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Abstract

Dementia is a pathological condition characterized by a decline in memory, as well as in other cognitive and social functions. The
cellular and molecular mechanisms of brain damage in dementia are not completely understood; however, neuroinflammation is
involved. Evidence suggests that chronic inflammation may impair cognitive performance and that dietary protein source may
differentially influence this process. Dietary protein source has previously been shown to modify systemic inflammation in
mouse models. Thus, we aimed to investigate the effect of chronic dietary protein source substitution in an ageing and dementia
male mouse model, the senescence-accelerated mouse-prone 8 (SAMP8) model. We observed that dietary protein source
differentially modified memory as shown by inhibitory avoidance testing at 4 months of age. Also, dietary protein source
differentially modified neuroinflammation and gliosis in male SAMP8 mice. Our results suggest that chronic dietary protein
source substitution may influence brain ageing and memory-related mechanisms in male SAMPS mice. Moreover, the choice of
dietary protein source in mouse diets for experimental purposes may need to be carefully considered when interpreting results.

Keywords Diet - Ageing - Dementia - Neuroinflammation - Gliosis

Abbreviations OLIG2 Oligodendrocyte transcription factor 2
AD Alzheimer’s disease SAMPS Senescence-accelerated mouse-prone 8
AMPK AMP-activated protein kinase OPC Oligodendrocyte precursor cell
BDNF Brain-derived neurotrophic factor SDS-PAGE  Sodium dodecyl sulphate
CX3CLI Fractalkine polyacryalmide-gel electrophoresis
GAPDH Glyceraldehyde 3-phosphate dehydrogenase TGFB Transforming growth factor beta
GFAP Glial fibrillary acidic protein TGFBRI1 TGFB receptor 1
IBAI Anti-ionized calcium-binding TGFBR2 TGFB receptor 2

adapter molecule TNFA Tumour necrosis factor alpha
IL Interleukin TREM2 Triggering receptor expressed
LC3B Autophagy-related protein LC3B on myeloid cells 2
MAG Myelin-associated glycoprotein
MCI Mild cognitive impairment
NDDs Neurodegenerative diseases

Introduction

Dementia is a condition characterized by memory loss, as well
as by a decline in cognitive and social function. The most
common cause of dementia is Alzheimer’s disease (AD),
which leads initially to the loss of short-term memory and
eventually loss of long-term memory, as well as behavioural
and emotional alterations [1]. It is often preceded by a
prodromic state defined as mild cognitive impairment
(MCI), displaying light cognitive alteration [2]. Increasing



evidence suggests the involvement of neuroinflammation in
AD and other neurodegenerative diseases (NDDs). Several
inflammatory mediators, including complement activators
and inhibitors, reactive oxygen species, cytokines,
chemokines, and inflammatory enzymes, are expressed and
released by activated microglia, reactive astrocytes and neu-
rons in AD [3—6]. Moreover, an early involvement of inflam-
mation has been confirmed in the MCI phase [7].

Microglia are immune cells that have multiple roles during
brain development, homeostasis and disease and are classical-
ly associated with neuroinflammation in brain diseases and
infection [8, 9]. Moreover, microglia can be broadly classified
into the M1 (pro-inflammatory) and M2 (anti-inflammatory)
subtypes. M1 microglia produce interleukins (ILs) 18 and 6,
tumour necrosis factor alpha (TNFA), as well as nitric oxide,
superoxide and reactive oxygen species. By contrast, M2 mi-
croglia produce ILs 4, 10 and 13 as well as transforming
growth factor beta (TGFB). Evidence suggests that M1/M2
subtypes are in a dynamic equilibrium in vivo [10].

