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Alzheimer´s disease is a neurodegenerative disease and the most common cause of dementia with no

cure or treatment. Therefore, the investigation to �nd a disease-modifying therapeutic is crucial.

From a pathophysiological point of view, AD is characterized by the loss of homeostatic functions that

control redox and energy metabolism, neuroin�ammation, and proteostasis. The transcription factor

nuclear factor erythroid 2–related factor 2 (Nrf2) is a master controller of these functions and, in the

past decades, recent reports have shown that its overall activity is compromised in AD. Thus, Nrf2 has

been considered an attractive molecular target for AD therapeutic research. Most pharmacological

Nrf2 activators are small electrophilic molecules that react with cysteine residues present in Kelch-like

ECH-Associating protein 1 (Keap1), thereby inducing Nrf2 release and further nuclear translocation

and activation. Accordingly, low molecular weight skin allergens, such as dimethyl fumarate, currently

used to treat the relapsing forms of multiple sclerosis and with positive results in preventing spatial

memory impairments and hippocampal neurodegeneration in rats, are able to activate Nrf2. This

activation is well explained by their direct reactivity towards key cysteine residues of Keap1, leading to

its dissociation from Nrf2, which in turn is translocated to the nucleus inducing the transcription of

over 250 protective genes. Hence, we conducted a ground-breaking study where the potential of

Isoeugenol, a skin allergen with electrophilic properties, to activate Nrf2 and revert some AD

hallmarks, was investigated. This work was conducted in vitro (in mice microglia cells exposed to LPS

and neuronal cells overexpressing the human APP with Swedish mutation, N2a-APPswe) and in vivo

(in the AD double transgenic mice, APP/PS1, intranasally administered with Isoeugenol), at an early (6-

month-old animals) and late (11-month-old animals) AD stage.
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Overall, the results showed that Isoeugenol exhibit a good pharmacokinetic and pharmacodynamic

pro�le. Isoeugenol activates Nrf2 and displays antioxidant and anti-in�ammatory effects and reduced

the levels of Aβ peptides in in vitro and in vivo models of AD. In addition, its positive effect on

metabolism was also demonstrated in vivo, as it reduced the triglyceride and LDL cholesterol levels in

treated AD mice. Importantly, Isoeugenol improved the memory de�cits observed in APP/PS1 mice,

which was more evident in older animals (11-month-old), reinforcing its potential in ameliorating AD

hallmarks, even at a late stage.
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Graphical Abstract

Highlights

Isoeugenol decreases neuroin�ammation in vitro

Isoeugenol promotes in vitro and in vivo Nrf2 activation

Isoeugenol decreases in vitro and in vivo Aβ peptides
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Isoeugenol ameliorates memory impairment of APP/PS1 mice

Intranasal administration of Isoeugenol is safe

Keywords: Alzheimer disease; Isoeugenol; anti-in�ammatory; memory improvement; AD mice model.

1. Introduction

Alzheimer’s disease (AD) is one the most common neurodegenerative diseases and the most frequent

cause of dementia, accounting for 60% to 70% of the 50 million cases worldwide (Alzheimer’s

Association, 2020). The slowly progressive neurodegeneration affects the area of the cortex, responsible

for the transmission of information and movements, and the hippocampus with relevant functions in

long-term memory (Calsolaro and Edison, 2016; Cheignon et al, 2018). AD has implications in the quality

of life of patients and their caregivers and imposes an enormous socioeconomic burden (Lane et al, 2018;

Tarawneh and Holtzman, 2012). For more than a decade that AD has been considered as a public health

priority by the World Health Organization (WHO, 2012, 2017) and in 2019 it was ranked as the sixth

leading cause of death (Heron, 2021).

AD can occur early in life (<65 years), thus de�ned as familial or early-onset AD (EOAD). EOAD is mainly

caused by genetic alterations, involving pathogenic mutations in the amyloid-β precursor protein (APP)

and in the presenilin -1 (PSEN1) and -2 (PSEN2) genes (Masters et al, 2015; Wang et al, 2017). When

occurring after 65 years-old, AD is classi�ed as sporadic or late-onset AD (LOAD), and accounts for about

95% of the cases. LOAD-associated risks include a combination of multiple factors including aging,

history of disease, in particular chronic metabolic diseases, and genetics through the presence of allele 4

of the apolipoprotein E gene (APOE) (Wang et al, 2017; Breijyeh and Karaman, 2020).

AD neuropathologic hallmarks include Aβ peptides accumulation and consequent amyloid plaques

formation, in the extracellular space near neurons, and the presence of intracellular neuro�brillary

tangles (NFTs), due to the accumulation of hyperphosphorylated tau protein (Taylor et al, 2002; Serrano-

Pozo et al, 2011; Calsolaro and Edison, 2016; Lane et al, 2018; Breijyeh and Karaman, 2020). As a

consequence of the neurodegeneration process and synaptic dysfunction, neuroin�ammation with

activation of microglial cells and oxidative stress occurs (Tönnies and Trushina, 2017; van Eldik et al,

2016; Cheignon et al, 2018).
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Although the etiology of this disease is not completely known, an association between the increased

incidence of cases with aging is well-known; therefore, early detection is a crucial step for the prevention

and treatment of AD (Chen et al, 2016; Alzheimer’s Association, 2016). So far, many advances have been

made in order to better understand the neuropathology of AD, but there are still no disease-modifying-

treatments, with capacity to prevent or cure it (Alzheimer’s Association, 2020). The amyloid cascade

hypothesis, with exacerbated production of Aβ peptides, which cause cell toxicity and neuronal death, is

considered the main hypothesis underlying AD occurrence and has been intensively studied to combat

the still existing therapeutic lack (Zuroff et al, 2017; Dong et al, 2019). In fact, there are only four

therapeutic drugs for AD treatment: three acetylcholinesterase inhibitors and one non-competitive

NMDA receptor antagonist, which only relieves the symptoms associated with memory loss or behavior

(Geerts and Grossberg, 2006; Schneider, 2013). Recently, the United States Federal Agency Food and Drug

Administration (FDA) approved two antibodies designed to clear Aβ from the brain and block the

formation of amyloid plaques (Song et al, 2022), although EMA did not approve it due to unproven safety

and clinical bene�t.

Importantly, in the past few years, recent reports have shown that the Kelch-like ECH-Associating

protein 1 (Keap1)-nuclear factor erythroid 2 related factor 2 (Nrf2)-antioxidant response element (ARE)

(Keap1-Nrf2-ARE) signaling pathway is compromised in the context of AD (Bahn and Jo, 2019), thus

providing an attractive molecular target for AD therapeutic research (Bellezza et al, 2018; Silva et al,

2020). Nrf2 is a basic leucine zipper transcription factor (bZIP) and one of the most important regulators

of the defense mechanisms against oxidative and electrophilic stress in the cell (Battino et al, 2018). The

activity of Nrf2 is tightly regulated by two main mechanisms that control Nrf2 protein stability in the

cytoplasm. Under physiological conditions, Nrf2 binds to Keap1, a ubiquitin E3 ligase adapter, comprising

several redox- and electrophilic-sensitive residues of cysteine, which presents Nrf2 to a Cullin3/Rbx1-

dependent E3 ubiquitin ligase complex, that promotes Nrf2 ubiquitination and further degradation in the

proteasome. The other mechanism involves Nrf2 phosphorylation in speci�c serine residues by GSK-3β,

leading to degradation domains recognized by β-Transducin Repeat Containing E3 Ubiquitin Protein

Ligase (β-TrCP, also an E3 ligase adapter), which signals Nrf2 for ubiquitination mediated by the Cullin-

1/Rbx1 complex, resulting in its proteasomal degradation. GSK-3β might be inhibited when

phosphorylated at Ser9 by Ser/Thr protein kinases such as AKT. Hence, it has been suggested that

activation of AKT and consequent inactivation of GSK-3β might up-regulate Nrf2 (Cuadrado, 2016;

Cuadrado 2018).
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Increased reactive oxygen species (ROS) levels or the presence of electrophiles (either endogenous or

exogenous) are able to activate Nrf2 through covalent modi�cation of cysteine residues present in Keap1

protein, which become unable to present Nrf2 for ubiquitination. Then, Nrf2 migrates to the nucleus,

binds to small musculoaponeurotic �brosarcoma proteins (Maf) and ARE sequences, initiating the

transcription of its targeted genes (Cuadrado, 2016; Battino et al, 2018; Robledinos-Antón et al, 2019). In

AD, the suggested dysfunction in Nrf2 pathway is supported by Nrf2 age-dependent decreased activity

and expression, and by its sustained cytoplasmatic localization, suggestive of a defective nuclear

translocation, as previously proved by the team (Mota et al, 2015) and others (Ramsey et al, 2007; Fão et

al, 2019; Kaundal et al, 2022).

Accordingly, small molecules with electrophilic properties, such as skin allergens, are capable of

dissociating the Keap1 protein, thus promoting Nrf2 translocation to the nucleus (Natsch, 2010) and

further transcription of genes participating in detoxi�cation reactions, redox and energy metabolism,

in�ammation, and proteostasis, all of which are altered in neurodegenerative diseases. In fact, dimethyl

fumarate (DMF), a skin allergen known to react with cysteine residues (Natsch et al, 2013), is an orally

available disease-modifying agent that was approved by the FDA and EMA as a �rst-line therapy for the

management of relapsing forms of multiple sclerosis (Gold et al, 2022), a disease that shares several

pathophysiological characteristics with AD. Importantly, it was recently demonstrated that DMF prevents

spatial memory impairments and hippocampal neurodegeneration in rats (Majkutewicz et al, 2016). The

well-established effect of skin allergens on the activation of Keap1-Nrf2-ARE regulatory pathway

concomitantly with experimental evidences highlighting Nrf2 as an attractive molecular target in the

context of AD led us to the straightforward and innovative hypothesis that other skin allergens, never

explored in drug discovery programs, when administered by routes other than the skin, may have a

positive and therapeutic role in AD, such as Isoeugenol. Isoeugenol (2-methoxy-4-(prop-1-en-1-yl)

phenol), is a phenylpropanoid compound present in the essential oils derived from clove (Eugenia

caryophylata) and an isomer of eugenol (Boulebd, 2019). Isoeugenol is also classi�ed as a moderate

cutaneous allergen (Takeyoshi et al, 2008) and an electrophile, with dual activity: prooxidant (by

inducing in�ammatory responses) or antioxidant (Atsumi et al, 2005). Its structure comprehends a

phenolic radical, i.e., a hydroxyl group and an aromatic ring, which is responsible for the double

antagonistic activity. The phenolic group is the main structure responsible for free radical scavenging

and antioxidant activity (Findik et al, 2011). Accordingly, the antioxidant and anti-in�ammatory

Isoeugenol properties were previously reported in several animal and cellular models. Isoeugenol was
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shown to decrease lipid peroxidation in the liver and brain of normal rats (Rauscher et al, 2001), reduce

the levels of NO and ROS in the brain of rats exposed to acrylamide (Prasad and Muralidhara, 2013),

inhibit the expression of the inducible nitric oxide synthase (iNOS) proin�ammatory enzyme and nitric

oxide (NO) levels, in macrophages exposed to lipopolysaccharide (LPS) (Li et al, 2006) and protect against

DNA oxidative damage caused by hydroxyl radical, in a molecular simulation model (Wang et al, 2019). In

addition, our in-silico data suggested that Isoeugenol displays drug-like properties and capacity to cross

the Blood Brain Barrier (BBB) (Silva et al, 2020); thus, this molecule was selected from a physical library of

more than 60 skin allergens, to better investigate its effects in an AD context.

Considering the aforementioned, this study evaluated Isoeugenol capacity to revert relevant AD

neuropathological events, focused on its antioxidant and anti-in�ammatory properties in an AD context.

Hence, the antioxidant and anti-in�ammatory properties of Isoeugenol were studied in vitro, using an AD

neuronal model (N2a neuronal cells, wild type (N2a-wt) and human APP with Swedish mutation

overexpressing cells (N2a-APPswe)) and a neuroin�ammation model (BV-2 mouse microglia cells

exposed to LPS), respectively. In vivo studies were also conducted, in APPswe/PSEN1dE9 double

transgenic mice (APP/PS1), and their wild-type (WT) counterpart, at an early (6-month-old (mo) mice)

and late (11 mo mice) AD stage. Isoeugenol was administrated, during one month, intranasally, which is a

simple, fast and non-invasive method for drug delivery into the brain, including of larger molecules that

otherwise would not cross the BBB. Moreover, it avoids gastrointestinal metabolization and hepatic �rst

pass effect, allowing lower doses administration thus reducing potential drugs toxicity (Hanson et al,

2013; Fortuna et al, 2014; Serralheiro et al, 2015). As far as we know, we performed for the �rst-time

pharmacokinetic studies concerning Isoeugenol intranasal administration, and a new HPLC method was

validated. Qualitative histological studies, neuropathologic markers and mice cognitive function were

evaluated.

The results showed that Isoeugenol activated the Nrf2 pathway creating a more favorable antioxidant,

anti-in�ammatory, metabolic, and proteostasis environment that can limit disease progression.

