2-AR).
b The best fit of the data for most of the compounds was to a two-site binding model with high pKi (pKiH) and low pKi (pKiL) affinities for both binding sites, respectively.
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acceptor substituent on the benzofuranyl ring may not be consid-
ered as the most complemental with the binding site of I2-IR.

2.4. In silico ADMET analysis of physicochemical and
pharmacokinetic parameters

The drug discovery pipeline has more and more relied on in
silico predictions to optimize lead compounds and reduce in-
vestments [39]. In silico ADMET prediction aims to evaluate indi-
vidual ADMET behaviours of examined compounds.
Pharmacokinetic properties such as absorption, distribution,
metabolism, excretion, and toxicity (ADMET) profiling of com-
pounds were determined using ADMET Predictor software [40],
while physico-chemical parameters were assessed with Swis-
sADME online programme [41]. The obtained results are presented
in Tables S3 and S4. Based on the results obtained from the per-
formed calculations, we can conclude that all studied compounds
present good water solubility and lipophilicity. Compounds re-
ported here satisfy the Lipinski's Rule of 5, which supports their
drug-likeness properties and potential chance to be orally
bioavailable. Moreover, the polarity of compounds was evaluated
by the TPSA (topological polar surface area) descriptor and results
revealed that benzofuranyl-2-imidazoles possessed lower polarity,
similar to idazoxan, when compared to previously described bicy-
clic a-iminophosphonate derivatives (see supporting information,
Fig. S1) [23]. Regarding pharmacokinetic properties, we noted that
all molecules possessed high BBB permeation. Compared to stan-
dard molecules, such as idazoxan, all examined compounds
possessed lower percentage of unbound drug in plasma. Further-
more, this family showed lower metabolic CYP risk and TOX risk
comparing to idazoxan and bicyclic a-iminophosphonate de-
rivatives. P-gp is believed to play an important role in drug distri-
bution and resistance to CNS drug treatment. The examined
compounds were not identified as potential substrates for P-gp
transporters. Since blocking hERG channels represents a major
therapeutic challenge in drug discovery, we note that the com-
pounds synthesized in this manuscript did not show affinity to
inhibit hERG channels.

The absence of warnings of this theoretical study gave us con-
fidence for undertaking further in vitro and eventually, in vivo ex-
periments to assess the benzofuranyl-2-imidazole family and
LSL60101 as a neuroprotective agent.

2.5. Blood brain barrier permeation assay

Considering the localization of I2-IR in the CNS, a good ability to
cross the BBB is an essential requirement for developing effective

I2-IR ligands with potential therapeutic applications in the neuro-
protective field. Guaranteed by the in silico parameters the in vitro
permeability (Pe) of all the novel compounds was determined by
using the PAMPA-BBB permeability assay (Table 2). The new com-
pounds prepared were well above the threshold established for
high BBB permeation (Pe> 5.198� 10�6 cm s�1), except for com-
pounds 6b and 6c. The aforementioned two compounds bear a
hydroxyl group increasing their polarity and decreasing their
capability to permeate the artificial PAMPA-BBB membrane with Pe
values of 0.1± 0.03� 10�6 cm s�1 and 0.32± 0.1� 10�6 cm s�1,
respectively. In particular, the most I2-IR affine compound
LSL60101 had a Pe value of 13.6± 0.4� 10�6 cm s�1 and was
considered suitable to envisage further in vitro and in vivo studies
oriented to in-depth the pharmacological profile of the new family
of I2-IR ligands.

According to these data, compounds including a hydroxyl group
in its structure, such as 6b and 6c, were not suitable for considering
their potential in neurodegenerative diseases. In particular,
LSL60101 showed the best affinity and selectivity values and since
it had a good ability to cross the BBB it will be used to undertake
further studies.

2.6. Selectivity I2-IR versus I1-IR in LSL60101

LSL60101 showed a remarkable affinity for I2-IR and selectivity
I2/a2-ARwith a ratio 3090. Then, we assessed the affinity/selectivity

Fig. 2. Representation of positive interactions (in red) of LSL60101 (a) and negative interactions (in blue) of 6b; (b) in I2-IR 3D-QSAR model. The steric hot spots (TIP) are presented
in green, hydrophobic regions (DRY) in yellow, H-bond acceptor regions (N1) in blue, and H-bond donor regions (N1) in red.

Table 2
Permeability results (Pe 10�6 cm s�1) from the PAMPA-BBB assay for new report
compounds and their prediction of BBB permeation.

Compound aPe 10¡6 cm s¡1 bPrediction

Idazoxan 3.3± 0.1 CNS ±
2-BFI 6.1± 0.2 CNSþ
5a, LSL60101 13.6± 0.4 CNSþ
5b 8.3± 1.2 CNSþ
5c 7.6± 0.1 CNSþ
5d 20.3± 0.2 CNSþ
6b 0.32± 0.1 CNS-
6c 0.1± 0.03 CNS-
7a 17.4± 0.85 CNSþ
7aa 19.2± 1.1 CNSþ
7b 12.4± 0.8 CNSþ
7c 14.85± 0.1 CNSþ
a PBS/EtOH (70:30) was used as solvent. Values are expressed as mean ± SD of at

least three independent experiments.
b The in vitro permeability (Pe) of fourteen commercial drugs through lipid extract

of porcine brain membrane together with the test compounds were determined (for
the commercial drug values see Table S5).
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for the very close receptors I1-IR. Specific binding of [3H]clonidine
(20 nM) to I1-IR of rat or human hypothalamic membranes was
accomplished after pre-incubation with benextramine (10 mM) to
alkylate population of a2-AR. Under these experimental conditions
[3H]clonidine only labelled I1-IR and in drug competition experi-
ments moxonidine, a known I1-IR selective compound, showed
subnanomolar affinity for these I1-sites; KiH¼ 0.2 nM; KiL¼ 12 mM.
LSL60101 displayed a very low affinity for I1-IR, in rat samples
Ki¼ 115 mM and in human samples Ki¼ 250 mM.

2.7. Acute toxicity

Based on the excellent affinity/selectivity upon I2-IR of
LSL60101, the safety evaluation was undertaken to determine the
acute toxicity of the compound. LSL60101 was safe up to a dose
level of 100mg/kg body weight after an intraperitoneal adminis-
tration, since the LD50 was considered to be greater than 100mg/kg
(Probit analysis) in male albino mice (lack of toxicity in the range of
doses tested: 10e100mg/kg; n¼ 10 mice per dose tested).

2.8. ADME-DMPK profiling of LSL60101

With a compound showing promising binding properties/
selectivity, devoid to a2-AR and I1-IR, and optimal safety, we un-
dertook in vitro assays to define its physicochemical properties and
chemical stability.

The solubility of LSL60101 in 1% DMSO and 99% PBS buffer was
excellent (52.5 mM). For a better definition, the solubility of
LSL60101 at different pH 1.13, 4.61 and 6.97, simulating the pH
range of the gastric and intestinal fluids, was studied (see sup-
porting information S10). Following the solubility terms stablished
in European Pharmacopoeia vs.10.0, LSL60101 is a soluble substance
at pH 1.13 and 4.61 and a very slightly soluble substance at pH 6.97
(Table S6).

The chemical evaluation of LSL60101 implied forced degrada-
tion studies under different stress conditions for a period of nine
weeks, monitoring weekly the assays by HPLC and 1H NMR. In
particular, LSL60101 was subjected to the effect of daylight with
temperatures between 0 and 23 �C and a relative humidity of
25e85%, to the effect of high temperature (thermal stability at
75 �C), and to the continuous light of a 100W (230V) bulb. Analysis
by HPLC showed that the compound was completely stable under
all the aforementioned conditions. Calculated lipophilicity of
LSL60101 referring to the consensus log Po/w value calculated using
the SwissADME program for five predictive log Po/w models, iLOGP,
XLOGP3, WLOGP, MLOGP and SILICOS-IT, which gave values of 1.51,
2.16, 2.82, 1.15 and 3.02, respectively. Therefore, the calculated log
Po/w and the other parameters of Lipinski were within the limits
and the compounds are suitable for undertaking the characteriza-
tion of in vitro ADME properties.