Astrocytes are star-shaped cells that play multiple physio-

logical roles in the brain parenchyma [11]. Reactive
astrogliosis has been documented in AD brains [2]. It is char-
acterized by astrocyte hypertrophy, proliferation and in-
creased expression of intermediate filament proteins, such as
glial fibrillary acidic protein (GFAP) [12]. While this response
could be considered protective [13], reactive astrocytes may
also exacerbate inflammation by releasing an array of cyto-
kines, chemokines, complement proteins and nitric oxide [14].
Immune status can influence brain function in humans. The
Hoorn Study evidenced that increased levels of inflammatory
plasma markers (TNFA, IL-6, IL-8, C-reactive protein) were
associated with cognitive decline [15]. Also, diet may influ-
ence immune status since a meta-analysis of 46 studies asso-
ciated positively animal-based diets with increased levels of
inflammatory biomarkers (mainly C-reactive protein), while
plant-based diets showed no association [16]. In addition, di-
etary protein source has shown to play a role in inflammation.
Substitution of soy protein for casein prevented an inflamma-
tory response induced in the liver of rats fed a high fructose
diet [17]. In addition, dietary soy protein protected a collagen-
induced arthritis rat model by inhibiting the production of
TNFA and IL-6 [18]. Also, wild-type mice fed a 50%
casein-protein diet showed compromised capillary integrity
and function in the blood-brain barrier and peripheral inflam-
mation, when compared to wild-type mice fed a 50% soy-
protein diet [19].

Among mouse models used to study brain ageing and age-
associated cognitive decline, senescence-accelerated mouse-
prone 8 (SAMPS) mice have been widely used [20-22].
SAMPS8 mice are non-transgenic mice that show accelerated
ageing and therefore reduced lifespan [23]. They display a peak
in muscle mass at 7 months and a gradual decline, due to muscle
atrophy, at 8 months [24, 25]. SAMPS mice manifest cognitive

defects in the Morris water maze at 8 months of age [20] and at 4
months of age in the passive avoidance task [26], as well as
reduced anxiety-like behaviour in the elevated plus-maze test at
4 months of age [21]. Moreover, SAMP8 mice display
astrogliosis, microglial activation, tau hyperphosphorylation
and beta-amyloid deposition [27-30].

In this study, we aimed to investigate whether different
dietary protein sources at a standard commercial mouse feed
percentage (18% of the total diet) could influence brain in-
flammation and memory in male SAMP8 mice and support
the use of nutritional intervention strategies for the prevention/
delay of age-associated cognitive decline and dementia.

Material and Methods
Animals and Dietary Treatments

SAMP8 mice were obtained from Envigo Laboratories
(Huntingdon, Cambridgeshire, UK). The colony was main-
tained by mating littermates. Mice were kept in a humidified
and temperature-controlled facility and had access to food and
water ad libitum. Only males were used in experiments for this
study. All experiments were authorized by the University of
Bologna Ethical Committee and the Italian Ministry of Health
(Protocol number 845/2016) in accordance with Italian and
EU regulations on animal welfare (Directive 2010/63/EU).

Male mice from all litters were randomly assigned and fed
different diets from 1 to 4 months of age. Diets were prepared
according to Sreeja and colleagues [17] with slight modifica-
tions (see Supplementary Table 1). Unflavoured protein iso-
lates were commercially available (Myprotein, Norwich, UK).
The actual amount of protein per 100 g of isolate was consid-
ered: soy protein isolate, 90% of protein content; pea protein
isolate, 75% of protein content; bovine casein protein isolate,
80% of protein content; beef protein isolate, 97% of protein
content. Corn starch, peanut oil and wheat bran were all com-
mercially available. The multivitamin and mineral complex
used was Multicentrum (1 g/100 g of diet; Pfizer, Latina,
Italy) to match as closely as possible the vitamin and mineral
contents according to Sreeja and colleagues [17]. All diets
were isocaloric and isoproteic at 18% of the total diet weight,
as other commercially available diets. Male mice were also
fed Teklad 2018 global rodent diet (Envigo, San Pietro al
Natisone, Italy) as a standard commercially available diet,
which also contains 18% protein. Soy protein was used
as the control diet for comparisons because commercial
diets contain it (e.g. the standard diet used in this study),
while pea protein is not contained in commercial diets.
However, we tested pea protein as a second plant protein
source that would still provide all essential amino acids,
although with a different profile compared to soy protein
(see Supplementary Table 2).