Pharmacokinetic studies demonstrated that Isoeugenol was absorbed and distributed in plasma and

brain, following intranasal administration. Moreover, histopathological analysis showed no signi�cant

alterations between untreated and treated animals, supporting the safety of Isoeugenol administration.

Isoeugenol decreased the levels of Aβ in the brains of APP/PS1 transgenic mice with 6 and 11 mo, as well as

Beta-secretase 1 (Bace1) gene expression, while increased Heme oxygenase 1 (Hmox1) in the

hippocampus. Importantly, Isoeugenol improved mice cognition, particularly at 11 mo. Overall, the results
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con�rmed, for the �rst time, that Isoeugenol demonstrated a neuroprotective pro�le in both in vitro and

in vivo models of AD, highlighting its therapeutic potential for the treatment of this disease, which

should be further explored.

2. Material and Methods

2.1. Materials

Isoeugenol (98% cis and trans racemic mixture), dimethyl sulfoxide (DMSO), Rosewell Park Memorial

Institute (RPMI)-1640 medium, lipopolysaccharide (LPS) from Escherichia coli (serotype 026:B6), sodium

bicarbonate, L-glutamine and D-(+)-glucose, MEM (Minimum Essential Medium) non-essential amino

acid solution, Bovine Serum Albumin (BSA), Bicinchoninic Acid (BCA), penicillin-streptomycin antibiotic,

ethylenediamine tetraacetic acid (EDTA), glycerol, Nonidet-P-40, sodium dodecyl sulfate (SDS), protease

inhibitor cocktail for ex vivo assays, mouse monoclonal anti-β-Tubulin and anti-APP antibodies were

obtained from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s Modi�ed Eagle’s Medium (DMEM)-31600

(powder, low glucose with pyruvate; Gibco), geneticin G-418 (Gibco), fetal bovine serum (FBS; Gibco),

sodium chloride, Amyloid beta 40 Human ELISA (Invitrogen), Amyloid beta 42 Human ELISA (Invitrogen)

and mouse monoclonal anti-HMOX1 antibody were obtained from ThermoFisher Scienti�c (Walthman,

Massachusetts, USA). NZYOL reagent, NZY First-Strand cDNA Synthesis and NZYSpeedy qPCR Green

Master Mix (2x) kits were from NZYTech genes & enzymes (Lisbon, Portugal). Nrf2 Transcription Factor

Assay colorimetric kit and monoclonal antibodies against pro-IL-1β and lamin B1 were obtained from

Abcam (Cambridge, UK). Nuclear Extract kit was purchased from Active Motif. Phosphatase (PhosSTOP)

and protease (Complete Mini) cocktail inhibitors were provided by Roche Diagnostics (Mannheim,

Germany) and dithiothreitol (DTT) from Roche (Danvers, Massachusetts, USA). Polyvinylidene di�uoride

(PVDF) membranes were purchased from Millipore Corporation (Bedford, MA, USA). Mouse anti-iNOS

monoclonal antibody was obtained from R&D Systems (Mineapolis, MN, USA) and mouse anti-Nrf2

monoclonal antibody from Santa Cruz Biotechnology (Dallas, TX, USA). Mouse phospho-GSK3β, GSK3β,

phospho-AKT and AKT monoclonal antibodies, and secondary anti-mouse and anti-rabbit ECL

antibodies were obtained from Cell Signaling Technology (Danvers, Massachusetts, USA). Clarity Western

ECL (Enhanced Chemiluminescent) Substrate agent was purchased from Bio-Rad Laboratories.

The source of more speci�c reagents is referred along the text in Methods section 2.2.
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2.2. Methods

2.2.1. Blood-Brain Barrier (BBB) Permeability – Parallel Arti�cial Membrane Permeability

assay (PAMPA)

The capacity of Isoeugenol to cross the blood-brain barrier (BBB) was evaluated using a parallel arti�cial

membrane permeability assay (PAMPA) model, as described by our team (Bicker et al, 2016). The

reference drugs sulfasalazine, trazodone and propranolol (Sigma-Aldrich, St. Louis, MO, USA) with

established BBB permeability were used as control, as follows: sulfasalazine (not permeable (BBB-)), as a

negative control; trazodone and propranolol (permeable (BBB+)), as positive controls. The donor solutions

of the reference drugs and of Isoeugenol were diluted with phosphate buffer saline (PBS, pH 7.4) to a �nal

concentration of 500 µM for reference drugs, and 150 µg/mL for Isoeugenol (DMSO �nal concentration =

5%). The 2% (w/v) brain lipid extract solution of porcine polar brain lipid (PBL) (Avanti Polar Lipids,

Alabaster, AL, USA) was diluted in n-dodecane (Sigma-Aldrich, St. Louis, MO, USA). The donor solution

was prepared by adding 300 µL of the reference drugs or Isoeugenol per well in a microtiter plate

(MultiScreen®-IP, catalogue no. MATRNPS50, Millipore Corporation, Bedford, MA, USA). Next, 6 µL of 2%

PBL was added to the hydrophobic �lter of each acceptor well (MultiScreen®-IP, catalogue no.

MAIPNTR10, Millipore Corporation, Bedford, MA, USA) which were then �lled with 150 µL of PBS-

containing DMSO in the same % of the donor solution. The 96-well micro�lter acceptor plate was

carefully placed onto the microtiter donor plate and the assembly was incubate for 16 h at room

temperature, under gentle stirring. After incubation, the absorbance of the acceptor solutions was read by

ultraviolet spectrophotometry, using a SpectraMax Plus 384 Spectrophotometer at the corresponding

wavelengths previously determined for each compound, and the necessary dilutions were made to

maintain an absorption inferior to 1. Three experiments were executed and the apparent permeability

(Papp) of each reference drug and Isoeugenol was calculated applying the equation:

where Vdn is the volume of the donor solution (300 µL), Vac is the volume of the acceptor solution (150

µL), S is the surface area of the �lter that separates both compartments (0,26 cm2), t is the incubation

time (57 600 s), ODac is the optical density of the acceptor solution and ODeq is the optical density of the

equilibrium solution, obtained after the assembly of the two 96-well plares (450 µL). The permeability of

 Papp  = −2.303 × × × log(1 − )
V dnV ac

V dn + V ac

1

S × t

flux%

100

Flux% =
 ODac 

ODeq
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each compound is predicted based on the calculated Papp value, being the cut-off value of 2.0x10-6

centimeters per second (cm s-1).

2.2.2. β-site APP cleaving enzyme 1 (BACE1) Activity Assay

The β Secretase 1 (BACE1) Activity Detection Kit CS0010 (Sigma-Aldrich Co. LLC., St. Louis, MO, USA)

allows a screening of BACE1 inhibitor molecules based on a 45-�uorescence resonance energy transfer

method that is observed when there is cleavage of the substrate by the enzyme. BACE1 substrate stock

solution (500 µM) was prepared in DMSO, aliquoted and stored at -20 °C. Just before the beginning the

assay aliquots of BACE1 substrate and of the enzyme solution were brought to room temperature, and

further diluted with the �uorescent assay 10-fold to a �nal concentration of 50 µM and 0.3 unit/µL,

respectively, and kept in ice. A solution with an inhibitor provided with the kit was prepared in DMSO (1

mM) and then diluted to a concentration of 750 nM. Isoeugenol was tested at 50, 100 and 250 µM. The

components were added to a 96 wells plate (according the manufacturer’s instructions). Blanks (without

the addition of the enzyme and substrate and with Iso) were also prepared to evaluate the �uorescence of

the test compound per se in the aforementioned concentrations. The plate was incubated for 2 hours at

37 °C and the �uorescence read in a �uorimeter at 320 nm (excitation) and 405 nm (emission) with an

automatic cut-off of 325 nm. Final �uorescence values were calculated by subtracting the negative control

(with substrate and no enzyme) and the respective blank �uorescence to that of the tested compound,

and expressed as % of the positive control (considered as 100% of BACE activity). Results are shown as

mean of the obtained percentage of inhibition (%) ± standard error of the mean (SEM) for the three

experiments performed in duplicate and were calculated by comparison with the positive control. β-

Secretase Inhibitor IV (Calbiochem, Merck KGaA, Darmstadt, Germany) was used as a reference inhibitor

at its IC50 concentration (15 nM) to validate the procedure.

2.2.3. Cell culture and treatment

The neuronal mouse neuroblastoma cell lines (N2a) wild-type (N2a-wt; Neuro2a (ATCC® CCL131™) from

American Type Culture Collection) and human Swedish-mutant APP695 (N2a-APPswe; a gift from Dr.

Ciro Isidoro, Università del Piemonte Orientale “A. Avogadro”, Novara, Italy) were cultured in DMEM-

31600 medium supplemented with 3.7 g/L sodium bicarbonate, 4.5 g/L D-glucose, 1% (v/v) non-essential

amino acids and 10% (v/v) FBS inactivated at 56 °C for 30 min. N2a-wt cells were further supplemented

with 1% (v/v) penicillin-streptomycin and the N2a-APPswe cells with 0.4 mg/mL geneticin G-418.
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The murine microglia cell line (BV-2; obtained from Interlab Cell Line Collection (ICLC ATL03001)) were

cultured and maintained in RPMI-1640 medium supplemented with 10% (v/v) FBS (inactivated at 56 °C

for 30 min), 1% (v/v) penicillin-streptomycin, 2 g/L sodium bicarbonate and 2 mM L-glutamine.

All cell lines were subcultured every 2-3 days and maintained at 37 °C in a 5% CO2 atmosphere.

N2a cells were plated at a density of 5.3 x 104 cells/cm2 and BV-2 cells were plated at a density of 2.5 x 104

cells/cm2 and allowed to stabilized overnight (ON). N2a-wt and BV-2 cells were exposed to different

concentrations of Isoeugenol (in µM: 500, 250, 100, 50 e 5) for 24 h and cell metabolic capacity evaluated

by the resazurin assay (as explained in Supplementary Method S1). Accordingly, Isoeugenol non-toxic

concentration used in vitro was 250 µM (Supplementary Fig. S1) (in DMSO – up to a concentration of 0.1%

(v/v)).

N2a cells: The cells were treated with Isoeugenol for 24 h for quanti�cation of Aβ40 and Aβ42 peptides

levels and for determination of HMOX1 protein levels; for 2, 4 and 6 h for Nrf2 nuclear levels and

activation; for 1, 3 and 6 h for analysis of Hmox1 gene expression and for 5, 15 and 30 min for

quanti�cation of the phosphorylated (p) levels of AKT and GSK3β proteins.

BV-2 cells: The cells were stimulated with LPS (50 ng/mL, in sterile PBS), added 30 min after Isoeugenol

treatment, in a total of 18 h for gene expression analysis (Nos2, ll-1β) or in a total of 24 h for protein levels

analysis (iNOS and pro-IL-1β) and for quanti�cation of the extracellular levels of IL-1β and nitrites.

2.2.4. Animals’ maintenance

APP/PS1 double‑transgenic (B6C3-Tg (APPswe/PSEN1dE9)85Dbo/Mmjax) mice were obtained from

Mutant Resource and Research Center (MMRC) – Jackson Laboratory (Bar Harbor, ME, USA). The in-

house colony at Centre for Neuroscience and Cell Biology (CNC), University of Coimbra, was maintained in

a hemizygote state by crossing transgenic male mice to B6C3F1/J female mice provided from Charles

River Laboratories (France). The APP/PS1 mice and the age-matched Wild-Type (WT) littermates, were

kept under standard conditions in individually ventilated cages, under standard conditions of

temperature (22 °C ± 3 °C) and humidity (50-60%) on a 12 h light/dark cycle and with free access to water

and food (Breeding diet A03, Barcelona). The experiments were performed in the light phase of the

circadian cycle. All procedures involving animals were in accordance with the European Community

guidelines for the use of animals in a laboratory (Directive 2010/63/EU) and were approved by the Direção
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Geral de Alimentação e Veterinária (DGAV; Ref: 0421/000/000/2021) and performed by users licensed by

the Federation for European Laboratory Animal Science Association (FELASA).

2.2.4.1. 5-6 month-old females - in vivo procedures and sample collection

Five month-old (mo) females were intranasally administered with Isoeugenol (50 mg/kg, in sterile PBS),

daily, for a period of one month. The animals were subdivided into the following groups: 6 WT mice

administered with PBS (WT VEH, as disease control); 5 APP/PS1 mice administered with PBS (APP/PS1

VEH, as vehicle control); 5 APP/PS1 mice administered with Isoeugenol (APP/PS1 Iso). Intranasal

administration was performed without anesthesia, using a micropipette and according to the protocol by

Hanson et al (2013). Before administration, the animals had a period of conditioning to handling for the

performance of the technique. The administered volume was 6 µL per nostril, making a total of 12 µL. The

animals were sacri�ced under anesthesia with 4% of iso�urane in an induction chamber, followed by

decapitation for total blood collection and the brain was quickly dissected and frozen in iced-nitrogen.

The blood collected to Vacuette K3EDTA tubes (Greiner Bio-One, Kremsmünster, Austria) was centrifuged

at 1000 g for 15 min at 4 °C. The aliquoted samples were stored at -80 °C until their use. Biological

samples (brain and blood) were collected for neurochemical analysis of AD biomarkers and evaluation of

the metabolic parameters (triglycerides and glycemia), respectively.

