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Abstract

Alzheimer’s disease (AD) is the most common form of dementia worldwide, characterized by a
progressive decline in a variety of cognitive and non-cognitive functions. The amyloid beta protein
cascade hypothesis places the formation of amyloid beta protein aggregates on the first position in
the complex pathological cascade leading to neurodegeneration, and therefore AD might be
considered to be a protein-misfolding disease. The Ubiquitin Proteasome System (UPS), being the
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primary protein degradation mechanism with a fundamental role in the maintenance of
proteostasis, has been identified as a putative therapeutic target to delay and/or to decelerate the
progression of neurodegenerative disorders that are characterized by accumulated/aggregated
proteins. The purpose of this study was to test if the activation of proteasome /n vivo can alleviate
AD pathology. Specifically by using two compounds with complementary modes of proteasome
activation and documented antioxidant and redox regulating properties in the 5xFAD transgenic
mice model of AD, we ameliorated a number of AD related deficits. Shortly after proteasome
activation we detected significantly reduced amyloid-beta load correlated with improved motor
functions, reduced anxiety and frailty level. Essentially, to our knowledge this is the first report to
demonstrate a dual activation of the proteasome and its downstream effects. In conclusion, these
findings open up new directions for future therapeutic potential of proteasome-mediated
proteolysis enhancement.

Keywords
Alzheimer’s disease; Proteasome; Behavior; Therapeutic; Frailty

1. Introduction

Alzheimer’s disease (AD) is a complex, heterogeneous and the most prevalent form of
dementia, characterized by extracellular aggregates of amyloid-B (Ap) peptides and tau-
associated pathology [1-4] The amyloid cascade hypothesis that placed the formation of
amyloid plaques as a key step in AD pathogenesis [5] went through certain modifications,
leading to the amyloid beta protein cascade hypothesis that takes into account not only
plaques, but also several different amyloid beta protein assemblies that may contribute to
AD pathogenesis [6]. The amyloid precursor protein (APP) is cleaved at three sites, leading
to the release of AP peptides and other APP fragments of different lengths [7]. Especially
AP42 is neurotoxic, as it has a high propensity to form oligomeric aggregates and eventually
deposits as plagques [8,9]. Although amyloid plaques were considered as the main culprit for
cell loss and dementia [1], new evidences revealed that plaque burden does not always
correspond to disrupted cognition or neurodegeneration. It seems that oligomeric forms
generated in the process of fibrillization are toxic [10]. Oligomeric, but not fibrillar A
could lead to significant impairment of learning and memory [11], while smaller soluble Ap
oligomers lead to cognitive deficits in the absence of plaques [12]. Based on these studies, a
strong inverse correlation between the size of AR assemblies and their toxicity has been
established; as the oligomeric assembly size increases, its toxic effects decrease.

A progressive decline in cognitive functions appears in parallel with the progression of
pathology. However, AD is not just a memory disorder; in addition to cognitive deficits there
is a wide range of non-cognitive symptoms associated with AD pathogenesis: motor
disabilities, anxiety, depression and increased frailty [13-15]. As non-cognitive disturbances
also represent a huge practical and psychological burden on family members and caregivers,
more emphasis should be placed on understanding and correcting these deficits, along with
the cognitive aspects of the disease.
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Despite considerable efforts, there are currently very limited efficient treatment options [16].
To this end, several animal models, especially mouse transgenic models, have been
extremely useful to test the outcomes of numerous pharmacological interventions. For
instance, 5XFAD transgenic mice recapitulate key features of Ap pathology and provide
valuable insight into the molecular and behavioral abnormalities in AD patients. Five
mutations present in 5XFAD mice lead to robust intraneuronal aggregated amyloid at 1.5
months, extracellular amyloid deposition around 2 months of age and memory deficits
starting at 4 months of age [17]. Several recent studies have highlighted some so far
neglected behaviors other than cognitive ones, with a great potential to assess the extent or
progression of neurodegeneration and to give a valuable insight about the efficacy of
potential therapeutic agents. Comparatively, motor dysfunctions in 5XFAD mice have been
extensively studied and successfully used for therapeutics assessment in several pre-clinical
studies [18,19].

The accumulation of Ap and tau makes AD a protein-misfolding disease, or proteopathy,
and suggests that proteostasis perturbations may be directly or indirectly involved in the
pathogenesis of the disease. The Ubiquitin Proteasome System (UPS) is the primary
selective protein degradation mechanism and thereby plays a fundamental role in cellular
physiology and the maintenance of proteostasis [20]. Interestingly, proteasome’s function
gradually declines during aging, leading to increased levels of protein misfolding and
aggregation, which in turn obstruct cellular function and contribute further to the
progression of aging itself and of late on-set proteostasis disorders [21-23]. Indeed, many
neurodegenerative diseases, including AD, are characterized by deposits of ubiquitinated
and aberrant proteins [24]. In addition, there is clear genetic and biochemical evidence
linking proteasome failure with the formation of protein aggregates that are involved in AD
progression [25-27], while it is well established that Ap and tau interact with and impair
proteasome function [28-32]. Concomitantly, brain-specific proteasome inhibition faithfully
mirrors the clinical hallmarks of neurodegenerative disorders [33-37]. Despite the pivotal
role of the proteasome in aggregation-related pathologies, there are limited and not clinically
applicable studies in mammals indicating that proteasome activation may reduce Ap load
[38]. Interestingly, a reversion of this phenotype has been observed in healthy centenarians
as we have shown that these individuals exhibit a functional proteasome [39]. Given this
remarkable observation, we have achieved to activate the proteasome, either genetically or
by the use of natural compounds, and have observed a significant increase of lifespan /n
vitroand in vivo [22,40]. Furthermore, proteasome activation through p5 catalytic subunit
overexpression [27] or with a natural proteasome activating compound [41], in a C. elegans
model of Ap-induced toxicity that mimics Alzheimer’s disease and results to paralysis,
significantly delayed the paralysis phenotype and reduced total and oligomeric AP levels.
However, these promising studies in lower eukaryotes have to be further tested in
mammalian models and ultimately to humans.

Given these intriguing findings herein we have employed a combination of two compounds
in the 5XFAD mouse model as an intervention to alleviate AD pathology. We report that the
compound combination enhances the function of the proteasome machinery by different
mechanisms and provokes long term beneficial multilevel organismal effects. Our findings
thereby define proteasome activation as an important protective mechanism that can be
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pharmacologically manipulated to target Ap aggregation and relieve symptoms associated
with relevant proteostasis disorders.

2. Material and methods

2.1. Animals and treatments

5xFAD mice were used in this study (B6SJL-Tg (APPSwFILon, PSEN1*M146L *L.286V)
6799Vas) from The Jackson Laboratory, stock number: 34840-JAX/5XFAD [17]. The
animals (3—-4 mice per cage) were housed under standard conditions (23 + 2 °C, 60-70%
relative humidity, and 12 h light/dark cycles) with a free access to food and water. Two
independent experiments were performed: short term (two months of treatment) and long-
term (6 months of treatment). A total number of 17 animals was used (10 males and 7
females) for a long-term treatment and 14 animals for the short-term treatment (8 males, 6
females).

For both short term and long term treatment, animals were divided into two groups: 1.
DMSO treated (i.e. ¢ ontrol) animals. Although it has been shown that stress caused by
handling and injection in experimental rodents disappear usually within two weeks [42] in
order to exclude any possible side effects of stress caused by experimental procedure, we
used control group injected with DMSO (8% DMSO solution in NaCl, given
intraperitoneally every day for short term treatment and every second day for a long term
treatment) and receiving water by oral gavage (100 pl/per animal).