Food consumption was monitored weekly from 1 to 4
months of age for all dietary groups. Daily week consumption
per mouse was estimated by subtracting the amount of food
left uneaten after 1 week from the amount initially weighed
and dividing it by the number of mice per cage. All animals
were weighed when they were 4 months old.

Behavioural Testing: Inhibitory Avoidance

Four-month-old male SAMP8 mice were tested for inhibitory
avoidance, a commonly used behavioural task to investigate
learning and memory processes in rodents [31, 32], by using
an Ugo Basile inhibitory avoidance apparatus (Gemonio,
Italy). A total of 15 animals per dietary group were tested.
We followed a previously published single-trial inhibitory
avoidance protocol for SAMP8 mice [26]. Briefly, on day 1,
animals were put into the lit apparatus chamber and allowed to
explore. Ten seconds later, the sliding door between both the
light and dark chamber opened and animals moved into the
dark apparatus chamber where they received an electric shock
(0.5 mA for 3 s). Twenty-four hours after the learning proce-
dure (day 2), animals were once again put into the lit chamber
and none of them received an electric shock when moving into
the dark chamber. The amount of time taken to move into the
dark chamber (latency time) was recorded. A maximum laten-
cy time cutoff of 300 s was used [26].

Sample Preparation and Protein Quantification for
Western Blot Analysis

Mice were euthanised by using a CO, chamber followed by
cervical dislocation and tissue dissection. Tissue was snap
frozen with liquid nitrogen and stored at — 80 °C until used.
Frontal cortex and hippocampus samples were collected, con-
sidering their documented role in cognitive function, as well
as in memory codification and consolidation [33, 34]. Tissue
samples were weighed and homogenized in tissue lysis buffer
(50 mM Tris, pH 7.4, | mM EDTA, 1% SDS, protease inhib-
itor cocktail, phosphatase inhibitor cocktail; all from Sigma-
Aldrich, St. Louis, MO, USA) at a 1:10 tissue weight/lysis
buffer volume ratio with a Potter homogenizer (30 strokes at
1000 rpm) while kept on ice. Homogenates were then soni-
cated with a Branson SFX250 tip sonicator (Danbury,
CT, USA) for 5 s at 10% power output. Total protein sample
content was determined by using the Lowry quantification
method [35]. Samples were aliquoted and stored at —
80 °C until used.

Western Blotting
Fifty micrograms of total protein from each sample were

mixed with Laemli electrophoresis loading buffer (1 M Tris-
HCI, pH 6.8; 20% sodium dodecyl sulphate; 0.4 pyL/mL

glycerol; 2 g/L bromophenol blue and 2 M dithiothreitol; all
from Sigma-Aldrich) and resolved in 12% acrylamide gels
through SDS-PAGE. Resolved proteins were transferred onto
nitrocellulose membranes for 2 h at a constant current of 400
mA. Membranes were then blocked in PBS-0.1% Tween 20—
5% skimmed milk (Bio-Rad Laboratories, Hercules, CA,
USA) for 1 h and then incubated overnight with primary an-
tibodies against ionized calcium-binding adapter molecule 1
(IBA1) antibody, triggering receptor expressed on myeloid
cells 2 (TREM2), fractalkine (CX3CL1), tumour necrosis
factor-alpha (TNFA), glial fibrillary acidic protein (GFAP),
oligodendrocyte transcription factor 2 (OLIG2), myelin-
associated glycoprotein (MAQG), brain-derived neurotrophic
factor (BDNF), TGFB 1, TGFB 2, TGFB receptor 1
(TGFBR1), TGFB receptor 2 (TGFBR2), AMP-activated pro-
tein kinase (AMPK), autophagy-related protein LC3 (LC3B)
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
diluted in PBS-0.1% Tween 20—5% skimmed milk (see
Supplementary Table 3 for details). The day after, membranes
were washed 3x for 10 min with PBS-0.1% Tween 20 and
then incubated with HRP-linked secondary antibodies diluted
in PBS-0.1% Tween 20—5% skimmed for 1 h 30 min (see
Supplementary Table 3 for details). Membranes were then
washed 3x for 10 min with PBS-0.1% Tween 20 and then
1x for 5 min with PBS, incubated with the chemiluminiscence
reagent Clarity ECL (Biorad), and images were acquired with
a Biorad Chemidoc imager. Densitometric analysis was per-
formed by using Biorad Image Lab software (Version 6.0.0).