2.2.4.2. Pharmacokinetic studies

Pharmacokinetic studies were performed in WT mice with the same background (B6C3F1) of transgenic

APP/PS1 mice. Mice (25-30 g) were housed in local animal facilities under controlled conditions as

previously mentioned, for at least 7 days before experiments, with ad libitum access to standard rodent

diet and tap water.

Mice (n = 24) were randomly divided into 6 groups (n = 4), representing 6 time-points (5, 15, 30, 60, 120

and 180 min) and anesthetized with a mixture of ketamine (100 mg/kg) and xylazine (10 mg/kg) by

intraperitoneal route to ensure their immobility during Isoeugenol (100 mg/kg, dissolved in sterile PBS)

intranasal administration. Intranasal administration followed procedures previously established by team

members (Gonçalves et al, 2019, 2021; Silva et al, 2021). Brie�y, 15 µL of Isoeugenol were instilled into the

left nostril with a polyurethane tube (24G x 19 mm) attached to a 1 mL syringe, while the animal was

positioned in lateral decubitus. Mice were sacri�ced by cervical dislocation and decapitation, and blood

was immediately collected into heparinized tubes and centrifuged (1250 g at 4ºC for 10 min) to obtain
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plasma samples. Brain and lungs were excised, washed with sodium chloride 0.9% solution, dried and

weighed. The samples were stored at -80 °C until analysis by a high-performance liquid chromatography

(HPLC) method, validated according to international guidelines (Guideline M10 on Bioanalytical Method

Validation; ICH, 2019) (Supplementary Table SI). Tissues were homogenized with NaCl 0.9% (brain: 3 ml/g

of tissue; lung: 4 mL/g of tissue) using a tissue homogenizer with a Te�on® pestle from Thomas

Scienti�c (Swedesboro, NJ, United States). This was followed by centrifugation (1803 g at 4°C for 15 min)

and supernatant analysis by HPLC (Supplementary Methods S2 and S3).

Mean experimental concentration versus time pro�les were plotted in plasma, brain and lung, and

submitted to non-compartmental pharmacokinetic analysis, using WinNonlin software, version 5.2

(Pharsight Co, Mountain View, CA, USA). The following pharmacokinetic parameters were obtained in

plasma and tissues: maximum concentration (Cmax); time required to reach Cmax (tmax); area under the

concentration-time curve from time zero to the time of last measurable concentration (AUCt), and from

time zero to in�nity (AUCinf); extrapolated area under the concentration-time curve (AUCextrap);

elimination rate constant (Kel); and apparent elimination half-life (t1/2β). Brain/plasma and lung/plasma

ratios were also determined, in order to compare tissue and systemic exposures.

2.2.4.3. Biochemical and histological analyses

The safety of Isoeugenol was evaluated in an additional group of 10 mo WT female mice (from the same

littermate as the males further used). For that, awake animals were again daily administered intranasally

with Isoeugenol (n=3), or PBS (n=4) for 28 days. After treatment and after a 6 h fast, the animals were

anesthetized with 100 mg/kg ketamine and 10 mg/kg xylazine, the blood was collected by cardiac

puncture into serum tubes with clot accelerator, and granule serum separator, allowed to clot for 30 min,

and centrifuged at 4,000× g for 20 min at RT. Metabolic parameters, namely glucose, triglycerides,

cholesterol, high-density lipoprotein (HDL), and low-density lipoprotein (LDL) cholesterol levels were

evaluated by spectrophotometric determination of chemical reactions in a Autoanalyser [(ARCHITECT ci-

1000 Chemistry Analyzer (Abbott Laboratories, Chicago, IL, USA)] at the Clinical Analysis Laboratory at

the University of Coimbra. In addition, markers of liver (glutamic-oxaloacetic transaminase (GOT),

gamma-glutamyl transferase (GGT), and alkaline phosphatase (ALP)), and kidney (albumin, creatinine,

and urea) function were also measured using the same technique to discard hepatic and renal toxicities.

The results were expressed as the amount of the parameter in milligrams per deciliter or international

units per liter detected in the serum of the animals. To detect any signi�cant tissue changes, a
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histopathological analysis of excised lung, kidney, brain, heart, and liver tissues was conducted. After

blood collection, the animals were perfused by cardiac route with PBS, and 4% (w/v) paraformaldehyde

(PAF) solution in PBS. The organs were removed and �xed for 24 h in PFA solution at 4 °C and then stored

in PBS (pH 7.4) containing 0.1% (w/v) sodium azide at 4 °C until processing. After cardiac perfusion, a

small incision was made on the ventral surface of the trachea, where the sheath of a 20 G angiocatheter

was slid to insuf�ate the lungs with 1 mL of PBS, and 1 mL of the PAF. The lungs were collected and stored

in PAF at room temperature until histological analysis (as previously performed by the team) (Gonçalves

et al, 2019). Then, series of gradient concentrations of ethanol were used to dehydrate the specimens,

followed by xylene clearing and impregnation in paraf�n. After, tissue sections (4 µm) of lung, kidney,

brain, heart and liver were embedded in paraf�n and stained with hematoxylin and eosin (H&E)

(according to Ruehl-Fehlert et al, 2003). Images were obtained using a Leica DM1000 LED microscope

(Leica Microsystems, Wetzlar, Germany) and blind-analyzed by an expert pathologist.

2.2.4.4. 10-11 month-old males - in vivo procedures and sample collection

Ten mo males APP/PS1 double‑transgenic mice and age-matched WT littermates, from our in-house

colony (Centre for Neuroscience and Cell Biology (CNC), University of Coimbra), were housed in local

animal facilities under controlled conditions as previously mentioned. Animals were randomly divided

into 4 groups (n = 6-8/group): WT Vehicle (VEH) and APP/PS1 Vehicle (VHE), submitted to PBS via

intranasal administration for 28 days; WT Isoeugenol (Iso) and APP/PS1 Isoeugenol (Iso), submitted

intranasally to 100 mg/kg/day Isoeugenol (emulsi�ed in PBS) for 28 days. The PBS or Isoeugenol

administration followed the methodology for intranasal administration of CNS therapeutics to awake

mice described by Hanson et al. (2013). Body weight was monitored during treatment and in the day

before the end of treatment the intraperitoneal glucose tolerance test (ipGTT) was performed after a 6 h

fast using 1.8 mg glucose per kg body weight and the evaluation of glycaemia was performed at 0, 15, 30,

60 and 120 min using a glucose meter and test strips (Contour, Bayer, Leverkusen, Germany). Response to

glucose was expressed by area under the curve (AUC). Serum triglycerides were measured in the same

day before glucose administration (Accutrend Plus Meter mg/dl, Roche, Basel, Switzerland). In the next

day, two hours after the last dose of Isoeugenol animals were then sacri�ced by cervical dislocation after

being anesthetized with 4% of iso�urane in an induction chamber. Total blood was collected to Vacuette

K3EDTA tubes (Greiner Bio-One, Kremsmünster, Austria) and the plasma was obtained after

centrifugation at 1,000× g for 15 min at 4 °C, and stored at -80 °C until use. The brain of each animal was

removed, the cerebral cortex and the hippocampus were dissected, and the samples were immediately
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frozen, and stored at - 80 °C. Lungs, liver and kidney, were also collected and immediately frozen and

stored at -80 °C until use.

2.2.5. Nitric oxide production

Nitric oxide (NO) production was measured in the supernatants of treated BV-2 cells (as described in the

“Cell treatment” section), using the Griess assay (Green et al, 1982). Equal volumes of culture supernatants

of BV-2 and Griess reagent (1% (w/v) sulphanilamide, 5% (w/v) phosphoric acid and 0.1% (w/v) N-(1-

naphtyl)-ethylenediamine dihydrochloride) were mixed and incubated for 10 min, at RT in the dark. Next,

the absorbance was read at 550 nm in Biotek Synergy HT (Biotek, Winooski, VT, USA) plate reader and the

nitrite concentration of each sample was extrapolated from a standard curve of sodium nitrite.

2.2.6. Aβ40 and Aβ42 peptide levels quanti�cation

Quanti�cation of Aβ40 and Aβ42 peptide levels in cells and animals’ biological samples was performed

using the Amyloid beta 40 Human ELISA kit and the Amyloid beta 42 Human ELISA kit, respectively and

following the manufacturer’s instructions. The absorbance was read at 450 nm in a Biotek Synergy HT

plate reader (Biotek, Winooski, VT, USA) and the peptide concentration (in pg/mL) was determined

according to an Aβ standard curve.

2.2.7. Gene expression analysis by real-time RT-PCR

Total RNA was extracted with NZYol reagent and RNA concentration was quanti�ed using a NanoDrop

spectrophotometer (Thermo Scienti�c, Wilmington, DE, USA). Samples were stored at -80 °C in an RNA

storage solution until use. 2 µg of RNA were transcribed to cDNA (using the NZY First-Strand cDNA

Synthesis kit) in a C1000 Thermal Cycler (Bio-Rad). The resulting products were ampli�ed in duplicate

with NZYSpeedy qPCR Green Master Mix (2x) kit by real-time RT-PCR in a CFX Connect Real-Time

System (Bio-Rad). After ampli�cation, a threshold for each gene and Ct (Cycle threshold) were calculated

and normalized using Hprt-1 (Hypoxanthine-guanine phosphoribosyl transferase) as reference gene. The

results were analyzed using Bio-Rad CFX Maestro 1.1 system software (Hercules, CA, USA). Mouse forward

(F) and reverse (R) primers were designed with Beacon Designer software version 7.7 (Premier Biosoft

International, Palo Alto, CA, USA) and synthetized by Euro�ns (Euro�ns Scienti�c, Luxembourg,

Luxembourg) or purchased from Sigma (Sigma-Aldrich, St. Louis, MO, USA), as follows:
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Il1β (F: TCTATACCTGTCCTGTGTAATG and R: GCTTGTGCTCTGCTTGTG3); Trem2 (F:

CAGGAATACTGGTGTGTA and R: TGTGGAGAATGTTTAATGTC); Hmox1 (F: CCAGTTCTACCAGAGTAA and

R: ACAGAAGTTAGAGACCAA); Bdnf (F: CCACTAAGATACATCATAGC and R: CAGAACAGAACAGAACAG);

Hprt1 (F: GTTGAAGATATAATTGACACTG and R: GGCATATCCAACAACAAAC) (Euro�ns).

Nos2 (F: GCTGTTAGAGACACTTCTGAG and R: CACTTTGGTAGGATTTGACTTTG); H-APP (F:

ATTGCCAAGAAGTCTACCC and R: AGTTCTGGATGGTCACTG); Bace1 (F: GAAGTGATCATTGTACGTGTG

and R: TCTTGTCGTAGTTGTACTCC); Ppargc1α (F: TCCTCTTCAAGATCCTGTTAC and R:

CACATACAAGGGAGAATTGC); Prkcg (F: CCTTTCTGTGTTCTAGATTCC and R:

GCATAAAACTACCAAGTGGG); Aif/Iba1 (F: TTCATCCTCTCTCTTCCATC and R:

TCAGCTTTTGAAATCTCCTC) (Sigma-Aldrich);

Since the results are presented as ratios of treated samples/untreated (control) cells, a two-base

logarithmic transformation was used to make observations symmetric and closer to a normal

distribution. If x represents the gene fold change in one sample, then the two-base logarithmic

transformation (log2(x)) is ln(x)/ln(2). Hence, fold changes of 2 and 0.5 correspond to mean log2 values of

1 and -1, respectively.

2.2.8. Protein extracts and quanti�cation

Total cell extracts were obtained by incubated the cells pellet (after washed in ice-cold PBS (pH=7.4) and

centrifuged at 300 g for 5 min at 4 °C) in RIPA lysis buffer (150 mM sodium chloride, 50 mM Tris-HCl

(pH=8.0), 2mM EDTA, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS and 1% (v/v) Nonidet P-40),

supplemented with 1 mM dithiothreitol and phosphatase (1:10) and protease (1:7) inhibitors, for 30 min in

ice. After, samples were centrifuged at 12 000 g for 10 min at 4 °C and the supernatant fraction was

collected and stored at -80 °C until use.

Cell nuclear and cytoplasmatic extracts were obtained with a commercial kit (Nuclear Extract kit),

following the manufacturer’s instructions. The extracts were stored at -80 °C until use.