Microsomal stability, which is widely used to determine the
likely degree of primary metabolic clearance in the liver, was
assessed in human and mouse recombinant microsomes. The data
shown in Table S7 reveals a 36% percentage of remaining com-
pound, after 60min of incubation inmousemicrosomes, and 58% in
human, indicating moderate differences in the metabolism
depending on the species. The t1/2 is 1.4-fold bigger in human than
in mice, therefore the difference should be taken into consideration
through additional preclinical studies.

The inhibition potential of LSL60101 was evaluated using re-
combinant human cytochrome P450 enzymes [CYP1A2, CYP2C9,
CYP2C19, CYP2D6, CYP3A4 (7-BFC) and CYP3A4 (DBF)] and probe
substances with fluorescent detection. The results depicted in
Table S8 showed no inhibition of the cytochromes considered at
10 mM concentration. Taking into account the range of nM in the

affinity values of LSL60101 it is not expected that at therapeutic
doses the compound may interfere with the cytochrome P450-
mediated metabolism of other drugs.

The plasma stability of LSL60101 assessed in humans pooled
from healthy donors was measured up to 6 h (0 h, 1 h, 2 h and 6 h)
revealing 100, 83, 77 and 57% of the remaining percentage
(Table S9). In mouse plasma LSL60101 was inert under the condi-
tions studied, remaining as 100% of the initial compound after 6 h
(Table S10).

The extent of plasma protein binding was slightly superior in
human that in mouse plasma. The fraction unbound value is also
reported in Table S11. Whereas a 7.1% of LSL60101 can be found in
humans as free drug, a 16.0% was observed in mouse.

The effect of LSL60101 over the activity of hERG, an important
safety issue in drug discovery, was assessed and showed an
inhibitory activity (%) of 4± 1 at 10 mM concentration, discarding
any worries on this issue.

2.9. Cytotoxicity

In order to exclude compounds with adverse cellular effects, the
newly synthesized compounds were evaluated for cytotoxicity.
Human primary cells are physiologically more relevant. However,
because of the difficulties of working with primary cultures,
immortalized cell lines were used as an in vitro screening tool for
cytotoxicity. In a panel of cancer cell lines, including LN-229
(glioblastoma), Capan-1 (pancreatic adenocarcinoma), HCT-116
(colorectal carcinoma), NCIeH460 (lung carcinoma), DND-41
(acute lymphoblastic leukemia), HL-60 (acute myeloid leukemia),
K-562 (chronic myeloid leukemia) and Z-138 (non-Hodgkin lym-
phoma) cell lines, none of the compounds displayed any cytotox-
icity at 100 mM (the highest concentration tested), as determined by
a real-time IncuCyte proliferation assay.

2.10. Pharmacokinetics

The pharmacokinetic profile of LSL60101was investigated prior
to the treatment of a murine model of AD (5xFAD). Following a
single oral administration of 10mg/kg of LSL60101 in CD1 mice,
plasma concentrations of drug were found after 15min of treat-
ment and were detected for 24 h. Absorption of drug from the
gastrointestinal tract was slowly reaching Cmax (3.24 mM) at 2 h
after dosing and t1/2b was around 7 h. The narrow differences in
AUC0

t and AUC0∞ showed complete exposure, good bioavailability
and appropriate elimination of LSL60101 to reach the therapeutic
potential of I2-IR ligands in the experimental conditions described
(Fig. 3).

Furthermore, the remarkable affinity of LSL60101 for I2-IR (pKi
in mouse brain cortical membranes ranged from 9.92 to 6) and the
excellent selectivity ratio I2/a2-AR (3090) could guarantee, from the
kinetic profile observed in plasma, that the concentrations reached
at the site of action are enough to demonstrate the efficacy of this
drug.

Overall, these studies confirmed that LSL60101 is orally
bioavailable and metabolically stable and can be used for further
in vivo experiments.

2.11. Hypothermic effects of LSL60101 in naïve mice

Several previous studies have proven the induction of acute
hypothermia by I2-IR ligands in rats [42,43] and mice [21e23]. In
this regard, the present study evaluated the hypothermic effects of
LSL60101 in a wide range of doses (1, 5, 10, 20, 30, 50mg/kg i.p.) in
adult male and female CD1 mice at different times post-injection.
The results showed a sharp drop in core body temperature
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(ranging from�1.1 to �3.9 �C) for the larger dose tested (50mg/kg)
and observed 1 and up to 2 h post-injection (Fig. 4). Core body
temperature returned to basal levels 3 h after drug administration.

The present results, in line with prior data [42], suggest the need
for high doses of LSL60101 to induce the expected hypothermia
characteristic of I2-IR ligands [21e23,43]. As for the role of this
acute pharmacological effect, hypothermia is known to provide
neuroprotection in models of cerebral ischemia; even mild tem-
perature drops can cause significant neuroprotection [44]. In fact,
hypothermia has been used to improve the neurological outcome
under various pathological conditions, including stroke and trau-
matic brain injury [45,46]. In this line of thought, LSL60101 has
proven to partially prevent neuronal death in rats following
neonatal axotomy [36], and thus, its hypothermic effects might be a
relevant feature that could be mediating certain degree of
neuroprotection.

Although the agonist or antagonist nature of I2-IR ligands has
been a topic of debate [2], it has been suggested that I2-IR agonists
reliably decrease body temperature in a highly quantitative manner
in rodents [42], suggesting this assay could be used as a sensitive
in vivo assay for studying I2 receptor ligands, and in line with the
hypothermic effects observed in the present study in mice treated
with LSL60101.

2.12. Effects of acute LSL60101 on hippocampal FADD protein
content in naïve mice

In the context of neuroprotection, FADD adaptor emerges as a
key multifunctional protein involved in the mechanisms

controlling cell fate regulation, balancing pro-apoptotic and/or
neuroprotective actions in rodents [21,47,48]. The acute treatment
with a high dose of LSL60101 (50mg/kg, i.p.) significantly
decreased (by _34%) hippocampal FADD protein content as
compared to vehicle-treated mice (Fig. 5). The present results
replicated earlier studies in which other I2-IR ligands decreased
FADD hippocampal content [21,23], and suggested the induction of
non-apoptotic (e.g., neuroplastic and or neuroprotective) actions
initiated by acute LSL60101 treatment in mice brain and in parallel
to the hypothermic effects.

2.13. Effects of chronic LSL60101 at a low dose in a mice model of
Alzheimer's disease

Accumulating evidence support that I2-IR exert neuroprotective
roles in a plethora of neurodegenerative disorders, such as AD
[8,9,11,49,50]. Previous studies suggested that I2-IR in the CNS are
mainly located on the outer membrane of mitochondria in astro-
cytes [51]. Given that alterations in mitochondrial function pro-
mote an increased ROS production, which combined with an
altered antioxidant defence contribute to the early stages of AD
before the development of Ab pathology and cognitive dysfunction
[29,30,52], here we tested the effects of a low dose of LSL60101
administered following a chronic paradigm (1mg/kg/day, for 4
weeks) on specific OS markers under oxidative damage in 5XFAD
mice, an early-onset mouse transgenic model of AD, and as
compared to a wild type strain. The results showed increased gene
expression of the so-called antioxidant response element (AREs),
such as heme oxygenase 1 (Hmox1), aldehyde dehydrogenase 2
(Aldh2) and iNOS [53] in 5xFAD vs. wild type mice (Fig. 6). By
contrast, in 5xFAD mice treated with LSL60101, the expression of
those decreased in a significant way.

On the other hand, an excess in ROS is removed by antioxidant
enzymes (e.g., superoxide dismutase, SOD1, and glutathione
peroxidase, GPX-1). 5XFAD mice showed a significant decrease in
both proteins levels in reference to wild type mice. Interestingly,
LSL60101 was able to significantly increase the levels of these key
protein, indicating that LSL60101 induced the activation of a
cellular signalling cascade that led to a reduced OS, and that in turn
could have a neuroprotective role in an oxidative environment
related with neurodegenerative processes such as AD (Fig. 7).