Immunofluorescence Staining

Mice were anaesthetised with 2% isoflurane and transcardially
perfused with PBS and 4% paraformaldehyde in phosphate
buffer (0.194 M Na;HPOs4, 0.026 M NaH,POs; all from
Sigma-Aldrich). Brains were then stored overnight in 4%
paraformaldehyde/phosphate buffer at 4 °C. The day after,
brains were stored in 18% sucrose/phosphate buffer (Sigma-
Aldrich) for at least 24 h and then stored at — 80 °C until
needed. For immunofluorescence analysis, 40 ym brain sec-
tions were obtained by using a microtome with a freezing unit
(Micro HM400, Microm, Berlin, Germany). Sections were
washed 3x for 10 min in PBS and if required by the primary
antibody, incubated at 80 °C for 30 min in 10 mM calcium
citrate buffer, pH 6.0, for antigen retrieval (Sigma Aldrich)
and washed again 3% for 10 min in PBS. Sections were then
washed 3x for 10 min in PBS-0.1% Triton X-100 (Sigma-
Aldrich). Sections were then blocked by incubating in PBS-
0.1% Triton X-5% normal goat serum (Sigma-Aldrich) for 1 h
except for IBA1 blocked in PBS-0.1% Triton X-5% BSA
(Sigma-Aldrich) and then incubated overnight with primary
antibodies against IBA1 (which required antigen retrieval)
diluted in PBS-0.1% Triton X-2% BSA or against GFAP,
OLIG2, DCX (doublecortin) all diluted in PBS-0.1% Triton



X-2% goat serum (see Supplementary Table 4 for details).
The next day, sections were washed 3% for 10 min with
PBS-0.1% Triton X and then incubated with fluorophore-
conjugated secondary antibodies, all diluted in PBS-0.1%
Triton X-2% goat serum (for GFAP, OLIG2 and DCX) or
PBS-0.1% Triton X-2% BSA (for IBA1) for 2 h (see
Supplementary Table 4 for details). Sections were then
washed 3x for 10 min with PBS-0.1% Triton X and 1x for
5 min with PBS. In order to stain cell nuclei, sections were
incubated with Hoechst 33258 (Sigma-Aldrich) diluted in
PBS (final concentration 2 pg/ml) for 5 min. Sections were
then washed 1x for 5 min in PBS and then mounted on glass
slides, after which cover slips were mounted with Ultra Cruz
mounting medium (Santa Cruz Biotechnology), air-dried for
10 min and stored at 4 °C until imaged.

Confocal Microscopy Analysis, Fluorescence Intensity
Analysis and Cell Counting

For brain section confocal microscopy, images were acquired
with a Nikon EZ-C1 confocal microscope with a x 10 and X
40 objectives by using the z-stack function. A total of 40
stacks of 1 pm each were acquired. Three-dimensional image
reconstruction was performed with Fiji (ImageJ2) by using the
z-project plugin and the SUM function. Cell count and fluo-
rescence intensity were analysed by using respectively the
manual cell counter, subtract background, adjust threshold
and measure plugin of Fiji ImageJ2 software, considering al-
ways the same square area of frontal cortex and hippocampus
from SAMPS8 mice.