Protein concentration was determined using the bicinchoninic acid method extrapolated from a protein

standard curve (BSA). Lysates were denatured in 4x concentrated loading buffer (0.25 M Tris (pH=6.8), 4%

(w/v) SDS, 200 mM DTT, 20% (v/v) glycerol and bromophenol blue), for 5 min at 95 °C.
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2.2.9. Protein levels analysis by Western Blotting

The corresponding 30 µg of denatured protein was electrophoretically separated on 10% (v/v) sodium

dodecyl sulphate-polyacrylamide gels (SDS-PAGE) at 130 V. After, proteins were electrotransferred onto

PVDF membranes using a wet transfer system (Bio-Rad, USA) at 350 mA, for 210 min at 4 °C. After,

membranes were blocked with 5% (w/v) of non-fat dry milk or bovine serum albumin (BSA; for

phosphorylated forms), diluted in Tris-buffered saline [(TBS): 150 mM NaCl, 25 mM Tris-HCl (pH=7.6)

with 0.1% Tween-20 (TBS-T)], for 1 h at room temperature (RT). Then, membranes were incubated with

the primary antibodies against: HMOX1 (1:500), iNOS (1:500), pro-IL-1β (1:1000), Nrf2 (1:500), diluted in

PBS and pAKT/AKT (1:1000) and pGSK3β/GSK3β (1:1000) diluted in BSA, ON at 4 °C. Membranes were

washed 30 min with TBS-T and incubated with the respective secondary antibodies: anti-mouse

horseradish peroxidase conjugated secondary antibody (1:1000) or anti-rabbit horseradish peroxidase

conjugated secondary antibody (1:1000), for 1 h at RT. After washing with TBS-T (10 min x 3), membranes

were incubated with the loading control proteins: Lamin B1 (1:1000) for nuclear extracts or β-Tubulin

(1:20 000), for total or cytoplasmatic extracts, during 1 h at RT. Immune complexes were detected with

Clarity Western ECL (Enhanced Chemiluminescent) Substract and the blots were visualized by

chemiluminescence using ImageQuant TM LAS 500 (GE, Healthcare, Chicago, Illinois, USA) image

system. The blots images were analyzed using TotalLab TL120 (Nonlinear Dynamics Ltd., Newcastle

upon Tyne, UK).

2.2.10. Nrf2 activation

The N2a-wt and N2a-APPswe cells were treated as described in the “Cell treatment” section with

exception of the solvent used (ethanol, due to DMSO-induced increase in Nrf2 nuclear expression (data

not shown)). Brie�y, 5 µg of protein from nuclear extracts were used to assess Nrf2 activation using a

commercial kit (Nrf2 Transcription Factor Assay Kit), according to manufacturer’s instructions. The

absorbance was read at 450 nm and 665 nm (reference wavelength) in a spectrophotometer and the

activation of Nrf2 was calculated relatively to the positive control provided with the kit.

2.2.11. Behavioural experiments

The behavioural tasks “Hot plate” and “Open �eld” were performed to ensure animal equivalence

between experimental groups, in terms of pain sensitivity and locomotor activity, respectively.
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The “Elevated plus maze” was done to evaluate animals’ anxiety level. The modi�ed “Y-maze” and “Novel

object recognition” tasks, which relies on the innate preference of rodents to explore novelty, were

performed as a measurement of short-term spatial and social recognition memory, respectively, and

“Fear condition” test to evaluate the hippocampal-dependent long-term contextual/associative memory.

All the behavioural tests were performed during the light phase of the circadian cycle (between 9.00 am –

5.00 pm), under red/low light. The intranasal administration of VHE or Isoeugenol was performed around

6.00 pm, to avoid the repercussion of the acute effect of the drug in the behavioural tasks and in the

animal sleeping cycle. For all the tests, mice were acclimated into the test room for a 1 h period. Between

each trial the apparatus was cleaned with a 10% ethanol solution to avoid odour cues. All experimental

data was analysed using the ANY-maze video tracking system, Stoelting, US.

Hot plate test

The hot-plate test (LE7406 Hot-Plate, Panlab, Barcelona, Spain) evaluates thermal pain re�exes due to

footpad contact with a heated surface. During the experiments, the animal was placed on a thick

aluminium plate (10 mm) at 55 oC and con�ned in a removable clear acrylic cylinder where the latency

time to the �rst hind paw or/and jumping responses were measured.

Open �eld

Mice were placed in a 42×42 cm arena with 42 cm high walls and they were allowed to explore for 10 min.

The time spent on the central and peripheral zones of the chamber, the number of entries in each one of

them and the values of mean speed and total distance travelled were analysed.

Elevated plus maze

The apparatus was composed of two open arms and two enclosed arms (30 × 5) with 15 cm high wall

arranged so that the arms of the same type are opposite to each other with a central square of 5 cm. The

apparatus was elevated to a height of 50 cm above �oor level. The trial involved placing the individual

animal on the central platform of the maze facing an open arm. Number of entries and the time spent in

closed and open arms were recorded for a 5 min test. Entry into an arm was de�ned as the animal placing

all four paws onto the arm.

Y-maze.

The Y-maze apparatus, made from impermeable black formica, consisted of three arms (30 cm long, 20

cm height and 5 cm large) placed at 120° with respect to each other. Arms were equipped with different

internal visual cues placed on the side and end walls of each arm. During the training phase, one arm was
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blocked by a removable door. In this phase the mice were positioned in the start arm, facing the centre of

the maze and allowed to explore only two arms (start and other) for 8 min. The test was performed 2

hours later (with the door blocking the novel arm removed) and the animals were placed again in the

start arm and allowed to explore the three arms during 8 min. The number of entries and the time spent

in novel arm was measured.

Novel Object recognition

Firstly, the mice were habituated for a 10-min period in the empty chamber during the open �eld test.

Then, in the training phase, performed 1 h after the habituation phase, two identical 200 mL brown glass

bottles were placed 15 cm away from the walls of the arena. The mice were placed at the centre of the

apparatus and allowed to explore these two identical objects for 10 min, and we recorded the time spent

snif�ng/whisking or looking (≤ 1 cm) at the objects. The test was performed 1h and 30 min later, where

one of the objects was replaced by a 50 mL volumetric �ask �lled with dyed sterile water with the same

diameter creating a novelty for the animal to explore during 5 min; again, the time spent exploring both

the novel and the familiar objects was recorded. The recognition index was determined by the percentage

of time spent investigating the novel object over the time spent exploring both objects.

Fear conditioning

Fear conditioning is a form of associative learning that occurs when a previously neutral stimulus (e.g.

tone) elicits fear responses after it has been paired with an aversive stimulus (e.g. electric paw shock).

Firstly, on day one (training day), the mice were submitted individually to an A context, and after 2 min of

habituation, to two presentations of an auditory conditioned stimulus (95 dB for 30s), paired with a paw

shock unconditioned stimulus (0.5 mA for 2s), applied at the end of the auditory stimulus, with a 60s

interval between presentations. One minute after the last pair of auditory-shock stimuli, the animals

were placed back in the housing cage. On day two (contextual memory) mice were returned to context A

in the conditioning chamber and “freezing” behaviour was measured over a period of 5 minutes. On the

third day (associative memory) animals were placed in a different context B (conditioning chamber with

perspex �oor and walls with different patterns from those of context A and change of lighting) and

“freezing” behaviour was measured over a period of 3 min, after which the auditory stimulus was

introduced for a further 3 min, during which the “freezing” behaviour was also evaluated.
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2.2.12. Statistical analysis

Results are presented as mean ± SEM of the number of experiments performed and were analyzed with

ANOVA, followed by a Dunnet’s or Tukey’s multiple comparison post-test or Unpaired t-test for

comparisons between two groups. The in vitro results were compared relative to untreated cells (Ctr).

Comparisons between Ctr and the vehicle (DMSO) were performed and differences not detected (unless

otherwise stated, as in Nrf2 activation section). The in vivo results were compared relative to healthy

animals of the control group (WT) or transgenic control group (APP/PS1). GraphPad Prism 8.0.2

(GraphPad Software, San Diego, CA, USA) was used to perform the statistical analysis of the results. A

value of p<0.05 was considered signi�cant.

3. Results

3.1. Isoeugenol crosses the BBB and inhibits BACE activity in chemico

First, we performed in chemico experiments to evaluate Isoeugenol (Iso) ability to cross the BBB and to

inhibit BACE1 enzyme activity. In order to explore the capacity of Iso to cross the BBB and penetrate into

the brain, the PAMPA assay was used. Iso permeability was determined through the lipid membrane

extract, together with three reference compounds (Fig. 1). The results suggested that Iso can cross the

BBB, corroborating our previous obtained in silico results (Silva et al, 2020).
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Fig. 1. Blood-brain barrier (BBB) permeability of Isoeugenol. Iso permeability through

BBB, expressed as experimental Papp (Permeability coef�cient through the arti�cial

membrane) values obtained with PAMPA models with 2% (w/v) porcine polar brain

lipid (PBL). Data represent the mean of Papp in centimeters per second of three

independent experiments performed in duplicate. Legend: (BBB-), non-BBB permeable;

(BBB+), BBB-permeable. Iso – Isoeugenol

Concerning BACE1 activity and according to Table I, Iso-induced inhibition of BACE1 activity is dose-

dependent reaching nearly 40% at the higher concentration tested (250 µM).

Table I. BACE1 activity inhibition induced by Isoeugenol.

Values correspond to the average percent inhibition for each of the concentrations tested and are

presented as the mean ± SEM of three independent experiments performed in duplicate.
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*Inhibitory activity close to 50%, as expected for the concentration used (15 nM), corresponds to the IC50

value reported in the literature (Coimbra et al., 2020).

3.2. Isoeugenol reduces Aβ40 peptide levels in an AD cell model

To select the non-toxic concentration of Iso to be further used, the metabolism of microglial (BV-2) and

neuronal (N2a-wt) cells were evaluated by Alamar Blue assay (resazurin) after cells exposure to different

concentrations of Iso (500 µM, 250 µM, 100 µM, 50 µM and 5 µM) for 24 h (see Supplementary Method S1

and Fig. S1). Considering untreated cells as 100% metabolically active, we selected the concentration of

250 µM of Iso, since it was the highest concentration tested that did not induce alterations in N2a-wt

(98.5%) or BV-2 (96.5%) cells metabolic activity.

To validate and support the APP-overexpressing cells with Swedish mutation (N2A-APPswe) as an AD

model, we measured the levels of Aβ40 and Aβ42 peptides that lead to the formation of senile plaques,

which is one of AD hallmarks. Peptides levels were quanti�ed by ELISA, in the supernatants of N2a-wt

and N2a-APPswe cells (exposed or not to Iso for 24 h) (Figure 2).

Fig. 2. Effect of Isoeugenol on Aβ peptides levels in neuronal cells. Aβ40 (A)and Aβ42 levels (B)in N2a-wt and

N2a-APPswe cells exposed to Iso. Data correspond to the mean ± SEM of four to sixindependent experiments.

Statistics: One-way ANOVA with Tukey's multiple comparisons test. p < 0.05 was considered signi�cant. ** p

< 0.01 and **** p < 0.0001, compared to N2a-wt; #### p < 0.0001, compared to N2a-APPswe. Legend: Iso –

Isoeugenol

As expected, N2a-APPswe cells secreted higher levels of Aβ40 (~8 fold-increase; p < 0.0001; Fig. 2A) and

Aβ42 (~2.4 fold-increase; p < 0.01; Fig. 2B) peptides, when compared to N2a-wt cells. Moreover, Iso
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treatment signi�cantly decreased Aβ40 peptide levels (Fig. 2A), compared to untreated cells (N2a-

APPswe) although no effect was observed in Aβ42 peptide levels (Figure 2B).

3.3. Isoeugenol activates Nrf2 pathway in an AD cell model – involvement of AKT/GSK3β

pathway

As an electrophilic molecule, Iso is expected to react with cysteines in Keap1 protein and lead to Nrf2

release and further nuclear translocation and activation. Nevertheless, we wanted to explore if

AKT/GSK3β pathway was also affected by Iso treatment. Hence, we exposed N2a-APPswe cells to Iso for

5,15 and 30 min and AKT and GSK3β phosphorylated levels were determined by western-blotting (WB)

(Fig. 3).
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Fig. 3. Effect of Isoeugenol on AKT, GSK3β and Nrf2 activation in AD neuronal cells. WB analysis of AKT (A,

B) and GSK3β (C, D) phosphorylated (p) protein levels, and of cytoplasmatic and nuclear Nrf2 (E) levels, in

N2a-APPswe cells exposed to Iso for 5, 15 or 30 min (B, D) or for 2, 4 and 6 h (E). Nrf2 activation determined in

N2a-APPswe cells after 2, 4 and 6 h of Iso exposure (F), using a commercial kit. The basal levels of pAKT and

pGSK3β in untreated N2a-wt and N2a-APPswe neuronal cell lines are depicted in (A) and (C), respectively,

determined at the longest time-point evaluated (30 min). Representative blot images are presented. Values are

the mean ± SEM of three to four independent experiments and expressed relatively to control (Ctr) cells.

Statistics: Unpaired t-test (t), one-way ANOVA with Dunnett's multiple comparisons test (*) and two-way

ANOVA with Sidak's multiple comparisons test (§). p < 0.05 was considered signi�cant. (t) and (*) p < 0.05,

compared to N2a-wt (A, C) or Ctr cells (B, D); (tt) and (**) p < 0.01 and §§§ p < 0.001, compared to Ctr cells.

Legend: Iso – Isoeugenol; Nrf2 cit – Nrf2 cytoplasmatic levels; Nrf2 nuc – Nrf2 nuclear levels.