2.18 alpha-glycyrrhetinic acid (18a-GA, Sigma) + omega-3 fatty acids (n-3FA, Dietpharm-
Atlantic Group, Croatia) treated animals. 18a-GA was given intraperitoneally in a
concentration of 10 pg/g of body weight in 8% DMSO solution. This concentration of 18a.-
GA induced exactly the same beneficial effects as the double dose (data not shown). Still,
this concentration is significantly lower than the one of a stereoisomer (18p-GA) used in
another study [43], and therefore excludes any harmful side effects during our long term
treatment. Omega-3 fatty acids were given orally in a dosage (100 pl/per animal of the fish
oil encapsulated, commercially available; fatty acid composition was given in the
Supplementary Table 1) previously established as effective in 5XFAD mice memory [44,45].
In order to avoid degradation of DHA, one capsule containing 1 mL of fish oil was used for
each 3-4 animals and was administered via oral gavage in no longer than 45 s. Treatment
was given every day for the short treatment and every second day for the long one.

For the short-term experiment animals were sacrificed at the age of 4 months and the brain
cortex and hippocampus were isolated for molecular analysis. For the long-term experiment
a detailed behavioral analysis was performed at 4 and 8 months of age. At the age of 8
months, all the animals were sacrificed for molecular analysis. All animal procedures were
in compliance with the Directive (2010/63/EU) on the protection of animals used for
experimental and other scientific purposes and was approved by the Ethical Committee for
the Use of Laboratory Animals (resolution No. 01-06/13) of the Institute for Biological
Research “Sinisa Stankovic”, University of Belgrade. Minimal numbers of animals were
used and all efforts were made to minimize animal suffering.
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2.2. Behavioral tests

During the light phase (12h/12h light-dark cycle), mice were subjected blindly to a series of
behavioral tests. First, the general motor activity was addressed following the open field
(OF) test during 3 consecutive days. Then, the following analyses were conducted in
sequential order: body weight measurement, grip strength and rope test for frailty
assessment, followed by hind-limb clasping test.

2.3. Open field test

Motor activity and anxiety-like behavior of mice was recorded in Opto-Varimex cages
(Columbus Instruments, OH). Data were analyzed using Auto-Track software (Columbus
Instruments). Mice were allowed to freely explore the test arena for 30 min during the three
consecutive days. Locomotor (distance traveled, DT) and vertical activity (V1B, i.e. rearing -
standing on rear limbs; both free-standing and against the walls) was observed and
habituation was determined. Habituation was characterized by a decrease in activity upon
repeated exposure to the stimulus (activity cage). For detection of anxiety-like behavior, we
used square analysis of the Auto-Track software to distinguish number of entries and time
animal spent in the center of arena (4 quadrants in the center of arena, 11.5 x 10.8 cm) vs.
periphery zone (12 quadrants in the periphery of the arena). Anxiety-like behavior was
determined based on the first 5 min of testing.

2.4. Body weight

The mice body weight (g) was recorded individually at the beginning and regularly during
the experiment. Changes in the body weight were analyzed in order to make a judgment
about the effects of treatment, but also as a parameter for frailty score calculation.

2.5. Hind-limb clasping test

The clasping test (tail suspension test) for measuring functional impairments in 5XxFAD mice
was described by Jawhar and co-workers [46]. In mice, tail suspension test can also be used
as a measure of depressive-like behaviors, i.e. behavior despair measured as a cessation of
escape-oriented behaviors in response to an unpleasant and/or stressful situation [reviewed
in [47, 48]]. DMSO- and 18a.GA + n-3FA-treated mice were suspended from the tail for 1
min to provoke the clasping phenotype. Clasping behavior was scored in the following
manner: 0 = no clasping, 1 = forepaws clasping, 2 = forepaws and one hindpaw clasping, 3 =
all paws clasping.

3. Frailty analysis

3.1. Frailty criteria

For all assessments, mice were brought to the testing room prior to testing and allowed to
habituate for 15 min. In accordance with phenotype frailty evaluation described by Fried and
colleagues (2001), five frailty criteria are set up as appropriate for mice frailty assessment
[49-51] and are presented in Table 1: body weight, physical activity, walking speed, grip
strength (for endurance) and tight-rope test (for motor coordination). For physical activity,
five parameters measured in the OF were taken into account (total distance traveled, DT;
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total duration of movement-ambulatory time, AT; percent of total time spent in moving,
TIAT; average velocity of movement, DT/AT; rearing frequency i.e. vertical activity, V1B).
All the frailty criteria are extensively described in 47).

3.2. Phenotypic frailty assessment - frailty score

We established 20% as a cut-off point for all parameters used except for body weight that
was set at 5%. For grip and rope tests we used simple evaluation, determining whether the
animals passed the test or not, and based on 3 attempts in each test (passed-Y, failed-N).
Then the frailty score for each experimental group (based on age and/or gender) was
calculated as followed: total number of tests failed by the experimental group (A) divided by
the total number of tests performed by the same group of animals (B) and expressed as a
percentage, as described previously [52].

4. Molecular analysis

4.1. Preparation of tissues

Following 2 or 6 months of treatment, animals were anesthetized with ketamine 100 mg/kg,
Ketamidor, Richter Pharma, Wels, Austria; 16 mg/kg Xylased, Bioveta, a.s.) in a dosages of
100 mg/kg. Mice were perfused with ice-cold Phosphate-buffered saline (PBS), brains
harvested, and one hemi-brain drop fixed in 4% paraformaldehyde/PBS and cryo-preserved
in graded sucrose solutions (10-30% wi/v sucrose/PBS) for sectioning. The brains were
frozen in isopentane, cooled on dry ice and stored at —80 °C until further use. Every coronal
section (20 um thick) was collected and stored at =20 °C.

4.2. Immunofluorescence

Tissue sections were blocked in 1% bovine serum albumin (BSA) in phosphate-buffered
saline (PBS) for 1h at RT, incubated overnight at 4 °C with primary anti-Ap42 antibody
(Invitrogen, cat No 700254, rabbit monoclonal, used at the 1:500 concentration in PBS),
followed by secondary antibody (anti-rabbit conjugated to Alexa 568; Invitrogen) used at the
1:250 concentration in PBS for 2h at room temperature (RT). Sections incubated in parallel
without primary antibody were included as negative controls for autofluorescence and
background binding of the secondary antibody.

Isolated hippocampal neurons or MEFs were grown on coverslips and treated with 2 pg/ml
18a-GA and/or 3.3 pg/ml n-3 FAs or DMSO for 2h at 370C then fixed in 2%
paraformaldehyde followed by cell permeabilization with 0.2% Triton X-100 in PBS. Cells
were incubated with anti-Nrf2 antibody (ab31163, abcam) at a 1:200 concentration at room
temperature for 1h, followed by incubation with a rhodamine-conjugated secondary
antibody (Santa Cruz Biotechnology). Slides were mounted using Anti-Fade with DAPI
mounting Medium (ab188804, abcam) and analyzed using a Leica TCS SPE confocal laser
scanning microscope (Leika Lasertechik). The LAS AF software was used for image
acquisition.
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4.3. Amyloid plague staining

Thioflavin S (ThioS) staining was used for amyloid plaque labeling. Following protocol for
AB42 immunostaining, sections were washed three times in PBS, and incubated in 0.01%
ThioS solution in 50% ethanol for 8 min at RT. Stained sections were washed briefly in 80%
and 96% ethanol, rinsed in distilled water and mounted onto glass slides using fluorescent
mounting medium (Dako).