These results are in agreement with recent studies that
demonstrated a key role for I2-IR ligands in the OS process. In
particular, 2-BFI (a selective ligand to I2-IR), decreased OS and
altered the level of anti-oxidant enzymes in an AD rat model [54],
protecting against OS-induced astrocytic cell death [55]. Ultimately,
previous work from our group reported a decrease in hydrogen
peroxide levels and OS markers induced by the I2-IR ligands MCR5

Fig. 3. Plasma concentration of LSL60101 at different times (15mine24 h) after an oral administration of 10mg/kg, determined by HPLC/UV-VS at 290 nm. Basic pharmacokinetic
parameters were calculated.

Fig. 4. Acute effects of LSL60101 treatment on core body temperature in mice. Sym-
bols represent means ± SEM of the difference (D, 1, 2 or 3 h minus basal value) in body
temperature (�C) for each treatment group. ***p < 0.001 and *p < 0.05 when
comparing the dose of 50mg/kg with the control group (repeated measures ANOVA
followed by Sidak's comparison test).
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and MCR9 in aged SAMP8 mice [22]. Recently, we demonstrated
that LSL60101 can ameliorate the AD hallmarks and neuro-
inflammation [56]. Moreover, the chronic treatment with LSL60101
led to the induction of reactive astrocytes and the up-regulation of
the expression of the astrocyte marker glial fibrillary acidic protein
(GFAP) [34]. As mentioned, astrocytes are the main supportive cells
in the CNS and are significantly involved in the redox homeostasis
[57], and thus, and as a consequence, this could be proposed as a
possible effect of LSL60101 on OS balance.

3. Conclusions

We have evaluated the binding and selective properties upon I2-
IR in human brain tissues of a series of benzofuranyl-2-imidazoles
diversely substituted in both benzofuranyl and imidazole rings. Due
to the lack of structural description of these receptors, 3D-QSAR
and in silico physicochemical properties were performed in order to
determine the relevant elements that may allow the further
structural optimization of new molecules. The secure theoretical
DMPK of the family led us to undertake in vitro studies including
PAMPA to confirm their penetration into the CNS to address
neurodegenerative issues. The safe in vitro DMPK and cytotoxicity
assays of the selected LSL60101 opened the door to in vivo studies.
After the determination of its pharmacokinetic profile, the treat-
ment of animals with LSL60101 confirmed a decrease in the con-
tent of hippocampal FADD protein, a key signalling mediator of
neuroprotective actions. The I2-IR ligand LSL60101 also fostered a
diminution in oxidative stress biomarkers in an AD murine model
(5xFAD). Thus, the modulation of I2-IR by LSL60101 is proposed as a
promising opportunity for addressing AD therapeutics and invites
for the further design of new promising benzofuranyl-2-imidazole-
base structures to be added to the scarce arsenal of I2-IR ligands.

4. Experimental section

4.1. Chemistry

Reagents, solvents and starting products were acquired from
commercial sources. The term “concentration” refers to the vacuum
evaporation using a Büchi rotavapor. When indicated, the reaction
products were purified by “flash” chromatography on silica gel
(35e70 mm) with the indicated solvent system. IR spectra were
performed in a Spectrum Two FT-IR Spectrometer, and only note-
worthy IR absorptions (cm�1) are listed. NMR spectra were recor-
ded in DMSO‑d6 at 400MHz (1H) and 100.6MHz (13C), and
chemical shifts are reported in d values downfield from TMS or
relative to residual DMSO‑d6 (2.50 ppm, 39.5 ppm) as an internal
standard. Data are reported in the following manner: chemical
shift, multiplicity, coupling constant (J) in hertz (Hz) and integrated
intensity. Multiplicities are reported using the following abbrevia-
tions: s, singlet; d, doublet; dd, double doublet; q, quadrupet; t,
triplet; m, multiplet; br s, broad signal. The accurate mass analyses
were carried out using a LC/MSD-TOF spectrophotometer. HPLC-MS
(Agilent 1260 Infinity II) analysis was conducted on a Poroshell
120 EC-C15 (4.6mm� 50mm, 2.7 mm) at 40 �Cwithmobile phase A
(H2O þ 0.05% formic acid) and B (ACN þ 0.05% formic acid) using a
gradient elution and flow rate 0.6 mL/min. The DAD detector was
set at 254 nm, the injection volumewas 5 mL, and oven temperature
was 40 �C. All tested compounds possess a purity of at least 95%.

4.1.1. General procedures for the synthesis of benzofuran-2-
carboxamides 1b, 1c and 1d

Thionyl chloride (1.65 equiv) was added to a suspension of
benzofuran-2-carboxylic acid derivatives (1 equiv) in anhydrous
toluene (0.4mmol/mL). After stirring the mixture for 3 h, at reflux,
the reaction was cooled and concentrated. Then, the resulting
benzofuran-2-carbonyl chloride derivative (1 equiv) was added in
small portions to an ice-cold solution of 25% aq. NH4OH (0.5mmol/
mL). Upon completion of the addition the reaction mixture was
allowed to reach rt and a precipitate was formed. The solid was
collected by filtration, washed with cold water and dried under
vacuum.

4.1.1.1. 5-Methoxybenzofuran-2-carboxamide (1b). Following the
general procedure, thionyl chloride (17.2mmol, 1.25mL), 5-
bromobenzofuran-2-carboxylic acid (10.4mmol, 2.0 g), anhydrous
toluene (25mL) and 25% aq. NH4OH (20mL) gave 1b (1.87 g, 98%) as
a beige solid.

4.1.1.2. 6-Methoxybenzofuran-2-carboxamide (1c). Following the
general procedure, thionyl chloride (8.60mmol, 0.63mL), 6-
methoxybenzofuran-2-carboxylic acid (5.20mmol, 1.0 g), anhy-
drous toluene (13mL) and 25% aq. NH4OH (10mL) gave 1c (930mg,
97%) as a beige solid.

4.1.1.3. 5-Bromobenzofuran-2-carboxamide (1d). Following the
general procedure, thionyl chloride (13.7mmol, 1.0mL), 5-
bromobenzofuran-2-carboxylic acid (8.30mmol, 2.0 g), anhydrous
toluene (21mL) and 25% aq. NH4OH (17mL) gave 1d (1.98 g, 99%) as
a white solid.

4.1.2. General procedure for the synthesis of benzofuran-2-
carbonitrile 2b, 2c and 2d

Phosphoryl chloride (3 equiv) was added to a solution of
benzofuran-2-carboxamide derivative (1 equiv) in dichloroethane
(0.48mmol/mL). The reaction was stirred at 75 �C for 2 h. Then, the
reaction mixture was evaporated and neutralized with saturated
NaHCO3 solution. The aqueous phase was extracted with AcOEt, the

Fig. 5. Acute effects of LSL60101 (30 or 50 mg/kg, i.p.) on hippocampal FADD protein.
Columns are means ± SEM of FADD content (% C) for each treatment group. Individual
symbols are shown for each animal. One-way ANOVA followed by Sidak's multiple
comparisons tests: **p< 0.01 vs. C (control-treated mice). Representative immuno-
blots depicting the labelling of FADD and b-actin (as a loading control) for each
treatment group are shown below.
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combined organic phases were washed with brine, dried over
Na2SO4, and evaporated to give a residue, which was purified by
flash column chromatography.

4.1.2.1. 5-Methoxybenzofuran-2-carbonitrile (2b). Following the
general procedure, 1b (9.62mmol, 1.84 g), dichloroethane (20mL)
and phosphoryl chloride (28.9mmol, 2.70mL) gave 2b (1.42 g, 85%)
as a beige solid, after column chromatography (dichloromethane
100%).

4.1.2.2. 6-Methoxybenzofuran-2-carbonitrile (2c). Following the
general procedure,1c (4.87mmol, 930mg), dichloroethane (10mL)
and phosphoryl chloride (14.6mmol, 1.36mL) gave 2c (740mg,
88%) as a beige solid, after column chromatography (dichloro-
methane 100%).