Statistics

Inhibitory avoidance results were analysed by using two-way
ANOVA followed by Tukey’s post hoc test comparing the
dietary groups, as the first factor, and the behavioural test as
the second one (training vs learning), as previously reported
by Bambah-Mukku [36] and Contestabile [37]. Western blot-
ting results were analysed by using one-way ANOVA follow-
ed by Dunnet’s post hoc test whereas immunofluorescence
results were analysed by Student’s # test. All statistical analy-
ses were performed with GraphPad Prism 4. All results are
expressed as the mean =+ standard error and defined statistical-
ly significant when p < 0.05.

Results

Food Consumption, Body Weight and Cognitive
Performance

In order to evaluate the effect of dietary protein source on
cognitive performance and neuroinflammation in ageing,

male SAMPS8 mice were fed diets containing soy or pea or
casein or beef-protein from 1 to 4 months of age. Measured
average daily food consumption was 4—5 g per animal in the
different dietary groups (n = 15 per dietary group; Fig. 1a). No
significant differences were found between the different die-
tary groups (p > 0.05). On the other hand, measured average
body weight per animal at 4 months of age was 24.0-25.0 g (n
= 15 per dietary group, Fig. 1b). Mice fed the beef-protein diet
showed slightly decreased weight compared to the soy-protein
diet group, which was also statistically significant (p < 0.01).
Mice from the different groups were subjected to inhibitory
avoidance (n = 15 per dietary group, Fig. 1c), a widely used
cognitive task for assessing hippocampal-dependent memory
[38, 39]. After a delay of 24 h, mice fed the soy-protein diet
showed the highest latency time (290 + 14 s), while mice fed
the casein and beef-protein diets showed the lowest latency
times (210+ 19 s and 215 + 18 s, respectively). These differ-
ences were also statistically significant (p < 0.01 for the
casein-protein group and p < 0.05 for the beef-protein group),
when compared to mice fed the soy-protein diet, but not when
compared to the standard diet. Also, mice fed the pea-protein
diet and the standard diet (2018 Teklad) showed similar per-
formance during inhibitory avoidance.

A smaller cohort of mice (7 = 6 per dietary group) was also

used to test fear conditioning, in the 5 dietary groups
(Supplementary Fig. 1). No statistically significant differences

between the groups were observed (p > 0.05), although a

lower freezing time was evident for mice fed the casein-
protein diet compared to mice fed the soy or pea-protein diets.

Because the standard diet contained a mixture of soy,

wheat and corn as protein source, we decided not to test it

further, since we aimed to test the effect of single dietary
protein sources.

Neuroinflammation and Gliosis

In order to evaluate whether cognitive deficits in mice ex-
posed to animal protein-based diets could influence microglial
activation, frontal cortex and hippocampal extracts from mice
fed the soy, pea, casein or beef-protein diets were analysed
through Western blotting (n = 6 per dietary group). We there-
fore focused on microglial and inflammation-associated
markers. IBA1 protein expression analysis and relative densi-
tometries of frontal cortex and hippocampus extracts (Fig. 2a—
d) showed a statistically significant increase only in the hip-
pocampus of the casein-protein diet group compared to the
soy-protein diet group (Fig. 2c, d; p <0.05). We then aimed
to further analyse microglial activation by performing IBA1
immunofluorescence staining of frontal cortex and hippocam-
pus sections in the soy and casein-protein groups only, since
these displayed the most contrasting results in cognitive test-
ing (Fig. 2e—1, n =4 per dietary group). The casein-protein diet
group showed a statistically significant increase of IBA1-



Fig. 1 Effect of dietary protein
source on food consumption (a),
body weight (b) and cognitive
performance during the inhibitory
avoidance test (acquisition/
training and retention latencies/
learning after 24-h test) (c) in 4-
month-old male SAMPS mice.
Values are the mean = SE of 15
animals per dietary group: *p <
0.5, **p <0.01, compared to the
soy-protein diet group; ###p <
0.001 compared Acq (training) to
test (learning after 24 h): one-way
ANOVA for food consumption
(a) and body weight (b) followed
by Dunnet’s post hoc test, two-
way ANOVA for the inhibitory
avoidance test (c) followed by
Tukey’s post hoc test.