4.4. Quantitative analysis of AB42 clusters and ThioS labeled amyloid plaques

Images were captured on an Axio Observer Microscope Z1 using an AxioVision 4.6
software system (Carl Zeiss, Germany) at a 5 x magnification. For quantification of Ap42
clusters, we used available software provided by the National Institute of Health (NIH,
USA) - Image J, Version 1.74. We have designated a threshold of the fluorescence intensity.
When setting the limit value for analysis we have opted for the automatic value (Maximum
Entropy), instead of manual adjustment, in order to perform further analysis equally in all
cross-sections and to reduce faults. Based on given parameters we produced values of the
surface of Ap42 clusters. Analysis of amyloid plague number and % of area covered with
ThioS staining was done using Image J with threshold processing (Max Entropy) and low
surface area limit set to 50 pm2. The low surface area limit was set in order to exclude ThioS
staining which corresponds to artifact. Based on given parameters we produced values of the
surface of ThioS-positive amyloid plaque number and % of area. Values were further
processed statistically.

4.5. Mouse embryonic cells isolation and culture

Hippocampal neurons were isolated from embryonic day 18 (E18) mouse embryos
(C57B/6J, The Jackson Laboratory) using as previously described [53]. Briefly, hippocampi
were removed under a dissecting microscope in CMF-HBSS (Calcium-, magnesium-free
Hank’s balanced solution buffered with 10 mM HEPES, pH7.3; 14175, ThermoFischer
Scientific). Whole hippocampi were incubated with 2.5% (wt/vol) trypsin (15090046,
ThermoFischer Scientific) and DNase (10 mg/ml; EN0521, Sigma) for 20 min followed by
inactivation of the enzymes with 10% FBS (ThermoFischer Scientific) for 5 min. Following
three washing steps with CM-HBSS, hippocampi were dissociated into single neurons using
a fire-polished sterile glass Pasteur pipette. Cells were plated at a density of 70,000 onto 10
mm round glass coverslips coated with 1 mg/ml polylysine solution (P9155, Sigma) or 12-
well plates at a density of 500,000 cells per well, and were grown in medium containing
Neurobasal (A3582901, ThermoFischer Scientific) and N21 (AR008, R&D Systems) to
allow early and rapid development, and to ensure their long term survival. Neurons were
used for experiments between divisions 5-7.

Primary mouse Embryonic Fibroblasts (MEFs) were isolated from C57BL/6J strain and
cultured according to standard procedures [54]. Briefly, MEFs were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) supplemented with 10% fetal
bovine serum (v/v; Invitrogen), 2 mM glutamine and 1% non-essential amino-acids at 370C,
5% CO2 and 95% humidity. MEFs were seeded at 100 mm plates.
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Hippocampal neurons or MEFs were treated with DMSO (Sigma—Aldrich) as solvent
control or 2 pg/ml 18a-GA (Sigma-Aldrich, =95% purity, diluted in DMSQO) and/or 3.3
pg/ml n-3FA (EPA, eicosapentaenoic acid; and DHA, docosahexaenoic acid in a 2:1 ratio,
Sigma-Aldrich, diluted with DMSO) for 2 or 24h, as indicated.

4.6. Real time PCR analysis

Cells were harvested after a 24h incubation period with the indicated compounds and total
RNA was isolated using TRIzol (Invitrogen) and converted into cDNA with the cDNA
iScript synthesis kit (Bio-Rad). The Real time PCR primer sequences are summarized in
Supplementary Table 2. Quantitative RT-PCR was performed using the iQ SYBR Green
Supermix (Biorad) and relative quantities of transcripts were determined using the relative
standard curve method normalized to GAPDH with the iCycler iQ software Gene
Expression MacroTMversionl.1 (Bio-Rad).

4.7. Immunoblot analysis

Twenty pg of protein from the cell or tissue extract were mixed with non-reducing Laemmli
buffer and separated by SDS-PAGE (10% Mini-PROTEAN TGX Stain-Free precast Gels,
Biorad) according to standard procedures [55]. Following gel electrophoresis, the total
protein load was quantified using the StainfreeTM technology and the proteins were
transferred to nitrocellulose membrane to be probed for g5 (X, MB1, Enzo Life Sciences;
PW8895; 22.9 kDa). The secondary antibody (ab97051; abcam) was conjugated with
horseradish peroxidase and detected the bound primary antibody by enhanced
chemiluminescence using the Chemidoc XRS + imaging system. The levels of oxidized
proteins were detected with the OxyBlot™ Protein Oxidation Detection Kit (S7150, Sigma-
Aldrich) according to manufacturer’s specifications.

4.8. Proteasome peptidase assays

Harvested cells after a 2h incubation period with the indicated compounds or tissues were
lysed in 25 mM Tris/HCI lysis buffer, pH 7,6 containing 5 mM ATP, 10% glycerol, 20 mM
KCL, 1 mM EDTA, 1 mM DTT, 0.2% Nonidet P-40, 10 mM phenylmethylsulfonyl-fluoride
and 10 pg/ml aprotinin [56]. CT-L, activity of the proteasome was determined after
incubating 10 pg of total protein for 30 min at 37 °C with the fluorogenic peptide LLVY-
AMC (Enzo Life Sciences), as previously described [57]. To test structural proteasome
activation, 0.5 ug of pure 20S proteasome (Enzo) was incubated with 0.01% SDS (positive
control) or 5uM MG132 (negative control) or increasing n-3 FA concentrations for 30 min at
37 °C with LLVY-AMC. Fluorescence was measured using a Tecan Safire 11 plate
fluorescence spectrophotometer. In cells or tissue samples, proteasomal activity was
determined as the difference between total activity and activity in the presence of 20 uM of
the proteasome inhibitor MG132. Protein concentration was determined by Bradford Protein
Assay (Biorad) using bovine serum albumin as standard.

4.9. Statistical analysis

Analysis of frailty score was performed by Pearson’s chi-squared test. Statistical analysis of
habituation of locomotor and vertical activity was performed using RM One-way ANOVA,
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followed by Dunnett’s multiple-comparison post hoc tests. Analysis of locomotor, vertical
activity and anxiety-like behavior was obtained using Mann-Whitney nonparametric test as
well as analysis of body weight and clasping score. All data were expressed as mean + SEM.
Statistical analysis of RT-PCR and peptidase activity data was performed using GraphPad
Software (San Diego, CA).

Significant differences for immunohistochemical data between the experimental groups were
determined using STATISTICA software, Ver. 6.0, StatSoft. Further statistical analysis was
made using relative values. Considering that data did not meet the criteria of a normal
distribution, nonparametric Man-Whitney Utest was used for comparisons among two
experimental groups. Statistical significance was set at P < 0.05.

Densitometry analysis for the quantification of immunaoblots was performed with Bio-Rad’s
Image Lab software 6.0.1.

5. Results

Aiming to identify novel clinically translatable interventions to mitigate AD pathology, in a
preliminary analysis we tested an array of compounds that have been associated with
enhanced degradation of protein aggregates (data not shown). Based on this screening
analysis and extensive follow-up studies in both AD-mice model and mammalian cell lines,
we chose an optimal combination of two compounds, namely 18a.-glycyrrhetinic acid (18a-
GA) and omega-3 fatty acids (also called n-3 fatty acids, n-3FA) that, as our results
demonstrate, activate protein clearance mechanisms in a complementary manner. In brief, in
previous studies we have shown that 18a.-GA is a potent proteasome activator that,
moreover, confers lower paralysis rates in various AD nematode models, accompanied by
decreased AP deposits [41,58]. Likewise, we have also demonstrated that short term fish-oil
supplementation attenuates the AD pathology in 5XFAD mice brains when applied early
[44,45]. As such, we treated 5xFAD mice with the compound combination (18a-GA +
n-3FA) and performed an array of behavioral and molecular analyses during disease’s
progression.