4.1.2.3. 5-Bromobenzofuran-2-carbonitrile (2d). Following the gen-
eral procedure, 1d (7.92mmol, 1.90 g), dichloroethane (17mL) and

phosphoryl chloride (23.8mmol, 2.21mL) gave 2d (1.55 g, 88%) as a
white solid, after column chromatography (dichloromethane
100%).

4.1.3. General procedure for the synthesis of methyl benzofuran-2-
carbimididate hydrochlorides 3a, 3b, 3c and 3d

The 2-cyanobenzofuran derivative (1 equiv) was dissolved in
ethereal HCl 2M (0.25mmol/mL) and methanol (5mmol/mL). The
resulting mixture was kept at 4 �C for 48 h. The resulting solid was
filtered, washed with cold ether and dried in order to obtain the
desired carbimidate hydrochloride.

4.1.3.1. Methyl benzofuran-2-carbimididate hydrochloride (3a).
Following the general procedure, benzofuran-2-carbonitrile
(6.99mmol, 1.0 g), ethereal HCl 2M (28mL) and methanol
(1.4mL) gave 3a (1.29 g, 87%) as a white solid.

Fig. 6. Chronic effects of LSL60101 (1mg/kg/day, per os.) on Hmox1, Aldh2 and iNOS gene expression in hippocampus. Columns are the mean ± SEM for each treatment group.
Individual symbols are shown for each animal. Means were compared with two-way ANOVAs, followed by Tukey-Kramer multiple comparison post-hoc analysis: ****p < 0.0001;
***p < 0.001; **p < 0.01; *p < 0.05 vs. Wt Controls.

Fig. 7. Chronic effects of LSL60101 (1 mg/kg/day, per os.) on the expression of SOD1 and GPX-1 protein levels in hippocampus. Columns are the mean ± SEM for each treatment
group. Individual symbols are shown for each animal. Means were compared with two-way ANOVAs, followed by Tukey-Kramer multiple comparisons post-hoc analysis. *p< 0.01
vs. Wt control mice).
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4.1.3.2. Methyl 5-methoxybenzofuran-2-carbimididate hydrochloride
(3b). Following the general procedure, 2b (8.08mmol, 1.40 g),
ethereal HCl 2M (32mL), methanol (2mL) gave 3b (1.62 g, 83%) as a
white solid.

4.1.3.3. Methyl 6-methoxybenzofuran-2-carbimididate hydrochloride
(3c). Following the general procedure, 2c (4.04mmol, 700mg),
ethereal HCl 2M (16mL) and methanol (1mL) gave 3c (797mg,
82%) as a white solid.

4.1.3.4. Methyl 5-bromobenzofuran-2-carbimididate hydrochloride
(3d). Following the general procedure, 2d (4.82mmol, 1.10 g),
ethereal HCl 2M (19mL) and methanol (1mL) gave 3d (1.20 g, 86%)
as a white solid.

4.1.4. General procedure for the synthesis of N-(2,2-
dimethoxyethyl)benzofuran-2-carboximidamide 4a, 4b, 4c and 4d

A solution of 2,2-dimethoxyehtylamine (1.1 equiv) and methyl
benzofuran-2-carbimidate hydrochloride derivative (1 equiv) in
methanol (0.47mmol/mL) was stirred at 60 �C for 16 h. Themixture
was evaporated to dryness, whichwas used directly in the next step
without further purification.

4.1.4.1. N-(2,2-dimethoxyethyl)benzofuran-2-carboximidamide (4a).
Following the general procedure, 3a (5.20mmol, 1.10 g), 2,2-
dimethoxyethylamine (5.72mmol, 0.62ml) and methanol (11mL)
gave 4a (1.29 g, quantitative) as a beige solid.

4.1.4.2. N-(2,2-Dimethoxyethyl)-5-methoxybenzofuran-2-
carboximidamide (4b). Following the general procedure, 3b
(4.34mmol, 1.05 g), 2,2-dimethoxyethylamine (4.78mmol,
0.52mL) and methanol (9mL) gave 4b (1.29 g, quantitative) as a
beige solid.

4.1.4.3. N-(2,2-Dimethoxyethyl)-6-methoxybenzofuran-2-
carboximidamide (4c). Following the general procedure, 3c
(2.93mmol, 708mg), 2,2-dimethoxyethylamine (3.22mmol,
0.35mL) and methanol (6mL) gave 4c (815mg, quantitative) as a
beige solid.

4 .1.4 .4 . N-(2 ,2-Dimethoxyethyl)-5-bromobenzofuran-2-
carboximidamide (4d). Following the general procedure, 3d
(2.01mmol, 584mg), 2,2-dimethoxyethylamine (2.21mmol,
0.24mL) and methanol (4mL) gave 4d (657mg, quantitative) as a
beige solid.

4.1.5. General procedure for the synthesis of 2-(benzofuran-2-yl)-
1H-imidazole hydrochlorides LSL60101, 5b, 5c and 5d

The corresponding N-(2,2-dimethoxyethyl)benzofuran-2-
carboximidamide was treated with HCl 2M (0.1mmol/mL) and
the resulting mixture was stirred at 60 �C for 16 h. After cooling, the
solutionwas washed with dichloromethane. The aqueous layer was
basifiedwith NaOH 5M and the free base extractedwith AcOEt. The
combined organic phases were washed with brine, dried over
Na2SO4, and evaporated to give a residue which was dissolved in
diethyl ether/ethanol (5:1). Ethereal HCl 2M (1.5 mmmol/mL) was
added and the precipitated salt was collected by filtration and was
crystallized with acetonitrile.

4.1.5.1. 2-(Benzofuran-2-yl)-1H-imidazole hydrochloride (5a).
Following the general procedure, 4a (5.20mmol, 1.29 g), HCl 2M
(52mL) and ethereal HCl 2M (3.5mL) gave LSL60101 (960mg, 84%)
as a white solid. IR (ATR) 3477, 3168, 2535, 1651, 1457, 1310, 1140,
1009, 879, 737, 706 cm�1. 1H NMR (400MHz, DMSO‑d6) d 7.40 (t,
J¼ 7.5 Hz, 1H), 7.52 (t, J¼ 8.5 Hz, 1H), 7.74 (d, J¼ 8.5 Hz, 1H), 7.83 (s,

2H), 7.88 (d, J¼ 7.5 Hz, 1H), 8.12 (s, 1H). 13C NMR (100.6MHz)
d 109.8, 111.6, 120.8 (2C), 122.9, 124.4, 127.1, 127.3, 135.1, 140.6, 154.6.
HRMS C11H9N2O [MþH]þ 185.0709; found, 185.0706. Purity 99.6%
(tR¼ 3.08min).

4.1.5.2. 2-(5-Methoxybenzofuran-2-yl)-1H-imidazole hydrochloride
(5b). Following the general procedure, 4b (4.10mmol, 1.14 g), HCl
2M (41mL) and ethereal HCl 2M (2.7mL) gave 5b (950mg, 93%) as
awhite solid. IR (ATR) 3449, 3076, 2587,1647,1457,1434,1206,1157,
1018, 812, 776, 712 cm�1. 1H NMR (400MHz, DMSO‑d6) d 3.81 (s,
3H), 7.08 (dd, J¼ 9.0, 2.5 Hz, 1H), 7.38 (d, J¼ 2.5 Hz, 1H), 7.61 (d,
J¼ 9.0 Hz, 1H), 7.82 (s, 2H), 8.10 (s, 1H). 13C NMR (100.6MHz) d 55.7,
104.4, 110.2, 112.2, 116.5, 120.7 (2C), 127.8, 135.0, 141.1, 149.5, 156.5.
HRMS C12H11N2O2 [MþH]þ 215.0815; found, 215.0816. Purity 98.5%
(tR¼ 3.19min).