As we can observe, both AKT (Fig. 3A) and GSK3β (Fig. 3C) phosphorylated levels are signi�cantly reduced

in N2a-APPswe cells (compared to N2a-wt), suggesting a defective AKT activation and GSK3β

overactivation, with consequent Nrf2 retention in the cytoplasm. Interestingly, Iso induced AKT

activation (Fig. 3B) resulting in GSK3β inactivation (Fig. 3D), in N2a-APPswe cells exposed to Iso for 30

min. Next, we aimed to con�rm if Nrf2 activation was in fact induced by Iso. Therefore, we further

analyzed Nrf2 cytoplasmatic (Nrf2 cit) and nuclear (Nrf2 nuc) levels by WB, and Nrf2 activation (by a

colorimetric kit), in N2a-APPswe cells, exposed to Iso for 2, 4 and 6 h (Figs. 4E and 4F, respectively).

According to the results, Nrf2 nuclear levels were signi�cantly increased in N2a-APPswe cells exposed to

Iso for 6 h, compared to the control (Ctr; N2a-APPswe untreated cells), suggesting its nuclear

translocation and activation, as corroborated by the results obtained with the colorimetric kit (Fig. 4F).

3.4. Isoeugenol increases Hmox1 gene expression and HMOX1 protein levels in an AD cell

model

We further analyzed the effect of Iso on ARE-Nrf2-dependent Hmox1 gene expression (by real time RT-

PCR) and HMOX1 protein levels (by WB), in N2a-APPswe cells exposed to Iso for 1, 3 and 6 h (Figs. 4A-B)

or 24 h (Figs. 4C-D).
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Fig. 4.Effect of Isoeugenol on Nrf2-dependent antioxidant Hmox1 gene expression and HMOX1 protein

levels in AD neuronal cells.Hmox1 mRNA levels were determined by real-time RT-PCR, in N2a-APPswe cells

exposed to Iso for 1,3 and 6 h (A, B). HMOX1 protein levels were determined by WB, in N2a-APPswe cells

exposed to Iso for 24 h (C, D). Representative blot images are presented. The basal levels of Hmox1 gene and

HMOX1 protein in untreated N2a-wt and N2a-APPswe neuronal cell lines are depicted in (A) and (C),

respectively, determined at the longest time-point evaluated. Values are the mean ± SEM of four to six

independent experiments and expressed relatively to control (Ctr) cells. Statistics: Unpaired t-test (t) and one-

way ANOVA with Dunnett's multiple comparisons test (*). p < 0.05 was considered signi�cant. (t) and (*) p <

0.05, compared to N2a-wt (A) or Ctr cells (D); *** p < 0.001, compared to Ctr cells (Log21=0). Legend: Iso –

Isoeugenol.
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Hmox1 gene expression is reduced in N2a-APPswe cells (compared to N2a-wt) and was signi�cantly

increased by Iso, after 3 and 6 h of cell exposure, with an increase in HMOX1 protein levels, after 24 h, in

N2a-APPswe cells, compared to control (Ctr). These results highly suggest that the Nrf2-dependent

antioxidant via is activated by Iso in an AD context.

3.5. Isoeugenol reduces pro-in�ammatory parameters in a neuroin�ammation cell model

To study the effect of Iso on neuroin�ammation, LPS-stimulated microglia was treated with Iso and the

production of pro-in�ammatory mediators was evaluated (Fig. 5).
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Fig. 5.Effect of Isoeugenol on in�ammatory parameters in microglia cells exposed to LPS. BV-2 cells were

exposed to Iso, in the presence or absence of LPS (50 ng/mL, 30 min after Iso incubation). Nos2 and Il-1β mRNA

levels were determined by real time RT-PCR, in BV2 cells exposed to Iso for 18 h (A, D). iNOS and pro-IL-1β

protein levels were determined by WB, in BV2 cells exposed to Iso for 24 h (B, E). Representative blot images

are presented. Nitric Oxide production was inferred by determining nitrites levels through Griess assay, in BV-

2 cells exposed to Iso for 24 h (C). Values are the mean ± SEM of four to seven independent experiments and

expressed relatively to control (Ctr) cells. Statistics: One-way ANOVA with Tukey’s multiple comparisons test

(*). p < 0.05 was considered signi�cant. ** p < 0.01, *** p < 0.001 and **** p < 0.0001, compared Ctr cells (in

A and D, Ctr=0 (Log21)); ## p < 0.01, ### p < 0.001 and #### p < 0.0001, compared LPS. Legend: Iso –

Isoeugenol.

As expected, the Toll-like receptor agonist LPS induced a signi�cant increase in Nos2 (Fig. 5A) and Il-1β

(Fig. 5D) gene expression, as well as in the levels of their encoded proteins, iNOS (Fig. 5B) and pro-IL-1β

(Fig. 5E), respectively, which was reversed by Iso. Moreover, LPS-triggered nitrite production was also

signi�cantly decreased in microglia cells exposed to Iso (Fig. 5C). The overall results strongly indicate

that Iso has a potent anti-in�ammatory role in a neuroin�ammation context.
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3.6. Isoeugenol decreased the body weight of 6 mo treated animals and no alterations were

detected in the fasting glucose and triglycerides

Taking into account the previous results, we further explored Iso effect in vivo, in AD mice with 5 months

(early AD stage). Female mice were intranasally administered with Iso (50 mg/kg) for 30 days and

sacri�ced. To monitor animals’ welfare, we �rst determined Iso-induced alterations in the body and

adipose tissue weight, as well as in glucose and triglycerides levels (Fig. 6).

Fig. 6. Effect of Isoeugenol on demographic and metabolic parameters of 6 mo AD mice. Body weight (A),

percentage of body weight loss (B), Adipose tissue weight (C), Fasting Glucose (D) and Triglycerides (E) were

measured in 6 mo female mice, administered with Vehicle (PBS) or Iso (50 mg/kg; APP/PS1 only) for one

month. Data correspond to the mean ± SEM of �ve to sixindependent experiments. Statistics: Unpaired t-test

(t) and One-way ANOVA with Tukey’s multiple comparisons test (#). p < 0.05 was considered signi�cant. (t) p

< 0.05, compared to WT and (#) p < 0.05, compared to APP/PS1. Legend: Iso – Isoeugenol; TG – Triglycerides;

WT – wild-type.

This preliminary study showed that Iso induced a decrease in the body weight of APP/PS1 treated mice

(APP/PS1+Iso compared to APP/PS1 animals; Fig. 6B) although it did not affect the weight of the adipose
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tissue of AD mice, which increased, compared to the WT (Fig. 6C). However, no alterations were detected

in the fasting glucose (Fig. 6D) and triglycerides (TG; Fig. 6E) values among groups.

3.7. Isoeugenol reduced brain Aβ peptides levels in mice with early AD progression

We further determined brain Aβ peptides levels and, as expected, APP/PS1 mice displayed increased Aβ40

(Fig. 7A) and Aβ42 (Fig. 7B) levels, compared to wild-type (WT).

Fig. 7. Effect of Isoeugenol on Aβ peptides levels in the brain of 6 mo AD mice. Aβ40 (A)and Aβ42 levels

(B)detected in the brain of WT and APP/PS1 6 mo female mice, administered with Vehicle (PBS) or Iso (50

mg/kg; APP/PS1 only) for one month. Data correspond to the mean ± SEM of �ve to sixindependent

experiments. Statistics: One-way ANOVA with Tukey's multiple comparisons test. p < 0.05 was considered

signi�cant. *** p < 0.001 and **** p < 0.0001, compared to WT; # p < 0.05 and ### p < 0.001, compared to

APP/PS1. Legend: Iso – Isoeugenol; WT – wild-type.

Of notice, Iso administration decreased both Aβ40 and Aβ42 in APP/PS1 mice (APP/PS1+Iso), compared to

untreated AD mice (APP/PS1). In contrast, no differences were found in the plasma among APP/PS1 mice

(either compared to WT or APP/PS1+Iso; data not shown).

We also evaluated locomotor activity and cognitive function of WT and APP/PS1 mice (Fig. 8) at this

disease stage.
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Fig. 8. Effect of Isoeugenol on locomotor activity and cognitive function of 6 mo AD mice. Hot plate (A),

Open Field (B-F) and Fear Conditioning (G-I) behavioral tests performed with WT and APP/PS1 6 mo female

mice, administered with Vehicle (PBS) or Iso (50 mg/kg; APP/PS1 only) for one month. Data correspond to the

mean ± SEM of �ve to sixindependent experiments. Statistics: Unpaired t-test (t) and Two-way ANOVA (* and

#) with Tukey's multiple comparisons test. p < 0.05 was considered signi�cant. * p < 0.05 and (ttt) p < 0.001,

compared to WT; # p < 0.05, compared to APP/PS1. Legend: Iso – Isoeugenol; WT – wild-type.

According to our results, APP/PS1 untreated animals showed increased anxious behavior compared to

WT, only inferred by the time spent to make the �rst entry in the central zone of the open �eld arena. The

animals treated with Iso (APP/PS1+Iso) apparently are less anxious, although APP/PS1+Iso data towards a

reduction in latency time to enter in the central arena are not signi�cantly different from that observed

with untreated mice (APP/PS1) and it also lacks statistical signi�cance when compared to WT (Fig. 8D).

The data also re�ects that all animal groups have equivalent locomotor activity. Moreover, % of total

freezing in the training session for the contextual fear conditioning test, has shown increased fear
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acquisition in diseased animals (APP/PS1, compared to WT) that was reduced by Iso treatment

(APP/PS1+Iso vs APP/PS1) (Fig. 8G).

3.8. Intranasal administration of Isoeugenol is safe for mice

Since no major phenotypic changes were detected at 6 mo, we further studied Iso intranasal

administration at a higher concentration (100 mg/kg) in older animals (10-11 mo). Hence, we �rst

performed pharmacokinetic studies and determined demographic and biochemical variations as well as

histological alterations in WT animals with the same genetic background as APP/PS1 transgenic mice,

administered with the vehicle (VHE, PBS) or Iso.

3.8.1. Pharmacokinetic studies

The concentration-time pro�les of Iso in plasma, brain and lung of WT mice after intranasal

administration (100 mg/kg, single dose) are presented in Fig. 9, while pharmacokinetic parameters are

shown in Table I.

Fig. 9. Pharmacokinetic studies. Concentration-time pro�le in biological matrices of plasma (A), brain (B)

and lung (C) of WT mice, after 5, 15, 30, 60, 120 and 180 min of Iso intranasal administration (100 mg/kg).

Symbols correspond to mean values ± SEM (n = 4).
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Table I – Pharmacokinetic parameters of Isoeugenol in mouse plasma, brain and lung after intranasal

administration (100 mg/kg).

a. Parameters estimated using mean concentration-time pro�les obtained from 4 mice per time point

(n = 4).

b. Values expressed in μg/g;

c. Values expressed in μg.min/g.

AUCextrap - extrapolated area under the concentration-time curve; AUCinf - area under the

concentration-time curve from time zero to in�nity; AUCt - area under the concentration-time curve

from time zero to the time of last measurable concentration; Cmax - maximum concentration; kel -

elimination rate constant; t1/2β, apparent elimination half-life; tmax, time required to reach the maximum

concentration.

Considering AUCextrap values (< 20%) in plasma, brain and lung, it was con�rmed that the number of

analyzed samples was adequate for a reliable calculation of Kel, AUCt and AUCinf values (Table I).

Accordingly, Iso was absorbed quickly (tmax = 5 min in plasma) and removed from the blood due to either

a fast distribution into peripheral tissues (tmax = 5 min in brain and lungs) or elimination (t1/2β = 18.12)

(Table I). These results are in agreement with those observed by others, after intravenous and oral

administration of Iso (Badger et al, 2002; Hong et al, 2013). Although Iso levels in the brain and lung were

not determined by Hong et al. (2013), the authors suggested that the molecule might display a fast
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distribution to tissues due to its low alpha half-life distribution time (7-10 min) and steady-state apparent

volume of distribution (11-25.2 L/kg) after intravenous dosing, which exceeds total body water volume

(0.6 L/kg) and indicates extensive distribution to extravascular tissues. Iso fast distribution might also be

related to its low molecular weight (164.2 g/mol) and lipophilicity (octanol-water partition coef�cient

(logP) = 3.04), allowing it to quickly spread across cell membranes. On the other hand, its fast elimination

may be due to Iso facilitated conversion into phase II metabolites (Badger, 2002), hence promoting its

excretion as glucuronide or sulphate derivatives.

Considering the doses of Iso administered by Hong et al. (2013) to mice by intravenous (35 mg/kg) and

oral routes (35, 70 e 140 mg/kg), AUC values in plasma were dose-normalized, in order to compare with

AUCinf and AUCt values of the present study (100 mg/kg) after intranasal administration. The dose-

normalized AUCinf value after intranasal administration (6.04 µg min/mL/kg) was similar to that

observed after intravenous administration (6.76 µg min/mL/kg) (Hong et al, 2013). In contrast, dose-

normalized AUCt values (1,91, 1,68, 1,45 µg min/mL/kg) after oral administration (Hong et al, 2013) were

lower than those of the present study (5.99 µg min/mL/kg), suggesting that the systemic exposure of Iso

after intranasal and intravenous administration routes are identical, and both are superior to the oral

route.