5.1. Behavioral analysis

The 5XFAD mice develop numerous non-cognitive deficits over time including slower speed,
deficits in motor activity and motor coordination, abnormal reflexes like hind limb clasping,
deficits in grip strength and significant weight loss. These impairments can be evaluated
precisely by employing various behavioral tasks and have been used in several pre-clinical
studies of potential AD therapeutics [18,19].

18a-GA + n-3FA-treated mice are characterized by higher general activity, reduced anxiety
and preserved long-term memory.

The open field test is a very valuable and broadly used tool for evaluating locomotive
impairment and efficacy of therapeutic drugs in animal models of various diseases.
Therefore we used open field activity monitoring as a comprehensive assessment of the
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18a GA+ 3-nFA effects on general motor activity, long term memory and anxiety level in the
5xXFAD mice.

5.2. 18a-GA + n-3FA treatment increases locomotor and vertical activity in 5xFAD mice
and preserves normal habituation

As shown in Fig. 1, the comparison of locomotor (DT) and vertical activity (V1B) during the
30 min testing period revealed that 18a. GA+3-nFA treatment significantly affected
locomotor and vertical performances of 5XxFAD mice. Specifically, in the 4-month-old
18a.GA + n-3FA-treated mice a significant increase in the locomotor activity, in comparison
to the DMSO-treated counterparts was noticed (Fig. 1A) during all 3 days of testing (p =
0.0002, p = 0.0006 and p = 0.0294 respectively); in the older animals increased DT was
detected only during the first testing day (p = 0.0401, Fig. 1B). Similar results were noticed
in exploratory activity (Fig. 1C and D). Namely, significantly increased V1B values were
detected in 4-month-old animals treated with 18a GA + n-3FA during all three days of
testing, in comparison to their matching controls (1st day: p = 0.0002; 2nd day: p = 0.0001;
3rd day: 0.0003), while in the older group of mice statistically significant increase in the
vertical behavior was detected on the first testing day (p = 0.05, Fig. 1D). These results point
out that 18aGA + n-3FA treatment has a beneficial effect and elicits significantly higher
motor and exploratory activity in 5XFAD mice, in comparison to the control groups.

When placed in a novel environment of the open field, mice tend to explore it for a certain
period of time and to reduce the level of exploration afterwards. This reduction in both
locomotor and vertical activity is known as habituation; it can occur within a single session
or across sessions (intrasession and intersession habituation respectively) and represents the
simplest form of learning [reviewed in 59]. Therefore to examine the effects of the
compounds on cognitive status of the animals, we analyzed intersession habituation in DT
and V1B activity during 3 consecutive experimental days. Detailed analysis of the open field
activity showed that only 4-month-old animals treated with 18a.GA + n-3FA preserved
normal capacity to habituate in both locomotor and vertical activity over time (Fig. 1E and
F), while the older group of mice was incapable to habituate normally, regardless of
treatments they received (data not shown). Using repeated measures ANOVA (RM-
ANOVA), the significant effect of time on distance traveled by 4-month-old 18aGA +
n-3FA-treated animals was noticed during the first 5 min of testing (p = 0.0398, F(1.568;
14.11) = 4.419). Post-hoc Dunett’s test pointed to statistically significant difference in the
locomotor activity between 1st and 3rd day of testing (p = 0.0092, Fig. 1E, grey bars). The
effect of time on vertical activity was also observed in this group (p = 0.0397, F(1.831;
18.31) = 3.3982), while post-hoc Dunett’s test indicates that on a 3rd day of testing 18a.GA
+ n-3FA-treated animals showed significantly decreased V1B activity in comparison to the
1st day (p = 0.0148); i.e. animals decreased their V1B activity from day one to day 3 (Fig.
1F, grey bars). However, this protective effect has not been detected in the older group of
mice (8-month-old) after 6 months of 18aGA + n-3FA treatment, as this group failed to
habituate. This result indicates that treatment cannot preserve memory when substantial
deterioration of cognitive capabilities occurs i.e. when significant memory impairments are
already present (see Discussion). Similarly, there were no major variations in DT and V1B
activity in DMSO treated mice over time and regardless of age (Fig. 1 E, F, black bars). As
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intersession habituation measures long-term memory of previous exposure [59], observed
results indicate that 18a.-GA + n-3FA substantially improved the long-term memory in
5xFAD mice, but up to certain age.

5.3. Decreased anxiety level of 5XFAD mice under the 18a-GA + n-3FA treatment

To further evaluate the potential favorable effects of 18a.GA + n-3FA treatment in 5XFAD
transgenic model of Alzheimer’s disease, we assessed anxiety-like behavior. When rodents
are introduced into an open-field, they show a characteristic behavior called thigmotaxis (i.e.
natural tendency to stay close to the walls and explore mainly the peripheral zone of the
open field); this can be used as an index of anxiety in mice, especially in examining models
of AD [60]. Analysis of characteristic animals’ pattern of movement (Fig. 2A) pointed to a
significant difference in several parameters that could serve as indicators of the anxiety level,
namely: the number of entries into central arena (inner zone; Fig. 2B), the time spent in the
central arena (Fig. 2C) and the number of entries into periphery (outer zone) of the OF
apparatus (Fig. 2D). No statistically significant difference was observed in the number of
entries into the inner zone of the apparatus. However, the analysis showed that all the
animals treated with 18a-GA + n-3FA spent significantly more time in exploring this zone
(60% and 35%, p = 0.001 and p = 0.0367, for 4 and 8 months old animals respectively; Fig.
2C). Additionally, the older group of 18a-GA + n-3FA-treated mice entered the periphery
significantly less than DMSO control mice, meaning that although they did not enter more
often the central arena, they spent significantly more time there (p = 0.0289, for more than
50%, Fig. 2D). Although there are conflicting reports whether 5XFAD mice are hyperactive
or have reduced anxiety level in parallel to pathology [61,62]. In summary, all the
parameters analyzed herein indicated that the reduced anxiety level in animals treated with
18a-GA + n-3FA represents the beneficial outcome of this treatment.

5.4. 18a-GA + n-3FA treatment increases body weight and decreases clasping behavior in

5xFAD mice

In addition to impaired motor activity described previously, there are other deficiencies
characteristic for AD that are often mirrored in transgenic animal models. Weight loss is
common in Alzheimer’s disease patients and could furthermore serve as a marker of disease
progression [63]. Similarly, the reduced body weight of 5XFAD in comparison with wild-
type mice that has been reported previously [46,64], could be considered as a marker of the
general health status and thus may increase prognostic accuracy. We detected that 5XxFAD
mice treated with 18a-GA + n-3FA weighed significantly more than DMSO treated
counterparts at 4 months of age (p = 0.0253). That difference was even more profound at the
later time point analyzed (p = 0.0033; Fig. 3A), indicating that 18a-GA + n-3FA possess a
long-lasting beneficial effect on body weight.