4.1.5.3. 2-(6-Methoxybenzofuran-2-yl)-1H-imidazole hydrochloride
(5c). Following the general procedure, 4c (2.93mmol, 815mg), HCl
2M (29mL) and ethereal HCl 2M (2.0mL) gave 5c (702mg, 96%) as
awhite solid. IR (ATR) 3349, 3089, 2731, 1614,1492,1269,1151,1110,
1023, 842, 773, 709 cm�1. 1H NMR (400MHz, DMSO‑d6) d 3.86 (s,
3H), 7.02 (dd, J¼ 8.5, 2.0 Hz, 1H), 7.23 (s, 1H), 7.74 (d, J¼ 8.5 Hz, 1H),
7.77 (s, 2H), 8.06 (s, 1H). 13C NMR (100.6MHz) d 55.9, 95.8, 110.2,
113.8, 120.2, 120.4 (2C), 123.2, 135.2, 139.6, 156.0, 159.8. HRMS
C12H11N2O2 [MþH]þ 215.0815; found, 215.0814. Purity 99.6%
(tR¼ 3.20min).

4.1.5.4. 2-(5-Bromobenzofuran-2-yl)-1H-imidazole hydrochloride
(5d). Following the general procedure, 4d (1.99mmol, 650mg),
HCl 2M (20mL) and ethereal HCl 2M (1.3mL) gave 5d (536mg,
82%) as a white solid. IR (ATR) 3379, 3171, 2703, 1650, 1566, 1447,
1143, 1047, 879, 749, 718 cm�1. 1H NMR (400MHz, DMSO‑d6) d 7.62
(dd, J¼ 9.0, 2.0 Hz, 1H), 7.70 (d, J¼ 9.0 Hz, 1H), 7.83 (s, 2H), 8.07 (s,
1H), 8.12 (d, J¼ 2.0 Hz, 1H). 13C NMR (100.6MHz) d 108.9, 113.7,
116.6, 121.1 (2C), 125.3, 129.4, 129.8, 134.6, 142.0, 153.3. HRMS
C11H8BrN2O [MþH]þ 262.9815; found, 262.9813. Purity 98.6%
(tR¼ 3.47min).

4.1.6. General procedure for the synthesis of 1-alkyl-2-(benzofuran-
2-yl)-1H-imidazole hydrochlorides 6b and 6c

2-(Benzofuran-2-yl)-1H-imidazole hydrochlorides derivatives
were neutralized with NaOH 2N and the free base was extracted
with AcOEt. The combined organic phases were washed with brine,
dried over Na2SO4, and evaporated to give the desired amine. To a
solution of the free base (1 equiv) generated from the corre-
sponding 2-(benzofuran-2-yl)-1H-imidazole hydrochloride was
treated with HBr 47% acid solution (0.5mL) and the mixture was
stirred at 100 �C for 7 h. After cooling the resulting solid was
filtered, dissolved in water and basified with saturated NaHCO3
solution. The free base was extracted with AcOEt. The combined
organic phases were washed with brine, dried over Na2SO4, and
evaporated to give a residue which was dissolved in diethyl ether/
ethanol. Ethereal HCl 2M (1.5mmol/mL) was added and the
precipitated salt was collected by filtration and was crystallized
with acetonitrile.

4.1.6.1. 2-(5-Hydroxybenzofuran-2-yl)-1H-imidazole hydrochloride
(6b). Following the general procedure, 5b (0.93mmol, 200mg),
HBr 47% acid solution (2mL) and ethereal HCl 2M (0.6mL) gave 6b
(191mg, 81%) as a yellowish solid. IR (ATR) 3266, 3009, 2819, 2731,
1593, 1443, 1370, 1246, 1195, 1157, 1090, 850, 802, 700 cm�1. 1H
NMR (400MHz, DMSO‑d6) d 6.99 (dd, J¼ 9.0, 2.0 Hz, 1H), 7.14 (d,
J¼ 2.0 Hz, 1H), 7.51 (d, J¼ 9.0 Hz, 1H), 7.80 (s, 2H), 7.97 (d, J¼ 1.0 Hz,
1H). 13C NMR (100.6MHz) d 106.4, 109.9, 111.9, 116.7, 120.6 (2C),
127.9, 135.2, 140.7, 148.9, 154.5. HRMS C11H9N2O2 [MþH]þ
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201.0659; found, 201.0656. Purity 98.1% (tR¼ 2.92min).

4.1.6.2. 2-(6-Hydroxybenzofuran-2-yl)-1H-imidazole hydrochloride
(6c). Following the general procedure, 5c (0.93mmol, 200mg),
HBr 47% acid solution (1.9mL) and ethereal HCl 2M (0.6mL) gave
6c (183mg, 77%) as a yellowish solid. IR (ATR) 3388, 3092, 2813,
2755, 1624, 1430, 1377, 1283, 1150, 1122, 1096, 839, 766, 708 cm�1.
1H NMR (400MHz, DMSO‑d6) d 6.92 (dd, J¼ 8.5, 2.0 Hz, 1H), 7.10 (s,
1H), 7.63 (d, J¼ 8.5 Hz, 1H), 7.77 (s, 2H), 8.01 (s, 1H), 10.30 (br s, 1H).
13C NMR (100.6MHz) d 97.5, 110.6, 114.4, 118.9, 120.2 (2C), 123.2,
135.4, 138.7, 156.2, 158.4. HRMS C11H9N2O2 [MþH]þ 201.0659;
found, 201.0657. Purity 97.6% (tR¼ 2.91min).

4.1.7. General procedure for the synthesis of 1-alkyl-2-(benzofuran-
2-yl)-1H-imidazole hydrochlorides 7a, 7aa, 7b and 7c

2-(Benzofuran-2-yl)-1H-imidazole hydrochlorides derivatives
were neutralized with NaOH 2N and the free base was extracted
with AcOEt. The combined organic phases werewashed with brine,
dried over Na2SO4, and evaporated to give the desired amine. To a
solution of the free base (1 equiv) generated from the corre-
sponding 2-(benzofuran-2-yl)-1H-imidazole hydrochloride in DMF
(0.34mmol/mL) at 0 �C was added sodium hydride (1.5 equiv, 60%
in mineral oil). After 30min at rt, methyl iodide/ethyl bromide (1.1
equiv) was added dropwise over 15min at 0 �C. Then, the mixture
was stirred for 30min at rt, poured into water and extracted with
AcOEt. The organic layer was washed with and the product was
extracted with HCl 1M. The aqueous layer was basified with NaOH
2M and the free base was extracted with AcOEt. The combined
organic phases were washed with brine, dried over Na2SO4, and
evaporated to give a residue which was dissolved in diethyl ether/
ethanol. Ethereal HCl 2M (1.5mmol/mL) was added and the
precipitated salt was collected by filtration and was crystallized
with acetonitrile.

4.1.7.1. 1-Methyl-2-(benzofuran-2-yl)-1H-imidazole hydrochloride
(7a). Following the general procedure, LSL60101 (0.76mmol,
140mg), methyl iodide (0.84mmol, 0.05mL), sodium hydride 60%
in mineral oil (1.14mmol, 45.8mg), DMF (2.3mL) and ethereal HCl
2M (0.5mL) gave 7a (150mg, 84%) as a white solid. IR (ATR) 3306,
3095, 2569, 1634, 1445, 1270, 1188, 1131, 1033, 883, 756, 708 cm�1.
1H NMR (400MHz, DMSO‑d6) d 4.13 (s, 3H), 7.43 (t, J¼ 7.5 Hz, 1H),
7.55 (t, J¼ 8.5 Hz, 1H), 7.77 (d, J¼ 8.5 Hz, 1H), 7.80 (d, J¼ 2.0 Hz, 1H),
7.86e7.91 (m, 2H), 8.01 (s, 1H). 13C NMR (100.6MHz) d 36.8, 111.5,
112.2, 121.0, 123.2, 124.9, 126.0, 127.4, 127.9, 135.6, 140.5, 154.9.
HRMS C12H11N2O [MþH]þ 199.0866; found, 199.0866. Purity 99.7%
(tR¼ 3.15min).