Regarding tissue exposure, differences were observed between the three biological matrices herein

analyzed (plasma, brain and lung; Table I). Accordingly, the brain and lung displayed the lowest and the

highest AUCt values, respectively. Indeed, also Cmax values and lung-plasma ratios were much higher

than in the other matrices, suggesting direct passage of Iso to the lungs, when administered intranasally.

Although t1/2β values were short for all matrices, t1/2β was higher in lung (31.27 min vs. 18.12 e 17,65 min;

Table I), suggesting that Iso elimination from the lung is slower compared to the plasma and the brain.

For this reason, histopathological analysis of lung, and other organs, were performed.

3.8.2. Metabolic, biochemical and histological data

To study the metabolic impact of Iso upon intranasal administration on mice, glucose and lipid

metabolism were analyzed in 11 mo WT females mice serum (Fig. 10A-E). We further evaluated if Iso

administration was safe for mice liver and kidney. Accordingly, we examined the serum levels of liver

parameters, namely GOT, GGT, and ALP (Fig.10F-H), and of kidney parameters, particularly albumin,

creatinine, and urea levels (Fig. 10I-K).
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Fig. 10. Iso effect on 11 mo WT female’s metabolic and biochemical parameters. 11 mo female mice, were

administered with Vehicle (PBS) or Iso (100 mg/Kg) for one month. The metabolic parameters glucose (A),

triglycerides (TG; B), total cholesterol (C), high-density lipoprotein cholesterol (HDL-C; D) and low-density

lipoprotein cholesterol (LDL-C; E); the markers of liver function glutamic-oxaloacetic transaminase (GOT; F),

gamma-glutamyl transferase (GGT; G), and alkaline phosphatase (ALP; H), and of kidney function albumin (I),

creatinine (J), and urea (K) were determined. Data correspond to the mean ± SEM of �ve to sixindependent
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experiments. Statistics: Unpaired t-test. p < 0.05 was considered signi�cant. * p < 0.05, compared to VEH.

Legend: Iso – Isoeugenol; WT – wild-type.

As shown in Fig. 10 (A-E), no alterations in glucose (Fig. 10A), triglycerides (TG; Fig.10B), and total

cholesterol (Fig. 10C) levels were detected in 11-mo animals after Iso administration, compared to mice

administrated with PBS (Vehicle - VEH). Interestingly, Iso signi�cantly reduced LDL cholesterol (Fig. 10E)

when compared to the VEH group. These results suggest that Iso is absent of deleterious metabolic

effects, and its intranasal administration might have a positive impact on cholesterol metabolism.

Moreover, and according to data depicted in Fig 10 (I-K) none of the parameters analyzed were affected by

Iso administration (compared to VEH) except albumin, which was slightly decreased by Iso. However, in

mice, the normal range for albumin concentration in the blood is typically between 2.5 to 3.5 g/dL, so the

values obtained are within physiological levels.

In addition, potential renal, lung, brain, heart, and liver damage were also assessed in hematoxylin- and

eosin-stained sections of each organ by microscopy (Fig. 11).
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Figure 11. 11 mo WT females’ histopathology analysis. Histopathology of the heart (A), brain (B), lung (C),

liver (D) and kidney (E) of 11 mo female WT mice intranasally administered with Vehicle (PBS) or Iso (100

mg/Kg) for one month. Representative images of each organ sections stained with hematoxylin and eosin at

40×, 100×, or 200× magni�cation.

No negative histopathological changes in the heart (Fig. 11A) were found in Iso-treated mice relative to

the VEH group. Indeed, we speci�cally assessed the interventricular septum as the anatomical structure

controlling the transmission of the action potential between the atria and ventricles to exclude any pro-

arrhythmic potential. Increased cell activation in the brain was veri�ed after intranasal administration of

Iso, as depicted in Fig. 11B. In the lung slices of Iso-treated mice, some in�ltration of lymphocytes and

bronchiolar hyperplasia was detected (Fig. 11C), although the latter was also observed in some animals in

the VEH group. Histopathological analysis of the liver slides showed hepatic steatosis in the control

animals (Fig. 11D), revealing a pattern of histopathological alterations in the livers of these animals,

which was also maintained in Iso-treated mice. Cellular eosinophilia and tubular epithelial hypertrophy

were observed in the kidneys of the Iso-treated animals (Fig. 11E). Of notice, some adverse renal and liver

reactions have been also reported for dimethyl fumarate (EMA, 2023), a drug approved for the treatment

of multiple sclerosis, which also belongs to the class of skin allergens that behave like Michael acceptors.

Additional in vivo studies with lower doses of Iso should be conducted to verify the maintenance of drug

ef�cacy with potential mitigation of the related histopathological alterations.

To assure animal well-being, the body weight of WT and APP/PS1 male mice was measured every week

during Iso intranasal administration period (one month) (Fig. 10A and B). Adipose tissue weight (Fig.

10C), Brain tissue weight (Fig. 10D), and the metabolic parameters, namely glucose levels, determined

during the intraperitoneal Glucose Tolerance Test (GTT; Fig. 12E and F) and after 6 h fast (Fasting

Glucose; Fig. 12G), and triglycerides (Fig. TG; 12H) were also measured.
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Figure 12. Effect of Isoeugenol on biochemical parameters of 11 mo AD mice. Body weight (A), percentage of

body weight loss (B), Adipose tissue weight (C), Brain tissue weight (D), Glucose levels (E-G) and Triglycerides

(E) were measured in 11 mo male mice, administered with Vehicle (PBS) or Iso (100 mg/Kg; APP/PS1 only) for

one month. Data correspond to the mean ± SEM of �ve to sixto eightindependent experiments. Statistics:

One-way ANOVA with Tukey’s multiple comparisons test. p < 0.05 was considered signi�cant. * p < 0.05,
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compared to WT and (#) p < 0.05, compared to APP/PS1. Legend: Iso – Isoeugenol; GTT – Glucose Tolerance

Test; AUC – Area Under the Curve; TG – Triglycerides; WT – wild-type.

As observed in Fig. 12, there are no differences between WT and APP/PS1 animals weight administered

with VEH alone (Fig. 12A and B). However, both groups were equally affected by Iso, which induced a

signi�cant weight loss in WT and APP/PS1-treated mice, compared to untreated animals, although it did

not compromise animal well-being since it was less than 15%. Moreover, no differences were observed in

organs weight (i.e., adipose tissue and brain; Fig. 12C and D) and in glucose blood levels (fasting and

determined by the Glucose Tolerance Test; Fig.E-G). In contrast, a signi�cant decrease in triglycerides

(TG) was detected in Iso-treated APP/PS1 mice, compared to the group administered with PBS (VEH) (Fig.

12H)

3.9. Isoeugenol reduces Aβ peptides levels in the cortex and plasma of mice with late AD

progression

We next evaluated Aβ peptides levels in the cortex, hippocampus and plasma of WT and APP/PS1 treated

with PBS (VEH) or Iso (Fig. 12).
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Fig. 12. Effect of Isoeugenol on Aβ peptides levels in the cortex, hippocampus, and plasma of 11 mo AD

mice. Aβ40and Aβ42 levelsdetected in the cortex (A, D), hippocampus (B, E) and plasma (C, F) of WT and

APP/PS1 11 mo male mice, administered with Iso (100 mg/kg) for one month. The results represent the mean ±

SEM of three to eight animals. Statistics: One-way ANOVA with Tukey's multiple comparisons test. p < 0.05

was considered signi�cant. *** p < 0.001 and **** p < 0.0001, compared to WT VEH; # p < 0.05 and #### p <

0.0001, compared to APP/PS1 VEH. Legend: Iso – Isoeugenol; VEH – Vehicle; WT – wild-type.

As expected, Aβ40 (Fig. 10A-C) and Aβ42 (Fig. 10D-F) peptides levels are signi�cantly higher in the cortex,

hippocampus and plasma of APP/PS1 mice compared to WT. However, Iso treatment only decreased Aβ40

levels in the cortex (Fig. 10A) and both Aβ40 and Aβ42 levels in the plasma (Figs. 10C and 10F, respectively),

with no alterations observed in the hippocampus (Figs. 10B and 10E).

3.10. Isoeugenol modulates the transcriptional signature of APP/PS1 mice hippocampus:

increase in Hmox1, Iba1, Ppargc1α and Bdnf

We further examined Iso-induced alterations in genes related with the amyloidogenic pathway (i.e., hAPP

and Bace1), the antioxidant cell defense (i.e., Hmox1), the in�ammatory pathway (i.e., Interleukin 1β, Il-1β),

Aβ production (i.e., Protein kinase C gamma, Prkcg), microglia function (i.e., Ionized calcium binding
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adaptor molecule 1, Iba1 and Triggering receptor expressed on myeloid cells 2, Trem2), energy

metabolism (i.e., Peroxisome proliferator-activated receptor gamma coactivator 1-alpha, Ppargc1α), and

neuroprotection (i.e., Brain-derived neurotrophic factor, Bdnf), in WT and APP/PS1 cortex and

hippocampus (Fig. 13).
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Fig. 13. Iso-induced gene expression alterations in the cortex and hippocampus of WT and AD mice. The

mRNA levels of the genes hAPP (A), Bace1 (B), Hmox1 (C), Il-1β (D), Prkcg (E), Iba1 (F), Trem2 (G), Ppargc1α (H) and

Bdnf (I) were determined in the Cortex and Hippocampus of 11 mo WT and APP/PS1 male mice, intranasally

administered with Iso (100 mg/kg) or PBS (VEH), for one month. The results represent the mean ± SEM of

four to six animals. Statistics: Unpaired t-test (t) and one-way ANOVA with Tukey's multiple comparisons test

(* and #). p < 0.05 was considered signi�cant. (t) p < 0.05, compared to the VEH of the respective group; * p <

0.05, ***p < 0.001 and **** p < 0.0001, compared to WT VEH; # p < 0.05 and ## p < 0.01, compared to

APP/PS1 VEH. Legend: Iso – Isoeugenol; VEH – Vehicle; WT – wild-type.

According to Fig.13, the h-APP gene expression was signi�cantly augmented in both the cortex (Fig. 13A,

CORTEX upper panel) and the hippocampus (Fig. 13A, HIPPOCAMPUS lower panel) of APP/PS1 transgenic
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animals (compared to WT), which was anticipated in this AD mice model. The hAPP gene overexpression

was not affected by Iso-treatment. With exception of increased Trem2 expression in the cortex of APP/PS1

mice (Fig. 13D, CORTEX upper panel), no other signi�cant differences in gene expression were detected in

the cortex of transgenic animals, compared to WT. Nevertheless, Prkcg and Iba1 expression was induced

by Iso, in WT and APP/PS1 mice, respectively (Fig. 13E and F, CORTEX upper panel).

Phenotypic-related alterations in the expression of Ppargc1α and Bdnf were detected in the hippocampus

(Fig. 13H and I, HIPPOCAMPUS lower panel, respectively). Both gene expression levels were reduced in

transgenic mice (APP/PS1 VEH, compared to WT VEH), which were reverted in Iso-treated APP/PS1 mice

(APP/PS1+Iso vs APP/PS1). Moreover, Iso also modulated the mRNA levels of the other genes studied by

inducing a decrease in Bace1, Il-1β, Prkcg and Trem2, in WT animals (Fig. 13B, D, E and G, HIPPOCAMPUS

lower panel, respectively), and an increase in Hmox1, in both WT and APP/PS1 mice, and in Iba1, in

APP/PS1 only (Fig. 13C and F, HIPPOCAMPUS lower panel, respectively).

3.11. APP/PS1 mice does not display differences regarding locomotor activity or pain

sensitivity

The effect of Iso on pain sensitivity and on locomotor activity of WT and APP/PS1 mice was evaluated

through the hot plate test and the open �eld test, respectively (Fig. 14).

qeios.com doi.org/10.32388/LUXM7W 43

https://www.qeios.com/
https://doi.org/10.32388/LUXM7W


Fig. 14. Effect of Isoeugenol on pain sensitivity and locomotor activity in WT and APP/PS1 mice. 11 mo male

mice intranasally administrated with VEH or 100 mg/kg Iso for one month were evaluated for pain sensitivity

and locomotor activity using the hot plate (A) and the open �eld (B-E) tests, respectively. The results

represent the mean ± SEM of six to eight animals. Legend: Iso – Isoeugenol; VEH – Vehicle; WT – wild-type.

The results showed that there were no differences in response latency to a thermal stimulus between all

animal groups (Fig. 14A), suggesting that WT and APP/PS1 mice have similar pain sensitivity, which was

not affected by Iso. Moreover, no signi�cant differences were detected between groups in the total

distance travelled (Fig. 14B) and in the mean speed (Fig. 14C), demonstrating that the animals were

equivalent in terms of locomotion. On the other hand, there were no differences in the time spent and

number of entries in the central or peripheral zones (Fig. 14D, E), re�ecting no compromise by the disease

at this stage and/or by Iso intranasal administration of the animal´s natural exploratory behavior.