Furthermore, 5XFAD mice develop abnormal reflexes during aging. In a tail-suspension test,
higher frequencies and durations of hind-limb and fore-limb clasping can be noticed for
5xFAD mice as early as 5 months of age [64]. To measure the development of sensorimotor
dysfunctions we performed hind-limb clasping tests at 4 and 8 months of age. Results are
presented in Fig. 3B. When suspended by the tail, at 4-month-old 5XxFAD mice treated with
DMSO showed the hind-limb clasping response significantly more often than the mice
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treated with 18a-GA + n-3FA (Mann-Whitney, p = 0.0386). However, there were no
significant differences in clasping scores between the two groups at end of the study (8
months of age).

5.5. Frailty level

Frailty level is significantly decreased under the 18a-GA + n-3FA treatment in the
transgenic model of AD.

As analysis of animals’ behavior in the open field showed significantly beneficial effects of
18a-GA + n-3FA treatment on motor and cognitive abilities as well as on anxiety level, we
investigated further the 18a-GA + n-3FA effects on general welfare. To this end an 8-item
frailty score (FS) was calculated in order to assess the impact of 18a-GA + n-3FA treatment
on general health and wellbeing of 5XxFAD mice during aging (Fig. 3C). Table 2 shows the
number of 5XFAD mice of two different ages exposed either to DMSO or 18a-GA + n-3FA
treatment that ranked in the lowest 20% for each frailty criteria, the number of tests
performed and the number tests failed. Values for 5% for body weight parameter and for
20% cut-off for other frailty parameters used to calculate frailty score are presented in Table
3. This analysis revealed that the total number of mice treated with 18a-GA + n-3FA and
failed the tests was significant lower than DMSO- treated mice, regardless of the age. This
resulted in the significantly lower number of frail mice in the 18a-GA + n-3FA treated
groups (Table 2). These data suggest that both short and long term 18a.-GA + n-3FA
treatment reduce frailty level for more than 80% (p = 0.0003 and p = 0.0165 in 4- and 8-
month-old animals respectively). Taken together, these results demonstrate a positive effect
of 18a-GA + n-3FA treatment on frailty level in the 5XFAD mouse model.

6. Molecular analyses

6.1. 18a-GA + n-3FA combination decreases AB42 coverage in the parietal cortex and
hippocampus

Given the previous findings as well as the causative links between the accumulation of
amyloid beta and the progressive decline in cognitive and non-cognitive functions, next we
assessed whether 18a-GA + n-3FA treatment provokes beneficial changes in the number of
parameters analyzed above, by changing the amount of amyloid B (Ap42), as well as the
number of amyloid B plaques. Parietal cortex and hippocampus have been analyzed as the
structures most important in AD [65]. Mann-Whitney U'test of data obtained by
immunohistochemical analysis revealed that short term treatment (2 months) has no effects
on both the number of plaques and the surface of cortex and hippocampus covered with
amyloid B (data not shown). However, immunohistochemical analysis of the effects of the
long-term 18a-GA + n-3FA treatment showed a significant decrease of the total percentage
of Ap42 coverage in both parietal cortex (37.7%) and hippocampus (39.2%) of the 8 months
old mice (Fig. 4). The treatment, however, did not affect the number of amyloid plaques in
any structure analyzed (data not shown). These results suggest that 18a-GA + n-3FA
treatment has a strong impact on AB42 content in both parietal cortex and hippocampus of
5xFAD mice, while it does not affect plaques’ number.
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6.2. 18a-GA + n-3FA induce proteasome activity in brain regions of treated mice

The data reported so far suggest that 18a.-GA + n-3FA treatment has beneficial effects on
various physiological and behavioral parameters that associate with AD. Next, we focused
our efforts to understand the biochemical function of these two compounds. As enhanced
proteasome activity associates positively with longevity and mainly the elimination of
protein aggregates that accumulate in various neurodegenerative diseases including AD
[26,27,66,67], first we examined the compounds’ effects on the proteasome. In pilot
experiments we have found that both compounds activate the proteasome separately
although we observed a much stronger effect when they were administered in combination
(data not shown). As shown in Fig. 5, 18a-GA + n-3FA activated the proteasome in different
brain regions of treated animals. Specifically, the treatment significantly enhanced the
chymotrypsin-like (CT-L) proteasome activity in 4-month-old animals in both cortex and
hippocampus. Notably, long term exposure to the compounds partially rescued the age-
related decline of proteasome function in the aged brain cortex and hippocampus of 8-
month-old animals. In addition, as shown in Supplementary Fig. 1, the compound
combination attenuated the age-related elevation of oxidized protein levels in the cortex of 8-
month-old treated mice. In summary, these data demonstrate that use of the two compounds
enhances proteasome activity in brain regions of 5xFAD mice.

6.3. 18a-GA and n-3FA induce the proteasome via distinct mechanisms to confer
protection against AD pathology

To gain insight into the mechanism of action of the tested compounds we further studied
their effects on proteasome regulation. For these studies primary hippocampal neuron
cultures were employed. As shown in Fig. 6, the compound combination was more effective
in increasing the CT-L activity of the proteasome, than each compound alone. Specifically,
18a-GA (2 pg/ml) or n-3FA (3.3 pg/ml) induced CT-L activity by 25.5% and 41.6%
respectively in treated cells, while the combination of the two compounds increased
proteasome activity by 78.5%, indicating a synergistic effect (Fig. 6A, i). As proteasome can
be activated by different modes of function [68], next we examined the compounds’ effects
on the transcriptional activation of its subunits. Treatment with 18a-GA and 18a-GA +
n-3FA but not with n-3FA alone enhanced the protein levels of the catalytic 5 proteasome
subunit to similar rates (Fig. 6A, ii). As the expression of B5 is directly regulated by Nrf2
[69], we examined the impact of the compounds on the activity of this transcription factor.
We found that upon treatment with 18a-GA, Nrf2 rapidly translocates to the nucleus, while
no amount of nuclear Nrf2 was detected in n-3FA or DMSO treated cells. High levels of
Nrf2 were also detected in the nucleus of neurons exposed to 18aGA + n-3FA (Fig. 6B). To
further confirm these findings, the expression of 2 well-known Nrf2 target genes SOD1 and
NQO-1 [70], was examined following treatment with 18a-GA. As it is shown in Fig. 6C,
SOD1 and NQO-1 were significantly induced in 18a-GA treated cultures, in comparison to
their control counterparts. The cross tissue consistency of these results was further verified
in MEFs (Supplementary Fig. 2). Thus, treatment with 18a-GA activates Nrf2, which in turn
induces the expression of proteasome subunits and of other antioxidant target genes.

Besides transcriptional activation, some compounds, like SDS, are known to enhance
proteasome function by allowing the gate opening of 20S particles [71]. Therefore we

Free Radlic Biol Med. Author manuscript; available in PMC 2021 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Djordjevic et al. Page 14

sought to determine if n-3FA can structurally activate proteasome complexes. To this end,
we exposed pure 20S proteasome particles to increasing concentrations of n-3FA and
measured their CT-L activities. As shown in Fig. 6D, we have observed a concentration
dependent increase of CT-L proteasome activity reaching to a maximum increase of 300%
for 0.2 pg/ml treatment. To further verify these intriguing data, the proteasome inhibitor
MG132 was able to completely abolish the enhancement of CT-L activity by n-3FA (see Fig.
6D, second bar). Collectively, these findings demonstrate that the combination of n-3FA and
18a-GA deliver a dual activation of the proteasome, by inducing conformational alterations
and by enhancing the transcription of proteasome subunits, respectively.