4.1.7.2. 1-Ethyl-2-(benzofuran-2-yl)-1H-imidazole hydrochloride
(7aa). Following the general procedure, LSL60101 (1.36mmol,
250mg), ethyl bromide (1.42mmol, 0.10mL), sodium hydride 60%
in mineral oil (2.04mmol, 82mg), DMF (4.0mL) and ethereal HCl
2M (0.9mL) gave 7aa (310mg, 92%) as a white solid. IR (ATR) 3394,
3104, 2618, 1628, 1428, 1266, 1177, 1111, 929, 836, 761, 708 cm�1. 1H
NMR (400MHz, DMSO‑d6) d 1.50 (t, J¼ 7.0 Hz, 3H), 4.55 (q,
J¼ 7.0 Hz, 2H), 7.41 (d, J¼ 7.5 Hz, 1H), 7.53 (t, J¼ 8.0 Hz, 1H), 7.76 (d,
J¼ 8.5 Hz, 1H), 7.86e7.88 (m, 2H), 8.00 (d, J¼ 1.5 Hz, 1H), 8.12 (s,
1H). 13C NMR (100.6MHz) d 15.2, 44.3, 111.6, 111.8, 120.8, 122.8,
123.9, 124.5, 126.8, 127.5, 134.1, 139.7, 154.6. HRMS C13H13N2O
[MþH]þ 213.1022; found, 213.1021. Purity 100% (tR¼ 3.35min).

4.1.7.3. 1-Ethyl-2-(5-methoxybenzofuran-2-yl)-1H-imidazole hydro-
chloride (7b). Following the general procedure, 5b (0.93mmol,
200mg), ethyl bromide (0.98mmol, 0.07mL), sodium hydride 60%
in mineral oil (1.40mmol, 56mg), DMF (3mL) and ethereal HCl 2M
(0.6mL) gave 7b (220mg, 90%) as awhite solid. IR (ATR) 3410, 3143,

2532,1610,1490,1420,1255,1209,1021, 928, 810, 758, 709 cm�1. 1H
NMR (400MHz, DMSO‑d6) d 1.49 (t, J¼ 7.0 Hz, 3H), 3.82 (s, 3H), 4.54
(q, J¼ 7.0 Hz, 2H), 7.10 (dd, J¼ 9.0, 2.5 Hz, 1H), 7.35 (d, J¼ 2.5 Hz,
1H), 7.66 (d, J¼ 9.0 Hz, 1H), 7.85 (d, J¼ 2.0 Hz, 1H), 7.98 (d,
J¼ 2.0 Hz, 1H), 8.06 (s, 1H). 13C NMR (100.6MHz) d 15.2, 44.3, 55.7,
104.1, 111.7, 112.5, 116.8, 120.7, 123.8, 127.5, 134.1, 140.3, 149.6, 156.5.
HRMS C14H15N2O2 [MþH]þ 243.1128; found, 243.1128. Purity 98.4%
(tR¼ 3.44min).

4.1.7.4. 1-Ethyl-2-(6-methoxybenzofuran-2-yl)-1H-imidazole hydro-
chloride (7c). Following the general procedure, 5c (0.93mmol,
200mg), ethyl bromide (0.98mmol, 0.07mL), sodium hydride 60%
in mineral oil (1.40mmol, 56mg), DMF (2.7mL) and ethereal HCl
2M (0.6mL) gave 7c (212mg, 87%) as a white solid. IR (ATR) 3474,
3151, 2728, 1614, 1495, 1417, 1276, 1150, 1108, 1021, 928, 853, 813,
778, 701 cm�1. 1H NMR (400MHz, DMSO‑d6) d 1.49 (t, J¼ 7.0 Hz,
3H), 3.86 (s, 3H), 4.52 (q, J¼ 7.0 Hz, 2H), 7.03 (dd, J¼ 8.5, 2.0 Hz,1H),
7.33 (s, 1H), 7.73 (d, J¼ 8.5 Hz, 1H), 7.82 (d, J¼ 2.0 Hz, 1H), 7.95 (d,
J¼ 2.0 Hz, 1H), 8.05 (s, 1H). 13C NMR (100.6MHz) d 15.2, 44.2, 55.9,
95.8, 112.0, 114.2, 119.9, 120.3, 123.1, 123.6, 134.3, 138.6, 156.1, 159.9.
HRMS C14H15N2O2 [MþH]þ 243.1128; found, 243.1128. Purity 99.2%
(tR¼ 3.37min).

4.2. X-ray crystallographic analysis

Crystals of LSL60101 were obtained from slow evaporation of
methanol solutions. The single crystal X-Ray diffraction data set
was collected at 294 K up to a max 2q of ca. 57� on a Bruker Smart
APEX II diffractometer, using monochromatic MoKa radiation
l¼ 0.71073 Å and 0.3� separation between frames. Data integration
was performed using SAINT V6.45A and SORTAV (Blessing, 1995) in
the diffractometer package. The crystal and collection data and
structural refinement parameters are given in Table S14. The
structure was solved by direct methods using SHELXT-2014 (Shel-
drick, 2014) and Fourier's difference methods, and refined by least
squares on F2 using SHELXL-2014/7 (Sheldrick, 2014) inside the
WinGX program environment (Farrugia, 2012). Atom coordinates
are given in Table S15 and bond distances and angles in Table S16.
The crystal structure shows the chlorohydrate form of LSL60101,
which is as almost planar, as well as a methanol solvent molecule.
Anisotropic displacement parameters were used for non-H atoms
(Table S17) and the H-atoms were positioned in calculated posi-
tions (except H2) and refined riding on their parent atoms. Fig. 8
exhibits an ORTEP view of the molecule with the atom labelling,
as well as its closest intermolecular bonds (Table S18) with the
chloride anion (N12eH12/Cl1) and the methanol molecule
(N9eH9/O2). These two intermolecular bonds are slightly out of
the plane of the LSL60101 molecule, producing a small torsion of
the imidazolium group respect to the molecular mean plane
(t(O1eC2eC8eN9)¼�4.3(11), t(C3eC2eC8eN12)¼�1.8(14)º).
Methanol is also bonded to the chloride anion through the contact
O2eH2$$$Cl1i (i¼ x-1,y,z), giving rise to corrugated chains along a,
assembled by parallel stacking along c. Crystallographic data
(excluding structure factors) for the reported structure has been
deposited in the Cambridge Crystallographic Data Centre as sup-
plementary publication, CCDC No. 2063533. Copies of this infor-
mation may be obtained free of charge from The Director, CCDC, 12
Union Road, Cambridge CB2 1EZ, UK. Fax: þ44 1223 336 033. E-
mail: data_request@ccdc.cam.ac.uk. Web page: http://www.ccdc.
cam.ac.uk.

4.3. Binding studies

4.3.1. Preparation of cellular membranes
Male Swiss mice (final age 8e10 weeks) were killed, and the
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brain cortex dissected and stored at �70 �C until assays were per-
formed. All animal experimental protocols were performed in
agreement with European Union regulations (O.J. of E.C. L 358/118/
12/1986).

Human brain samples were obtained at autopsy in the Basque
Institute of Legal Medicine, Bilbao, Spain. Samples from the pre-
frontal cortex (Brodmann's area 9) were dissected at the time of
autopsy and immediately stored at �70 �C until assay. The study
was developed in compliance with policies of research and ethical
review boards for postmortem brain studies.

To obtain cellular membranes (P2 fraction) the different samples
were homogenized using an ultraturrax in 10 vol of homogeniza-
tion buffer (0.25M sucrose, 5mM TriseHCl, pH 7.4). The crude
homogenate was centrifuged for 5min at 1000 g (4 �C) and the
supernatant was centrifuged again for 10min at 40,000 g (4 �C).
The resultant pellet was washed twice in 5 vol of homogenization
buffer and recentrifuged in similar conditions. Protein content was
measured according to the method of Bradford using BSA as
standard.

4.3.2. Competition binding assays
The pharmacological activity of the compounds was evaluated

through competition binding studies against the I2-IR selective
radioligand [3H]2-BFI or the a2-adrenergic receptor selective radi-
oligand [3H]RX821002. Specific binding was measured in 0.25mL
aliquots (50mM Tris-HCl, pH 7.5) containing 100 mg of membranes,
which were incubated in 96-well plates either with [3H]2-BFI
(2 nM) for 45min at 25 �C or [3H]RX821002 (1 nM) for 30min at
25 �C, in the absence or presence of the competing compounds
(10�12 to 10�3M, 10 concentrations).