3.12. Intranasal administration of Iso does not affect the anxiety levels of APP/PS1 mice

Iso effect on mice anxiety levels were evaluated by the elevated plus-maze test (Fig. 15).
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Fig. 15. Effect of Isoeugenol on anxiety levels in WT and APP/PS1 mice. 11 mo male mice intranasally

administrated with VEH or 100 mg/kg Iso for one month were evaluated for anxiety using the elevated plus-

maze(A-C)test. The results represent the mean ± SEM of six to eight animals. Legend: Iso – Isoeugenol; VEH

– Vehicle; WT – wild-type.

According to the results, there are no differences between all groups, as determined by the time spent

(Fig. 15A), the number of entries (Fig. 15B) and the distance travelled in the open arm (Fig. 15C),

suggesting that both WT and APP/PS1 11 mo animal have similar anxiety levels, which are not affected by

Iso treatment.

3.13. Intranasal administration of Iso improves memory de�cits in APP/PS1 mice

The effect of Iso on WT and APP/PS1 mice memory was also evaluated, namely the spatial memory (using

the Y-maze test; Fig. 16A-C) and the social recognition memory (through the novel object recognition

test; Fig. 16D, E).
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Fig. 16.Effect of Isoeugenol on WT and APP/PS1 spatial and social recognition memory. 11 mo male mice

intranasally administrated with VEH or 100 mg/kg Iso for one month were evaluated for spatial memory

using the Y-maze (A-C) test and for social recognition memory using the novel object recognition (D-E) test.

The results represent the mean ± SEM of four to seven animals. Statistics: Unpaired t-test (t) and one-way

ANOVA with Tukey's multiple comparisons test (* and #). p < 0.05 was considered signi�cant. * p < 0.05,

compared to WT VEH; (t) and (#) p < 0.05, compared to APP/PS1 VEH. Legend: Iso – Isoeugenol; VEH – Vehicle;

WT – wild-type.

The results demonstrated that VEH-treated APP/PS1 mice entered and spent less time in the novel arm

(compared to VEH-exposed WT mice), which was reverted by Iso (APP/PS1 Iso vs APP/PS1 VEH; Fig16A

and B). Moreover, the recognition index of the VEH-treated APP/PS1 mice was signi�cantly lower than

that of the VEH-exposed WT mice, which was also reverted in mice administered with Iso (Fig. 16D).

Overall, these results indicate that both spatial and non-emotional memory is impaired in the transgenic

AD mouse model and both were signi�cantly improved by Iso treatment.

qeios.com doi.org/10.32388/LUXM7W 46

https://www.qeios.com/
https://doi.org/10.32388/LUXM7W


We also evaluated the hippocampal-dependent long-term contextual/associative memory, which was

assessed by the Fear Conditioning test (Fig. 17).

Fig. 17.Effect of Isoeugenol on WT and APP/PS1 hippocampal-dependent long-term

contextual/associativememory. 11 mo male mice intranasally administrated with VEH or 100 mg/kg Iso for

one month were evaluated for hippocampal-dependent long-term contextual/associative memory using the

Fear Conditioning test (A-C). The results represent the mean ± SEM of �ve to six animals. Statistics: Unpaired

t-test (t) and one-way ANOVA with Tukey's multiple comparisons test (*). p < 0.05 was considered signi�cant.

(*) and (t) p < 0.05, compared to WT VEH and APP/PS1 VEH, respectively. Legend: Iso – Isoeugenol; VEH –

Vehicle; WT – wild-type.

According to Fig. 17, all animals equally acquired fear, but Iso improved APP/PS1 mice contextual memory,

since it reverted the % of animals' freezing, which was signi�cantly reduced, compared to the WT VHE

(Fig. 17B).

4. Discussion

The research data gathered from diverse neurodegenerative disease models (e.g., AD) in the last decade,

strongly supports that Nrf2 activation, in the brain, mainly resulting from the inhibition of Keap1, might

exert a disease-modifying positive outcome, in the context of neuroin�ammation and

neurodegeneration, proteostasis, as well as energy metabolism. Nevertheless, the molecules that activate

Nrf2 do not act at the level of disease etiology. Instead, Nrf2 activators improve homeostasis, by

promoting proteostasis and a favorable metabolic, antioxidant and anti-in�ammatory cell environment,

contributing to attenuate disease progression. In fact, excellent results have been obtained with a panoply

of small molecules that activate Nrf2, in neurodegenerative disease models. These Nrf2 activators are
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electrophilic molecules that react with Keap1 cysteine residues, hindering Keap1 of presenting Nrf2 for

ubiquitination, hence leading to an undissociated Nrf2-Keap1 complex. As a result, newly synthetized

Nrf2 is not degraded by the proteosome and translocate to the nucleus where it initiates the transcription

of its target genes. Nevertheless, molecules able to cross the blood-brain barrier, with good

pharmacokinetic and pharmacodynamic pro�le, need to be identi�ed (Cuadrado et al, 2022).

In AD, Nrf2 detoxifying and antioxidant pathway was shown to be defective (Fão et al, 2019; Ramsey et al,

2007), which might underly the exacerbated oxidative stress, Aβ aggregates and neuroin�ammation (all

relevant hallmarks of this disease). Therefore, herein we proposed to evaluate the therapeutic potential of

Isoeugenol (a skin allergen with electrophilic properties), in reverting some AD hallmarks, via Nrf2

activation. Accordingly, low molecular weight skin allergens, like Iso and dimethyl fumarate, are small

molecules able to modify the sulfhydryl groups of Keap1׳s cysteine residues. This study was conducted in

vitro (in mice microglia cells challenged with LPS and neuronal cells overexpressing the human APP with

Swedish mutation, N2a-APPswe) and in vivo (in the AD double transgenic mice, APP/PS1). Therefore, in a

�rst approach we con�rmed Nrf2 activation by Iso, as inferred by the increased nuclear levels of Nrf2

protein and by quanti�cation of Nrf2 activation (using a colorimetric kit), in nuclear extracts of N2a-

APPswe cells exposed to Iso for 6 h (compared to untreated cells). However, Nrf2 might also be activated

through the PI3K-AKT-GSK3β signaling pathway, which also has signi�cant roles in cellular processes,

such as metabolism, cell survival and proliferation, synapse formation, cytoskeleton organization and

glucose transport (Gabbouj et al, 2019; Zhang et al, 2014). AKT activation (due to phosphorylation by

PI3K), is well-known to further inactivate GSK3β (a pro-apoptotic protein kinase involved in Nrf2

cytoplasmatic sequestration and proteasomal degradation) through phosphorylation of GSK3β serine 9

residues, allowing Nrf2 translocation to the nucleus (Ali et al, 2018; Ambacher et al, 2012; Cuadrado et al,

2018). Therefore, besides Nrf2 activation, we also evaluated AKT activation and GSK3β inactivation

induced by Iso, in N2a-APPswe cells. Both AKT and GSK3β phosphorylated levels were decreased in N2a-

APPswe cells (compared to N2a-wt), which might partially explain the sustained Nrf2 cytoplasmatic

localization observed in AD. Interestingly, N2a-APPswe cells displayed an increase in AKT activation and

GSK3β inactivation, in the presence of Iso for 30 min (compared to untreated cells), suggesting that Iso

might also induce Nrf2 activation through the PI3K-AKT-GSK3β pathway. Interestingly, according to a

High Throughput Screening study performed by the team, Iso was also shown to modulate genes related

not only with oxidative stress and in�ammation, but also with glucose and iron metabolism (both

defective in AD), in AD neuronal and neuroin�ammation cell models, and in APP/PS1 mice at an early AD
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stage (6 mo) unpublished data), which might be related to Iso-induced activation of PI3K-AKT-GSK3β

pathway. Next, we also evaluated the expression of Nrf2-dependent genes. Interestingly, the results

demonstrated that Hmox1 (which was reduced in N2a-APPswe cells, compared to N2a-wt) and HMOX1

protein levels were signi�cantly increased in diseased cells treated with Iso for 6 h (N2a-APPswe,

compared to untreated cells). Moreover, other Nrf2-dependent genes, namely NAD(P) H quinone

oxidoreductase 1 gene (Nqo1) and Superoxide dismutase 1 gene (Sod1), were also increased by Iso

(Supplementary Fig. S2), corroborating Iso-induced Nrf2 activation. Importantly, both Nrf2 activation and

increase in HMOX1 protein levels triggered by Iso in neurons suggest its potential role in neuroprotection.

In fact, HMOX1 is associated with neurotoxicity, in�ammation and accumulation of Aβ peptides

(characteristic of AD), through a non-Nrf2-dependent pathway, in contrast to the neuroprotective effect of

concomitant Nrf2 activation and HMOX1 expression, as reported in several cellular and animal models of

neurodegenerative diseases (Nitti, 2018; Schipper et al, 2019; Sung et al, 2016).

Iso also demonstrated anti-in�ammatory potential in LPS-stimulated microglia, where a decrease in the

pro-in�ammatory genes Nos2 and Il-1β and in their encoded proteins, iNOS and pro-IL-1β respectively,

and a reduction in NO production was observed.

Since our in chemico results suggested that Iso was able to cross the BBB and inhibit BACE1 activity, the

potential therapeutic effect of Iso in AD was investigates in an AD mice model (APP/PS1). These animals

display a predisposition to produce insoluble forms of Aβ, with astrocytosis and severe gliosis in the

proximity of the developing plaques, at 6 months (Kamphuis et al, 2012) and formation of abundant

plaques in the hippocampus and cortex, at 9 months of age (Jankowsky et al, 2004). We �rst administered

5 mo (that mimics AD early stage) APP/PS1 and WT female mice (with the same genetic background),

with Iso (50 mg/kg), intranasally, for one month. Subsequently, Iso effect on some AD neuropathological

hallmarks and cognitive function were evaluated. To ensure animal's well-being, the weight was weekly

monitored and fasting glucose and triglycerides levels were determined on the day of sacri�ce, in all the

three study groups (WT, APP/PS1 and APP/PS1+Iso) of 6 mo mice. Iso seems to have increased the body

weight which was accompanied by a non-signi�cant increase in gonadal adipose tissue. It should also be

noted that the transgenic mice showed increased adipose tissue compared to the WT counterparts. Both

these facts might be explained, respectively, by the young age of this set of female animals as well as by

the strain genetic background itself. In fact, this was not observed in 11 mo male mice, when the

phenotype of the disease is fully installed as inferred by the neurochemical and cognitive results. Indeed,

at this age, both APP/PS1 and WT animals are still overweighted compared to their female littermates
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(data not shown). Interestingly, Iso signi�cantly reduced the body weight throughout treatment,

compared to non-treated animals (WT and APP/PS1). Accordingly, the same trends were observed in

epididymal adipose tissue weight. Nevertheless, Iso treatment did not compromise animal well-being

since body loss was less than 15%. Concerning triglycerides levels, Iso demonstrated bene�cial effects by

signi�cantly reducing those in APP/PS1 mice.

Moreover, no alterations were observed among the three study groups of 6 mo mice, concerning

triglycerides and glucose levels, although all the animals (that have the same genetic background)

showed elevated values of glucose (hyperglycemia), as also observed in 11 mo mice. AD is characterized by

cerebral insulin resistance, and it is known that insulin plays a key role in the peripheral control of blood

glucose levels, in lipid and protein metabolism and is important in modulating brain function as a

growth factor essential for neurogenesis (Ferreira et al, 2011). Regardless of pathology, it is reported that

the transgenic background strain C57B/6J exhibits a tendency for elevated glucose levels in relation to

signi�cantly lower insulin secretion. Fasting in these animals also leads to a catabolic state, which allows

for exacerbated mobilization of liver glucose and glycogen reserves resulting in a compensatory

hyperglycemia (Benedé-Ubieto et al, 2020; Macklin et al, 2017). However, the glucose tolerance test

performed in 11 mo mice was not affected either by the disease or Iso treatment.

As expected, APPS/PS1 animals displayed increased levels of Aβ40 and Aβ42 peptides in the brain,

compared to WT mice, which were reduced in Iso treated APP/PS1 mice. This is in accordance with the

results observed in N2a-APPswe cells (that produced higher levels of both peptides than N2a-wt cells),

where a signi�cant decrease of Aβ40 was induced by Iso treatment, although no alterations were detected

in Aβ42 peptide levels. Nevertheless, these results are in accordance with Iso-induced Nrf2-ARE signaling

pathway activation, that is negatively correlated with the gene expression of BACE1 and the production of

Aβ peptides (Bahn et al, 2019). Overall, our data strongly suggest a potential effect of Iso in circumventing

Aβ accumulation in the brain.

At 6 mo (early AD stage) APP/PS1 animals showed increased anxious behavior, compared to WT mice,

which is expected since anxiety is a prodromic symptom of AD. Although Iso administration did not

signi�cantly reduce the latency time to enter in the central zone of the open �eld arena compared to

untreated APP/PS1 animals, it reduced it to levels not signi�cantly different from those observed with WT

animals. In contrast, diseased animals showed enhanced “freezing” behavior when in an environment

associated to an aversive stimulus, that was not observed in Iso-treated mice. However, this was only

detected in the training day of the Fear Conditioning test, with no alterations registered in the second
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(evaluation of contextual memory) or third (evaluation of associative memory) days. We hypothesize that

the % of total freezing observed in APP/PS1 non-treated mice in the �rst day might be related to animal’s

distrustfulness (compared to WT animals). As expected, in 11 mo animals no differences were observed in

the exploratory behavior in the open �eld test and elevated plus maze between APP/PS1 and WT animals,

and the corresponding treated groups.