7. Discussion

Alzheimer’s disease is a devastating form of dementia accounting up to 60-70% of all
dementia cases (source: WHO). AD, as a gain-of-toxic-function disease, is characterized by
an aggregation-mediated proteotoxicity that exceeds the capacity of the cellular clearance
machineries. Thus, the activation of protein degradation pathways could function as a
preventive or therapeutic intervention against the disease. In the present study we have
shown that 18a-GA + n-3FA treatment has significant beneficial effects on body weight,
motor function, cognitive abilities, anxiety, and frailty level in the 5XFAD Alzheimer mouse
model. Moreover, the compound combination decreases Ap42 coverage in both the parietal
cortex and hippocampus.

The treatment was performed during the time that corresponds to the long preclinical phase
of AD that has been considered as the critical time window for potential intervention. Two
compounds were selected after comprehensive assessment of an array of compounds
previously investigated in our laboratories and proven to be associated with enhanced
degradation of protein aggregates and attenuated AD pathology. After the initial screening
(data not shown), we detected a possible synergistic effect of 18a-GA and n-3FA on
proteasome activation and therefore we performed a follow-up study in the 5xFAD AD-mice
model. To demonstrate beneficial effects of the two selected compounds we implemented an
extensive evaluation predominantly of non-cognitive AD symptoms present in 5XFAD mice
as these deficits could predict future cognitive deterioration [72]. Deficits have been selected
to mimic clinical expression of motor impairments in humans [60,73,74].

Shorter distance traveled, decreased rearing frequency, slower movement speed and lower
percent of time spent in moving are evidenced in 5XFAD mice [19,62,75]. Anxiety is another
common symptom present in AD patients; it is associated with amyloid beta burden and
could be a valuable indicator for both disease progression and the efficacy of therapeutics in
early AD stages [76,77]. An increased locomotor activity documented by increased DT,
higher speed and an increased vertical activity, i.e. exploration of a novel environment,
support the improved motor phenotype observed in animals treated with 18a.GA + n-3FA. In
addition, 18a.-GA + n-3FA treatment significantly reduced anxiety-like behavior.

A reduced body weight of 5XFAD, compared with wild-type mice, has been reported already
[46,64] resembling the weight loss observed in AD patients [78], while abnormal reflexes,
especially clasping phenotype in a tail-suspension test [46] increases in parallel with a
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progression of AD-related pathology [48, reviewed in 62]. Increased body weight and
improved motor coordination demonstrated herein, could be considered as markers of
improved phenotype in 5XFAD mice treated with 18a-GA + n-3FA. The increased weight of
5xFAD mice treated with 18aGA + n-3FA could be explained by an array of pleiotropic
beneficial effects of n-3 fatty acids, including their positive role in maintaining metabolic
homeostasis of the body. Namely, an improved metabolic profile has been previously shown
to be associated with the intake of a diet enriched in n-3 PUFA fatty acids [79,80]. In
addition, it has been reported that n-3FA supplementation is capable to revert altered insulin,
leptin and triglyceride levels to normal [81]. On the other hand, while there are no data about
metabolic effects of 18a-GA, there are studies showing that 18B-GA, a stereoisomeric form
of 18a-GA, may exert beneficial metabolic effects, via mechanisms other than proteasome
activation [82]. Thus, it is quite probable that in this case and in addition to their role in
proteasome activation, n-3FA and 18a-GA reverted the neurodegenerative process by
modulating cellular metabolic pathways and changing metabolic homeostasis.

It is worth noting that inconsistent changes in the open field activity have been reported for
some transgenic Alzheimer’s mouse models [reviewed in [48, 62, 83 [48, 62, 83]], including
few reports of increased exploratory behavior and reduced anxiety as signs of an aggravation
of AD-related symptoms in 5XFAD model [46,84,85]. However, in these reports abnormal
locomotor activity and anxiety have been detected at later time points than 8 months
analyzed herein. In addition, in the previous reports reduced anxiety was documented by the
increase of the number of entries into the open arms of elevated plus maze without an
increase in the time spent in exploring them, indicating behavioral disinhibition. In contrast,
the 18a-GA + n-3FA -treated mice did not enter central arena of the OF more frequently
than control animals, but once there, they explored it extensively over time. It should be also
noticed that in several AD models with abnormal levels of anxiety, increased activity level
persists even after allowing the mice to habituate to an environment [48]. Additional analysis
of the time spent in center of the OF through the 3 consecutive days of testing (data not
shown) documented that there was a decrease in the percent of time spent in the central OF
zone for mice treated with 18a-GA + n-3FA, i.e. mice habituated over time to this zone.
This result is in accordance with the habituation of locomotor and vertical activity, observed
also in 18a-GA + n-3FA-treated mice. Taken these data together, the effects of treatment on
anxiety level and locomotor activity cannot be taken as a deviation, but as an improvement
of AD motor symptoms.

Probably the most profound finding of this work is the decreased frailty level detected in
mice treated with 18a.-GA + n-3FA. Physical frailty, a multidimensional syndrome often
referred as a state of high vulnerability, is associated with both the level of cognition and
dementia [86,87] and a very important clinical implications [88]. A more rapid rate of
increasing frailty is related to a more rapid loss of cognitive functions and low response to
therapy [89,90]. Frailty level correlates with AD biomarkers [91] and the higher probability
for mild cognitive impairment (MCI) to progress to AD [92,93]. We have recently suggested
that frailty status could be a useful marker in preclinical assessment of novel AD
therapeutics [52]. Herein we have shown a significant attenuating effect of our compounds
on frailty level during aging. As previous studies have shown that transgenic animals reach a
state of high vulnerability and high frailty earlier than non-transgenic counterparts [52,94], it

Free Radlic Biol Med. Author manuscript; available in PMC 2021 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Djordjevic et al.

Page 16

is not surprising that both 4- and 8-month-old animals were characterized by the same level
of frailty. The effect of our treatment was more pronounced in younger animals with a less
advantage stage of pathology, indicating that this treatment could give the best results at
early stages of diseases.

The accumulation of aggregated and oxidized proteins is a hallmark of many
neurodegenerative diseases, including AD. Several lines of evidence suggest that this
proteostasis disturbance may result from an age-related dysfunction of the UPS
[26,27,66,67]. Indeed, proteasome activity was found to be reduced by more than 50% in
both cortex and hippocampus of 8-months old 5XFAD animals in comparison to younger, 4-
months old animals. As AP is degraded via the proteasome [25], it is tempting to speculate
that the age-dependent decrease in proteasome activity may lead to its accumulation. In
support, loss-of-function experiments have shown that decreased proteasomal activity
promotes the neurodegenerative phenotype [95,96]. Proteasome activities [97,98] are
significantly decreased in brain tissues of AD patients, further suggesting that UPS failure is
related to AD pathogenesis. Taken together, these findings indicate that the age-related
demise of proteasome functionality is an important determinant of AD progression.