Specific binding of [3H]clonidine (20 nM) to rat or human hy-
pothalamic membranes pre-incubated with benextramine
(100 mM) to alkylate the population of a2-adrenoceptors. Under
these experimental conditions [3H]clonidine only labelled I1-sites.
In drug competition experiments, moxonidine (the reference
compound for I1-IR) showed sub-nanomolar affinity for these I1-
sites (KiH¼ 0.2 nM; KiL¼ 32mM).

Incubations were terminated by separating free ligand from

bound ligand by rapid filtration under vacuum (1450 Filter Mate
Harvester, PerkinElmer) through GF/C glass fiber filters. The filters
were then rinsed three times with 300 mL of binding buffer, air-
dried (120min), and counted for radioactivity by liquid scintilla-
tion spectrometry using a MicroBeta TriLux counter (PerkinElmer).
Specific binding was determined and plotted as a function of the
compound concentration. Nonspecific binding was determined in
the presence of idazoxan (10�5M), a compound with well stab-
lished affinity for I2-IR and a2-adrenergic receptors, in [3H]2-BFI
and [3H]RX821002 assays. To obtain the inhibition constant (Ki)
analyses of competition experiments were performed by nonlinear
regression using the GraphPad Prism program. Ki values were
normalized to pKi values. I2-IR/a2 selectivity indexwas calculated as
the antilogarithm of the difference between pKi values for I2-IR and
pKi values for a2-AR.

4.4. Acute toxicity

Lethal dose (LD50) is a statistical derived amount of a compound
that can be expected to cause death in 50% of the animals, rodents
in general and is used as a measure of its acute toxicity. In this
particular study, LD50 was calculated using the Logarithmic-Probit
method, as initially described in Miller and Tainter (1944) [58],
and the calculations further elaborated by Randhawa (2009) [59].
Male albino mice were administered i.p. with LSL60101 at a range
of doses (10e100mg/kg; n¼ 10 mice per dose tested), percentage
mortalities were transformed to probits for each dose, and log-
doses vs. probits were plotted to calculate LD50 (see further de-
tails in Ref. [59]).

4.5. 3D-QSAR study. Data set preparation

The original data set was divided on training set, that was used
for model building and test set, used for model evaluation. The I2-IR
3D-QSAR model contains 24 compounds (Fig. S1), with 16 com-
pounds in the training set and 8 compounds in the test set, while
data set for the a2-AR 3D-QSAR model contains 22 compounds,
with 14 compounds in the training set and 8 compounds in the test
set (Tables S1 and S2). In order to compare and validate our results,
we added three I2-IR standard ligands (tracizoline, idazoxan, and
BU99008, Fig. 1), in both data sets. Test set compounds were chosen
based on PCA (Principal Component Analysis) plot, considering that
pKi values were homogeneously distributed in the whole range.

After dividing all data sets into training and test sets, variable
selectionwas performed using fractional factorial design (FFD), and
Partial Least Square (PLS) regression was applied for building 3D-
QSAR models (Figs. S2 and S3).

Dominant forms of ligands at physiological pH 7.4 were ob-
tained with the Marvin Sketch 5.5.1.0 program [60], while geom-
etry was optimized with semiempirical/PM3 (ParameterizedModel
revision 3) method [61,62] followed by ab initio Hartree-Fock/3-
21G method [63] using Gaussian 09 software [64] included in
ChemBio3D Ultra 13 program [65].

The Pentacle program [38] was used for calculation of GRID
independent descriptors (GRIND and GRIND2) and 3D-QSARmodel
building. Computation of descriptors is based on Molecular Inter-
action Fields (MIF), by using four different probes: O probe
(hydrogen bond acceptor groups), N1 probe (hydrogen bond donor
groups), TIP probe (the shape of molecule), and DRY probe (hy-
drophobic interactions). After MIFs calculation, ALMOND algorithm
was used for the extraction of the most relevant regions, which
represented the positions of favourable interactions between the
ligand and probe. In the final step, Consistently Large Auto and
Cross Correlation (CLACC) algorithm was used to plot node-node
energies, between the same or a different probe, into auto- andFig. 8. X-ray crystal structure of LSL60101.
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cross-correlograms, with the smoothing window set to 0.8Å [66].

4.6. Cytotoxicity assays

Cancer cell lines LN-229, Capan-1, HCT-116, NCIeH460, HL-60,
K-562 and Z-138 were acquired from the American Type Culture
Collection (ATCC, Manassas, VA, USA) and the DND-41 cell line was
purchased from the Deutsche Sammlung von Mikroorganismen
und Zellkulturen (DSMZ Leibniz-Institut, Germany). All cell lines
were cultured as recommended by the suppliers. Adherent cell
lines LN-229, Capan-1, HCT-116 and NCIeH460 were seeded at a
density between 500 and 1500 cells per well, in 384-well tissue
culture plates (Greiner). After overnight incubation, cells were
treated with different concentrations of the test compounds. Sus-
pension cell lines HL-60, K-562, Z-138 and DND-41 were seeded at
densities ranging from 2500 to 5500 cells per well in 384-well
culture plates containing the test compounds at the same con-
centration points. The plates were incubated and monitored at
37 �C for 72 h in an IncuCyte® (Essen BioScience Inc., Sartorius) for
real-time imaging of cell proliferation. Brightfield images were
taken every 3 h, with one field imaged per well under 10x magni-
fication. Cell growth was then quantified based on the percent
cellular confluence as analysed by the IncuCyte® image analysis
software, and used to calculate CC50 values by linear interpolation.

4.7. Pharmacokinetic analysis and analysis conditions

The pharmacokinetic study was carried on in male CD1 mice
(Envigo Laboratories) with a body weight between 40 and 50 g
(n¼ 3e4 per group). Animals were randomized to be included in
the treated or control groups. A single intraperitoneal dose of
LSL60101 (10mg/kg, 10ml/kg) was administered early in the
morning (between 8 and 11 a.m.) without anaesthesia. Compound
was dissolved in 10% of 2-hydroxypropyl)-b-cyclodextrin in phys-
iological saline). Mice were monitored for signs of pain or distress
during the time between injection and euthanasia. Mice were
sacrificed by cervical dislocation and blood (0.6mL) was collected
at different time points (15min, 30min, 45min, 60min, 2 h, 3 h,
4 h, 5 h, 8 h and 24 h after injection) in tubes with serum gel and
clotting activator (Sarstedt Micro tube 1.1mL Z-Gel). Samples were
centrifugated at 10.000 rpm for 10min to obtain plasma and stored
at �80 �C up to analysis of compound concentration by HPLC-UV.
Experimental procedures were in line with the Directive 2010/63/
EU and approved by the Institutional Animal Care and Generalitat
de Catalunya (#10291, 1/28/2018).

LSL60101 plasma concentrations versus time curves for the
mean of animals were analysed by a non-compartmental model
based on statistical moment theory using the “PK Solutions”
computer program. The pharmacokinetic parameters calculated
were the area under the concentration vs time curve (AUC),
calculated using the trapezoidal rule in the interval 0e24 h; the
half-life (t1/2b), determined as ln2/b, being b, calculated from the
slope of the linear, least-squares regression line; the Cmax and Tmax
were read directly from the mean concentration curves.

The HPLC system was a PerkinElmer LC (Perkin Elmer INC,
Massachussets, U.S.) consisting of a Flexar LC pump, a chromatog-
raphy interface (NCI 900 network), a Flexar LC autosampler PE, and
a Waters 2487 dual l absorbance detector. The chromatographic
column was a kromasil 100-5-C18 (4.0� 200 mm-Teknokroma
Analítica S.A. Sant Cugat, Spain). Flux was 0.8 ml/mn and the mo-
bile phase consisted in 0.05M KH2PO4 (30%):acetonitrile (70%) in
isocratic conditions. The elution time of LSL60101was 4.4min, and
it was detected at 290 nm. The assay had a range of 0,025-5 mg/mL.
The calibration curves were constructed by plotting the peak area
ratio of the analysed peak against the known concentrations.