Since no relevant phenotypic changes were detected at 6 mo, we performed a more robust study in older

animals (11 mo), intranasally administered with a higher dose of Iso (100 mg/kg), for one month. Hence,

we studied the pharmacokinetic pro�le of Iso and determined demographic, biochemical and histological

alterations, in WT animals with the same genetic background as APP/PS1 transgenic mice, administered

with the vehicle or Iso.

According to the pharmacokinetic study, Iso was absorbed quickly and removed from the blood due to

either a fast distribution into peripheral tissues or elimination, which agrees with the results achieved by

other authors, after Iso intravenous and oral administration (Hong et al, 2013; Badger et al, 2002). Our

results showed that Iso was present in the brain, plasma and lungs, the latter displaying greater exposure

after Iso intranasal administration. Comparing our results to those obtained by Hong et al. (2013), it

seems that the systemic exposure of Iso after intranasal and intravenous administration routes are

identical (and superior to the oral route). However, since there are no available data on Iso brain and lung

exposure after intravenous and oral administration, it is not possible to compare these parameters with

its intranasal administration, obtained in our study. Nevertheless, histological analyses of lung

cryosections from Iso-treated mice revealed lymphocytes in�ltration and bronchiolar hyperplasia

compared to the samples obtained from mice administered with vehicle (PBS). However, bronchiolar

hyperplasia was also observed in animals treated with PBS (VEH), suggesting that these events might be

due to the administration route (intranasal) rather than to the compound (Iso) itself. Also, the occurrence

of hepatic steatosis in the control animals and in Isoeugenol-treated mice, suggests a pattern of

histopathological alterations in the livers of these animals. In contrast, kidney alterations (cellular

eosinophilia and tubular epithelial hypertrophy) were only observed in Iso-treated animals. Curiously,

some of these histopathological changes were also reported for the drug dimethyl fumarate, approved for

the treatment of multiple sclerosis, which also belongs to the class of skin allergens that behave like

Michael acceptors (Gold et al, 2022). Additional in vivo studies with lower doses of Iso should be

conducted to verify the maintenance of drug ef�cacy with potential mitigation of the related

histopathological alterations.
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No relevant differences in the demographic and biochemical values were detected between untreated WT

and APP/PS1 males’ (administered with VEH). However, both groups were equally affected by Iso, which

induced a signi�cant decrease in animals’ weight, probably related to Iso-induced metabolic alterations

as observed in this study (e.g., reduction in LDL cholesterol and triglycerides, in 11 mo females and males,

respectively), and by others (e.g., reduction of glucose blood levels in diabetic neuropathic rats (Alharthy

et al, 2023). Importantly, similar results (including biochemical and metabolic) were obtained between

the aged-matched WT and APP/PS1 females (treated with VEH only), regardless the signi�cant increase in

the adipose tissue weight in APP/PS1 animals, compared to the WT (which was also observed at 6 mo

females). Also, Aβ peptides levels were similar among the cortex, hippocampus and plasma of APP/PS1

males and females (data not shown). These results indicate that potential differences between WT and

APP/PS1 transgenic mice are not gender-related. Thus, we assume that conclusions might be drawn from

6 mo females and 11 mo males’ data comparison.

In an attempt to ensure the detection of signi�cant differences regarding neuropathological alterations

among WT and APP/PS1 untreated and treated mice, the cortex and the hippocampus were dissected and

used for gene expression and Aβ peptides levels analysis. In fact, we tried to detect alterations in the

protein levels of APP, BACE1, iNOS, Pro-IL-1β, HMOX1 and p44/42 ERK, in the all brain of the 6 mo females

(Supplementary Figure S3). However, among the proteins analyzed, we only found differences in the

levels of APP and of p44/42 (involved in cell survival mechanisms and in ROS-induced Nrf2 nuclear

translocation (Meng et al, 2013)). As expected, APP levels were signi�cantly increased while p44/42

protein was signi�cantly reduced in APP/PS1 animals compared to WT. Iso treatment did not induce

alterations in the APP protein but increased the levels of p44/42 (APP/PS1 (Iso)) compared to APP/PS1

untreated animals).

Therefore, we evaluated Iso effect on the expression of genes related with APP overexpression and

processing (hAPP, Bace1), in�ammation (Il-1β and Prkcg), energy metabolism (Ppargc1α), oxidative stress

(Hmox1), microglia function (Trem2 and Iba1) and neuroprotection (Bdnf). The expression of hAPP gene

was signi�cantly increased in the cortex and hippocampus of APP/PS1 mice (compared to WT) and was

not altered by Iso. These results were expected and are in accordance with those regarding the APP

protein levels in the brain of 6 mo mice (Supplementary Fig. S3). We did not �nd alterations in the

expression of Bace1 gene between WT and APP/PS1 mice, either in cortex or hippocampus. However, Bace1

gene expression decreased in the hippocampus of Iso-treated WT animals (compared to untreated mice),

and was (non-signi�cantly) reduced (2.25-fold) in APP/PS1 mice administered with Iso (compared to
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APP/PS1 untreated mice), in a similar pattern as observed for BACE1 protein levels in 6 mo mice brain

(Supplementary Fig. S3). These results suggest that Iso might act mainly at the level of BACE1 enzymatic

activity, as supported by its inhibition demonstrated by the in chemico analysis in our study, and the

reduced levels of Aβ peptides induced by Iso, in vitro and in vivo. As expected, higher levels of both Aβ40

and Aβ42 peptides were detected in APP/PS1 mice cortex, hippocampus and also in plasma (compared to

WT mice). Iso treatment decreased Aβ peptides levels in the plasma and in the cortex (Aβ40 levels only),

with no alterations observed in the hippocampus of APP/PS1 mice at a late AD stage. Since the

hippocampus is the initial region of Aβ accumulation and neuronal damage (Murray et al, 2014), these

results might be related to the overaccumulation of Aβ in aged-mice brain that could not be reverted by

Iso in such an advanced state.

Moreover, Ppargc1α mRNA levels were signi�cantly reduced in the hippocampus of untreated APP/PS1

mice (compared to WT) and increased in Iso-treated APP/PS1 animals. Ppargc1α encodes the PGC-1α

protein, that is involved in lipid, glucose and energy metabolism and is reduced in human AD brain and

AD mice models, including the APP/PS1 used in this study (Mota and Sastre, 2021). The increase in

Ppargc1α gene expression might also contribute to the Aβ peptides levels reduction in AD mice treated

with Iso, since PGC-1α overexpression was shown to diminish Aβ production, particularly by regulating

the expression of BACE1 enzyme (reviewed in Mota and Sastre, 2021). Interestingly, Iso induced a

reduction in Prkcg gene expression, in both the cortex and hippocampus of WT animals. Prkcg encodes

the protein kinase C-gamma (PKCγ) protein that was shown to be increased in human AD brain and to

correlate with increased BACE1 protein levels and BACE1-mediated APP cleavage and Aβ production (Du

et al, 2018). The authors showed that APP/PS1 mice treated with the PKCγ-inhibitor rottlerin- displayed

reduced BACE1 expression and APP processing. Moreover, these animals showed improved spatial

learning and memory de�cits (Du et al, 2018). In our study, despite that no differences were detected

among WT and APP/PS1 mice, a non-signi�cant decrease of 2.8 fold in the expression of Prkcg was

detected in APP/PS1 treated animals. In line with Du and colleagues' work (2018), in this study Iso

treatment reverted the memory impairment of aged APP/PS1 mice (at a late AD stage), as concluded from

the Y-MAZE and Novel Object Recognition tests evaluating short-term spatial and recognition memory,

respectively, and by the Fear Conditioning test, that evaluates hippocampal-dependent long-term

contextual/associative memory.

We did not �nd signi�cant differences in Il-1β gene expression, between WT and APP/PS1 mice, either in

the cortex or hippocampus. Apart from a signi�cant decrease in Iso-induced Il-1β mRNA levels observed
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in the hippocampus of WT animals (compared to untreated WT mice), no other alterations were detected.

These results agree with the pro-IL-1β protein levels determined in 6 mo animals (Supplementary Fig. S3)

and with observations made by others (Franco-Bocanegra et al, 2019), where no alterations in the levels

of IL-1β were detected, in a post-mortem AD study.

Despite the lack of differences in Iba1 expression between WT and APP/PS1 mice, it was signi�cantly

induced in transgenic animals treated with Iso. Iba1 is essential for microglial migration and

phagocytosis and microglia motility has been demonstrated to be altered in AD (Krabbe et al, 2013). These

results are in accordance with the work of Franco-Bocanegra and colleagues (2019), that also did not

observe signi�cant differences between AD and the control group but detected an increase in Iba1, in the

brain of AD patients submitted to Aβ immunotherapy. Furthermore, the authors suggested that this

increase might re�ect microglia motility changes associated with phagocytosis, and showed that Aβ

immunotherapy-induced Iba1 increase was associated with a less pro-in�ammatory environment than

observed in AD (Franco-Bocanegra et al, 2019). Additionally, Trem2 gene expression was signi�cantly

increased in the cortex and was slightly augmented in the hippocampus of diseased animals (APP/PS1,

compared to WT). Trem2 encodes TREM2 immune receptor, which is mainly expressed on microglia and

is implicated in complex signaling pathways related to in�ammatory signaling, microglial metabolism

and function, and lipid homeostasis (reviewed in Li et al, 2022). Recently, Keren-Shaul and colleagues

(2017) identi�ed a novel and unique microglia phenotype associated to AD, using the 5XFAD AD mouse

model. The authors showed that under stressful conditions, microglia shift to a disease-associated

microglia (DAM) pro�le and functional TREM2 receptor is required for this transition (Keren-Shaul et al,

2017). In fact, TREM2 variants were demonstrated to be related to AD pathogenesis (Colonna and Wang,

2016). DAM pro�le pretends to be neuroprotective since DAM was found near to Aβ plaques and was

positively stained for intracellular Aβ particles (in both 5XFAD mice and in human AD postmortem

brains) (Keren-Shaul et al, 2017). More recently, the overexpression of TREM2 in the brain of APP/PS1

transgenic mice, was shown to rescue diseased-animals’ spatial cognitive de�cits, decreased Aβ plaques

burden and ameliorated in�ammation (Ruganzu et al, 2021). Considering the aforementioned, the

increase in Trem2 expression that we observed in the cortex of APP/PS1 animals might be related to an

increase in DAM. Despite there were no signi�cant differences in Trem2 gene among Iso-treated and

untreated APP/PS1 mice, Iso induced a slight but consistent increase in its expression (by 1.5 fold in both

the cortex and the hippocampus), and signi�cantly reduced Trem2 expression in the hippocampus of WT

mice. These results together with the signi�cant increase in Iba1 in APP/PS1 mice administered with Iso,
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strongly suggests that Iso might enhance microglia function towards neuroprotection in AD. In fact, Bdnf

gene expression was also increased by Iso, in the hippocampus of AD mice. Bdnf encodes the Brain-

derived neurotrophic factor (BDNF), which is crucial for neuronal support. BDNF levels were shown to be

reduced in the serum and brain of AD patients and in a mouse model of tauopathy (Jiao et al, 2016) and

BDNF administration ameliorated the learning de�cits in an AD rat model (Zhang et al, 2015).

Interestingly, BDNF is also involved in ROS-induced Nrf2 nuclear translocation, which requires ERK1/2

activation, as observed in primary hippocampal neurons (Bruna et al, 2018).

A signi�cant increase in Hmox1 gene expression was also observed, in both WT and APP/PS1 treated mice

(compared to their respective untreated group), which is in accordance with Iso-induced Nrf2 activation,

supporting its antioxidant effect both in vitro and in vivo.

5. Conclusions

The most successful Nrf2 activator is dimethyl fumarate (Tec�dera, Biogen Inc.), which was initially

approved for the treatment of psoriasis and further developed for remitting relapsing multiple sclerosis.

Since its approval for this pathology in 2013, it has remained the only marketed drug that claims to target

Nrf2, albeit not speci�cally. The most successful case to date in the context of neurodegenerative diseases

is omaveloxone (Reata Pharmaceuticals), a di�uoromethyl acetamide derivative of bardoxolone that

received FDA approval as the �rst and only drug indicated for patients with Friedreich ataxia. The study

herein presented is the �rst to demonstrate the bene�cial effects of the Nrf2 activating molecule

Isoeugenol in a preclinical model of Alzheimer´s disease, improving the outcome of the main disease-

associated hallmarks. The fact that Isoeugenol decreased the levels of Aβ peptides, restrained oxidative

stress and neuroin�ammation and improved the memory de�cits observed in APP/PS1 mice, positions

Isoeugenol as a promising therapeutic strategy for AD, bringing great hope for the implementation of

this new therapeutic approach for this devastating disease that attack the essence of our humanity.
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