Our data indicate that treatment with the 18a.-GA + n-3FA combination significantly
enhances the CT-L proteasome activity in both cortex and hippocampus of 4-months old
animals and partially rescues its age-related decline in the same brain regions of 8-months
old animals. This enhancement of proteasome function positively correlates with an array of
beneficial effects on animals’ physiology and a reduction of amyloid beta coverage in the
cortex and hippocampus. Unlike glia and other mitotic cells, neurons cannot discard
damaged proteins by cell division [99]. Hence, neuronal proteasomes play a crucial role in
abnormal protein clearance [100]. Distinct rodent brain regions exhibit different basal levels
of proteasome activity that reflect their diverse proteome requirements [100,101]. Studies
have demonstrated that the age-dependent decrease in UPS activity is more pronounced in
neurons than glial cells [101]. We found an increased maintenance of proteasome activity in
cortex of old 18a-GA + n-3FAs treated animals, in comparison to hippocampus, where the
effect was attenuated. As cortex has a significantly higher neuron density than hippocampus
[102], the preservation of proteasome activity in cortex has broad implications in the
observed alleviation of the Alzheimer’s-associated pathological phenotype. Importantly,
both cortex and hippocampus are the most affected brain structures in AD. There are clear
hints that AD pathogenesis may also be non-cell autonomous and evidence suggests that
microglial dysfunction is a primary event in sporadic AD [103]. In the 5XFAD mice, the
subiculum and layer V of the cortex are the first areas where extracellular amyloid
depositions appear, starting at around 2 months of age and spreading rapidly throughout the
hippocampus and cortex by six months [17]. Apart from plaques, the spatiotemporal pattern
of neuronal and synapse loss in this strain again points to the cortex and hippocampus as the
most affected structures [104]. At the same time, previous investigations indicated that both
proteasome composition and function in the brain could be affected in a specific spatial
pattern by trauma [105] and ischemia [106], while UPS is either impaired or functionally
insufficient in the cortex and hippocampus of the transgenic AD/GFPu mice model [107].
Furthermore, this selective impairment of the UPS was accompanied by the selective
accumulation of ubiquitinated proteins in the cortex and hippocampus of AD/GFPu mice,
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with cortex being more vulnerable and affected than hippocampus. More importantly, it
seems that UPS impairment occurs long before the formation of beta-amyloid plaques [107],
suggesting that indeed this could be the first step in AD pathogenesis. However, once Ap
aggregates it further inhibits proteasome activity [25]. This might also explain why
proteasome activation in 8-months old treated animals, where A plaque formation is
evident, is not as robust as of that displayed in younger animals.

Studies in invertebrates demonstrate that the overexpression of the 5 catalytic 20S
proteasome subunit [27], or treatment with 18a-GA [41] induce the proteasome ina C.
elegans AD model and confer protection against proteotoxic stress. Moreover, other groups
have shown the beneficial effects of proteasome activation in the prevention of Ap
aggregation by several compounds [108-110]. However, all these preliminary studies have
been performed in lower eukaryote models of AD, or cellular systems and therefore their
importance remains to be further evaluated. The current study in a mammalian /7 vivo model
system strengthens the link between the increased proteasome-mediated protein clearance
and the reduced manifestation of AD pathology in several levels. It has been previously
shown that proteasome stimulation reduces AR levels in an AD mouse model, yet the
stereotaxic injection an Agouti-related peptide (AgRP) that was employed [38] is hardly
applicable in AD patients. Moreover, in another AD mouse model, a proteasomal
involvement in the Methylene Blue (MB)-mediated decrease in the soluble Ap levels and the
associated cognitive deficits was suggested, but the exact mechanisms of MB effects remain
elusive [111]. Hence, it is noteworthy that our study not only provides a clinically applicable
approach to alleviate AD pathology, but also describes in detail the mechanisms of
proteasome activation by the tested compounds.

We demonstrate that the two compounds used in this study induce the proteasome activity
by diverse mechanisms. 18a-GA increases the transcription of proteasome subunits via the
activation of the transcription factor Nrf2, while n-3FA structurally activates the proteasome
complex. To this end we isolated primary hippocampal neurons as well as MEFs from the
congenic C57BL/6J strain and conducted the molecular and biochemical analyses.
Specifically, 18a-GA induces the transcriptional up-regulation of proteasome subunits via
Nuclear factor E2-related factor 2 (Nrf2), a well-known regulator of the Phase Il antioxidant
response and putative target against neurodegenerative diseases [112]. Our previous work
has shown that treatment of human fibroblasts with 18a.-GA up-regulates Nrf2 by reducing
the levels of its inhibitor Keap-1, allowing Nrf2 to enter the nucleus and activate the
expression of several proteasome subunits by binding to the AREs located on their proximal
promoter regions [58]. This response to 18a-GA is also conserved on the nematode C.
elegans, as treatment with the compound activates the proteasome, prolongs lifespan and
reduces proteotoxicity in a SKN-1 (the Nrf2 ortholog) dependent manner [41]. In support,
the present study demonstrates that upon treatment with 18a-GA, Nrf2 rapidly translocates
to the nucleus to coordinate the activation of a multitude of cytoprotective genes, as
confirmed by the up-regulated mRNA levels of its target genes.

The other compound used, n-3 fatty acids, has a different mode of function. Previous studies
have shown that the polyunsaturated fatty acids (PUFAS) of omega-3 (/-3) and omega-6
(+6) are essential both for brain development and brain functioning in the adult stage
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[reviewed in [113, 114]]. Specifically, it has been demonstrated that n-3 fatty acid
supplementation is able to improve AD-associated brain pathology in several transgenic
mouse models of AD, including 5XFAD mice, to reduce amyloid plaque burden and to
improve learning and memory [44,45,115-117]. The majority of the beneficial properties of
PUFAs have been attributed to their reported neuroprotective, anti-inflammatory, and
antioxidant effects [118] and specifically to their capability to change the composition of cell
membranes, replacing cholesterol and promoting the non-amyloidogenic pathway of APP
processing, thus decreasing the AP burden. Herein, we identify a previously unknown effect
of n-3FAs on cellular proteostasis, namely through the conformational activation of the
proteasome. Sodium dodecyl sulfate (at concentrations ranging between 0.01 and 0.08%
SDS) is the first identified structural proteasome activator that acts via partial denaturation
of the latent 20S core and is characterized by inhibition at concentrations greater than 0.08%
[119]. By analyzing the catalytic activity of pure 20S proteasomes under the exposure of a
wide range of n-3FA concentrations, we revealed an SDS-like potential of n-3FA to
structurally activate the proteasome through allosteric interactions in a concentration
dependent manner. Collectively, we demonstrate here for the first time the use of two
different proteasome activators that act in a complementary manner: 18a.-GA enhances
proteasome content and activity via the transcriptional up-regulation of Nrf2, while n-3FA
promotes the conformational activation of the proteasome.

Regardless of this complementary mode of action focused on the activation of proteasome,
we cannot exclude that the applied treatment exerted pleiotropic beneficial effects on the
5xFAD model, by employing additional mechanisms. Both compounds have numerous
already proven favorable effects. In this context, the compound combination rescues the age-
related accumulation of oxidized proteins in the cortex, as indicated in Supplementary Fig.
1. The improved metabolic balance induced by fish oil supplementation, already mentioned
above, or the alteration of the phospholipid profile in 5XFAD brains, by increasing omega- 3
and decreasing omega-6 fatty acid content, as demonstrated previously [44,45], are two
putative modes of action. In addition, PUFA role in maintaining brain health could be
mediated by their anti-inflammatory actions [120]. Moreover, 18a-GA (and its
stereoisomeric form 18@-glycyrrhetinic acid) has established anti-inflammatory and anti-
tumor properties as well as it suppresses dyslipidemia and prevents oxidative stress and
histological damage [43,121-123]. Therefore it is plausible that both compounds to provoke,
in addition to proteasome activation, few other protective mechanisms that might be act
differently over experimental time and in a complex interplay, to result the observed
behavioral and molecular improvements. Besides, the proteasome is responsible for the
targeted, regulated degradation of a multitude of factors, and as such a functional
proteasome is required for almost all protective adaptations to stress, as it facilitates the
cycling of factors that would otherwise attenuate the response [124]. Finally, apart from the
possibility that more than one molecular mechanism is induced by the administration of two
compounds, it is also likely that other structures, in addition to cortex and hippocampus,
were affected too. While improved motor performances and preserved habituation testified
in favor of improved cortical and hippocampal function, the reported behavioral results
indicate that additional brain regions were benefited. For instance, basolateral amygdaloid
complex which is responsible for the open-field arena-induced anxiety [125] could be
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tackled herein. Moreover, improved paw-clasping behavior detected at 4 months of age
indicates that cerebello-cortico-reticular and cortico-striato-pallido-reticular pathways,
included in this response [126] were also affected by the treatment.