4.8. In vivo studies in mice

Studies and procedures involving mouse brain dissection and
extractions were approved by the respective Local Bioethical
Committees (Universitat de les Illes Balears-CAIB and University of
Barcelona-GenCat) and followed the ARRIVE [67] and standard
ethical guidelines (European Communities Council Directive 2010/
63/EU and Guidelines for the Care and Use of Mammals in Neuro-
science and Behavioural Research, National Research Council 2003).
All efforts were made to minimize the number of animals used and
their suffering.

4.9. Hypothermia in naïve mice

This study was performed in male and female adult CD-1 mice
bred and housed in the animal facility at the University of the
Balearic Islands in standard cages in set environmental conditions
(22 �C, 70% humidity, and 12 h light/dark cycle, lights on at 8:00
a.m.) with free access to a standard diet and tap water. Prior to any
experimental procedures, mice were habituated to the experi-
menter by being handled and weighed for 2 days. Mice were
treated with a single dose of LSL60101 (1, 5, 10, 20, 30 or 50mg/kg,
i.p., n¼ 5 for treatment group) or vehicle (2ml/kg of saline, i.p.,
n¼ 5), and changes in rectal temperature were measured by
comparing basal values (before drug treatment) with that obtained
1, 2 and 3 h post-treatment by a rectal probe connected to a digital
thermometer (Compact LCD display thermometer, SA880-1M, RS,
Corby, UK).

4.10. Western blot analysis for FADD protein in naïve mice

For evaluating FADD protein regulation, a subgroup of mice
received a single dose of LSL60101 (30 or 50mg/kg, i.p., n¼ 7 for
treatment group) or vehicle (2ml/kg of saline, i.p., n¼ 6) and were
sacrificed 1 h after treatment. The hippocampus was freshly
dissected and kept at �80 �C until hippocampal sample proteins
(40 mg) were separated by SDS-PAGE on 10% polyacrylamide min-
igels (Bio-Rad) and transferred onto nitrocellulose membranes by
standard Western blot (Wb) procedures as described previously
[21]. Membranes were incubated overnight with anti-FADD (H-
181; sc-5559; Santa Cruz Biotechnology, Santa Cruz, CA), and
following secondary antibody (anti-rabbit) incubation and ECL
detection system (Amersham, Buckinghamshire, UK), proteins
were visualized on autoradiographic films (Amersham ECL Hyper-
film). The amount of FADD protein in mice brain samples from
different treatment groups was compared with that of vehicle-
treated controls (100%) in the same gel by densitometric scanning
(GS-800 Imaging Densitometer, Bio-Rad) of immunoreactive bands
(integrated optical density, IOD). Each brain sample was quantified
in 2e4 gels, and the mean value was used as a final estimate.
Quantification of b-actin contents (clone AC-15; Ab, no. A1978;
Sigma) was used as a house-keeping control (no differences be-
tween treatment groups, 15 mg per sample).

4.11. 5XFAD as an animal model of AD: pharmacological treatments

The 5XFAD is a double transgenic APP/PS1 that co-expresses five
mutations of AD and presents robust oxidative levels [68]. 6-
month-old female 5XFAD mice (n¼ 20) and wild type (Wt) mice
(n¼ 20) were used to carry out themolecular analyses. The animals
were randomly allocated into four experimental groups: Control
5XFAD and Wt, administered with vehicle (2-hydroxypropyl)-b-
cyclodextrin 1.8%), and treated 5XFAD and Wt administered with
LSL60101 diluted in vehicle (1mg/kg/day). Treatment length was 4
weeks. Water consumption was controlled each week and the I2-IR
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ligand concentration was adjusted accordingly to reach the precise
dose. Animals had free access to food and water, and were kept
under standard temperature conditions (22± 2 �C) and 12 h: 12 h
light-dark cycles (300 lux/0 lux).

4.12. Western blot analysis in 5xFAD and Wt mice

For subcellular fractionation, 150 mL of buffer A (10mM HEPES
pH 7.9, 10mM KCl, 0.1mM EDTA pH 8, 0.1mM EGTA pH 8, 1mM
DTT, 1mM PMSF, protease inhibitors) were added to each sample
and incubated on ice for 15min. After this time, the samples were
homogenized with a tissue homogenizer, 12.5 mL Igepal 1% were
added, and the each eppendorf was vortexed for 15 s. Following
30 s of full-speed centrifugation at 4 �C, supernatants were
collected (cytoplasmic fraction); 80 mL of buffer C (20mM HEPES
pH 7.9, 0,4M NaCl, 1mM EDTA pH 8, 0.1mM EGTA pH 8, 20%
Glycerol 1mM DTT, 1mM PMSF, protease inhibitors) was added to
each pellet and incubated under agitation at 4 �C for 15min. Sub-
sequently, samples were centrifuged for 10min at full speed at 4 �C.
Supernatants were collected (nuclear fraction).

For Western blot analysis, aliquots of 20 mg of total hippocampal
protein were used. Protein samples from mice (n¼ 3e5 per group)
were separated by Sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) (8e12%) and transferred onto (Poly-
vinylidene difluoride) PVDF membranes (Millipore). Afterward,
membranes were blocked in 5% non-fat milk in 0.1% Tris-buffered
saline - Tween20 (TBS-T) for 1 h at room temperature, followed
by overnight incubation at 4 �C with the primary antibodies listed
in Table S12.

Membranes were washed and incubated with the correspond-
ing secondary antibodies for 1 h at room temperature. Immuno-
reactive proteins were viewed with a chemiluminescence-based
detection kit, following the manufacturer's protocol (ECL Kit; Mil-
lipore) and digital images were acquired using a ChemiDoc
XRS þ System (Bio-Rad). Semi-quantitative analyses were carried
out using ImageLab software (Bio-Rad), and results were expressed
in Arbitrary Units (AU), considering control protein levels as 100%.
Protein loading was routinely monitored by immunodetection of
Glyceraldehyde-3-phosphate dehydrogenase (GADPH) (Table S12).

4.13. RNA extraction and gene expression determination in 5xFAD
and Wt mice

Total RNA isolation was carried out using TRIzol® reagent ac-
cording to manufacturer's instructions. The yield, purity, and
quality of RNA were determined spectrophotometrically with a
NanoDrop™ND-1000 (Thermo Scientific) apparatus and an Agilent
2100B Bioanalyzer (Agilent Technologies). RNAs with 260/280 ra-
tios and RIN higher than 1.9 and 7.5, respectively, were selected.
Reverse Transcription-Polymerase Chain Reaction (RT-PCR) was
performed as follows: 2 mg of messenger RNA (mRNA) was reverse-
transcribed using the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Real-time quantitative PCR (qPCR) from 24
mice of both strains (n¼ 4e6 per group) was used to quantify
mRNA expression of OS and inflammatory genes.

SYBR® Green real-time PCR was performed on a Step One Plus
Detection System (Applied-Biosystems) employing SYBR® Green
PCR Master Mix (Applied-Biosystems). Each reaction mixture
contained 6.75 mL of complementary DNA (cDNA) (which concen-
tration was 2 mg), 0.75 mL of each primer (which concentration was
100 nM), and 6.75 mL of SYBR® Green PCR Master Mix (2X). Data
were analysed utilizing the comparative Cycle threshold (Ct)
method (DDCt), where the housekeeping gene level was used to

normalize differences in sample loading and preparation. The
primers sequences used in this study are presented in
Supplementary Table S10b. Normalization of expression levels was
performed with b-actin for SYBR® Green-based real-time PCR. Each
sample was analysed in duplicate, and the results represent the n-
fold difference of the transcript levels among different groups.

4.14. Statistical analysis for 5xFAD and Wt mice comparisons

The statistical analysis was conducted using the statistical
software GraphPad Prism version 8. Data were expressed as the
mean± Standard Error of the Mean (SEM). Means were compared
with two-way ANOVAs, followed by Tukey-Kramer multiple com-
parisons post-hoc analysis. Statistical significance was considered
when p-values were <0.05. The statistical outliers were carried out
with Grubss’ test and subsequently removed from the analysis.
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