In conclusion, our study identifies a combination of two natural compounds as an
intervention that endows a mammalian model with an elevated proteolytic capacity to
ameliorate the symptoms of AD. To our knowledge this is the first report to demonstrate a
dual activation of the proteasome and its downstream effects on the symptoms of AD. Sadly,
there is still no treatment to cure Alzheimer’s disease; while interventions that may help to
treat symptoms are mostly ineffective in the advanced stages of the disease, when
complications from severe loss of brain function could result even in death. For those
reasons, it is essential to establish a preventive approach that can be applied well before the
first signs of AD appear, or even in the cases that it is not clinically evident if AD will be
developed at all. Therefore, an early presymptomatic phase of AD, which usually overlaps
with the middle age period of human lifespan, represents a potential candidate time point to
apply natural compounds that could prevent or delay the neurodegenerative process.
Treatment with omega-3 fatty acids is already considered to be safe, efficient and acceptable
approach in the management of neurodegenerative diseases in their early stages [116], while
18a-GA is also safe up to a daily dosage of 100 mg in humans [127]. These compounds can
be readily incorporated into human dietary interventions and hence offer a unique
opportunity for the prevention or alleviation of relevant neurodegenerative diseases. As
human life expectancy continues to steadily increase, it is of great importance to prevent the
increasingly prevalent age-related diseases, such as AD [128]. Consequently, future studies
should focus on the application of such dietary interventions in clinical settings.
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. DMSO
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. DMSO
= [ So-GA+n-3FA

= OMSO
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18a.GA + n-3FA treatment increases locomotor (A,B) and vertical (C,D) activities and
preserves habituation in 5xFAD mice (E, F). Results are expressed as mean + SEM for 30
min registration period during 3 consecutive days for locomotor and vertical activity (*p <
0.05; ***p < 0.0001) and as mean + SEM for 5 min registration period during 3 consecutive

days for habituation (*p < 0.05; **p < 0.001).
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Fig. 2. 18a.GA + n-3FA treatment decreases anxiety of 4- and 8-month-old 5xFAD mice.
Graphical illustration of representative animal movements (A). Number of entries (B) and

time spent in the inner (C) and outer zone (D) of the open field arena. Results are expressed
as mean + SEM. *p < 0.05; ***p < 0.0001.
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- DMSO
1 180-GA+n-3FA

18a.-GA + n-3FA treatment increases body weight (A) and decreases clasping behavior (B)
and frailty level (C) in 5XFAD mice. Body weight of 4- and 8-month-old 5XxFAD mice
treated either with 18a.-GA + n-3FA or DMSO (A). Clasping score of 5xFAD mice at 4 and
8 months of age and treated either with 18a.-GA + n-3FA or DMSO (B). Graphical
representation of frailty score (FS) in 4- and 8-month-old (C) 5XxFAD mice treated with
DMSO or 18aGA + n-3FA. Results are expressed as mean £ SEM. *p < 0.05; **p < 0.001;

***p) < 0,0001.
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Long-term 18aGA + n-3FA treatment significantly reduces Ap42 in the cortex and
hippocampus of 5xFAD mice. Representative images of AB42 immunostaining in cortex
and hippocampus of DMSO (left panel) and 18a.GA + n-3FA treated (right panel) 5XxFAD
mice (A). Quantification of Ap42 coverage of cortex (Ctx) and hippocampus (Hpp) of
18a.GA + n-3FA - vs. DMSO-treated 5XFAD mice (B). Results are expressed as mean +
SEM.*p < 0.05; **p < 0.001.
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18a-GA and n-3 fatty acid combinational treatment enhances proteasome activity in cortex
and hippocampus of 5XxFAD mice. Percentage (%) of CT-L proteasome activity in A) cortex
(ctx) and B) hippocampus (hpp) of young (4 months of age) and old (8 months of age)

5xFAD animals treated with 18a-GA + n-3FA or DMSO (control). The mean value of each
activity in young DMSO-treated animals was arbitrarily set to 100%. *p < 0.05.
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Fig. 6.
18a-GA and n-3 fatty acids activate the proteasome via distinct mechanisms. A) i) % CT-L

proteasome activity, ii) immunoblot analysis of the catalytic 5 proteasome subunit and B)
immunofluorescence imaging of Nrf2 intracellular localization, in primary hippocampal
neurons treated with the solvent (DMSO), 2 pg/ml of 18a.-GA or/and 3.3 pug/ml of n-3 FAs
for A) 16 h or B) 2 h. Total protein load was determined using the Stainfree™ technology.
4’ 6-Diamidino-2-phenylindole (DAPI) was used as a nuclear counterstain. C) Real-time
PCR analysis of SOD1 and NQO-1 mRNA expression in primary hippocampal neurons
treated with 2 pg/ml 18a-GA or DMSO for 16 h. GAPDH levels were used as loading
control. D) Manifold of CT-L activity of pure 20S proteasome exposed to the indicated
concentrations of n-3 FAs. 0.01% SDS was used as a positive control, while 5 yM MG132
was used as a negative control. Proteasome activity or mRNA and protein levels in DMSO-
treated cells were arbitrary set to 100%. *p < 0.05; **p < 0.01, and ***p < 0.001, ****p <
0.0001 compared to solvent control.
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Table 1

Frailty Criteria for detecting frailty score in 5XFAD mice.

Human Frailty Criteria  Mouse Frailty Criteria ~ Approach

Weakness/endurance Grip strength Grip test

Slowness Walking speed Velocity (cm/s)

Low activity Physical activity Open field test (cm/10 min)
Gait balance Gait/motor coordination Tight-Rope test

Unintentional weight loss  Unintentional weight loss ~ Weight (g)
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Table 2

Number of animals in the lowest 20% for each parameter and 5% for body weight, used to calculate frailty
score. The frailty score for each experimental group was calculated as follows: total number of tests failed by
the animals at each experimental group divided by the total number of tests performed by those animals,
expressed in percentage.

Age 4-month-old 8-month-old
DMSO 18aGA DMSO 18aGA
+n-3FA +n3FA
Number of animals in the lowest 20%  Distance traveled (cm) 4 0 2 0
Vertical activity (beams) 3 1 2 1
Velocity (cm/sec) 2 2 1 2
Ambulatory time (sec) 4 0 3 0
Total time spent in moving (%) 4 0 3 0
Grip test 1 1 0 2
Rope test 1 0 0 2
Weight in the lowest 5% (g) 1 0 2 0
Total number of animals that failed the tests (A) 20 4 13 4
Total number of tests performed (B) 60 82 43 57
(A/B) 0.333 0.0488 0.302 0.071
Frailty score (A/Bx100) 33.333  4.878 30.230 7.010
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Table 3

Values for 20% cut-off for each parameter and 5% for body weight for 4- and 8-month-old 5XFAD mice
treated with DMSO and 18a.GA + n-3FA.

20% cut-off and 5% for body weight

Par ameter
4-month-old 8-month-old
Distance traveled (cm) 1694 651
Vertical activity (beams) 14 1
Velocity (cm/sec) 9.882 9.017
Ambulatory time (sec) 157 60
Total time spent moving (%) 0.26 0.1
Weight (g) 16 19
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