Food consumption
(g/mouse)

Body weight

Mean latency (s)

positive signal in hippocampus tissue sections (Fig. 21, j,l and
Supplementary Fig. 2d; p < 0.05) compared to the soy-protein
diet group (Fig. 2f, g, | and Supplementary Fig. 2b). No sig-
nificant differences were detected in frontal cortex sections
(Fig. 2e, h, k and Supplementary Fig. 2a, c). To further eluci-
date the observed microglial activation, we analysed the ex-
pression of TREM2. Protein analysis and relative densitome-
tries of TREM2 in frontal cortex (Fig. 3a, b) and hippocampus
(Fig. 3e, f) extracts, showed a statistically significant decrease
in the frontal cortex of the casein and beef-protein diet groups
compared to the soy-protein diet group (Fig. 3a, b; n =6 per
dietary group, p < 0.05 for the casein-protein diet group and p
< 0.01 for the beef-protein diet group). We also aimed to
investigate whether the previously mentioned microglial
changes could influence communication with neurons. Total
CX3CLI protein level analysis and relative densitometries of
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frontal cortex (Fig. 3a, ¢) and hippocampal (Fig. 3e, g) sam-
ples showed a statistically significant decrease in the frontal
cortex of the casein-protein diet group compared to the soy-
protein diet group (Fig. 3c; n = 6 per dietary group, p <0.001).
In order to expand our investigation, we analysed other
neuroinflammation markers not confined only to microglia.
TNFA protein analysis and relative densitometries of frontal
cortex (Fig. 3a, d) and hippocampus (Fig. 3e, h) samples
showed a statistically significant increase in the hippocampus
of the casein-protein diet group compared to the soy protein-
diet group (Fig. 3h, n = 6 per dietary group, p < 0.001). Given
its association with neuroinflammation, we also evaluated re-
active astrogliosis through GFAP analysis [40]. Total GFAP
protein expression analysis and relative densitometries
showed no significant differences in frontal cortex nor hippo-
campal extracts (Fig. 4a—d; n = 6 per dietary group). To further



20 kDa

32 kDa

20 kDa

32 kDa

k

&
€4
&3
o E
02
=d

soy pea casein

Hip

soy pea casein beef

-—-——-——-—-——

350
300+
250
200+
150
100

0 T
soy

casein

beef

IBA1

GAPDH

IBA1

GAPDH

% vs control
(IBA1/GAPDH)

Cx

T

% vs control
(IBA1/GAPDH)

soy

T
pea

beef

casein

Hip

;

% vs control
(IBA1 intensity)

350

150+

a 3
L 1

o

casein beef

soy casein



Fig. 2 Analysis of microglial marker expression in 4-month-old male

SAMPS mice fed different diets. Western blot analysis and relative den-
sitometries of IBA1 expression in the frontal cortex (a, b) and hippocam-
pus (c, d) of male SAMPS mice. Immunofluorescence analysis and rela-
tive quantification (e—1) of IBA1 expression in the frontal cortex of male
SAMPS8 mice fed the soy (e, k) and casein (h, k) protein diets and in the
hippocampus of male SAMPS8 mice fed the soy (f, g, 1) and casein (i, j, 1)
protein diets. Values are the mean + SE of 6 animals for Western blot
analysis and of 4 animals for immunofluorescence analysis, *p <0.05 vs
soy-protein diet, Student’s 7 test.

explore reactive astrogliosis, we performed GFAP immuno-
staining in frontal cortex (Fig. 4e, h, k) and hippocampus (Fig.
4f, g, 1, j, 1) sections. GFAP signal intensity showed a statisti-
cally significant increase in the frontal cortex of mice fed the
casein-protein diet (Fig. 4h, k and Supplementary Fig. 1g; n =
4 per dietary group, p < 0.01) compared to mice fed the soy-
protein diet (Fig. 4e, k and Supplementary Fig. 1e). No sig-
nificant differences were detected in hippocampus sections
(Fig. 41, g, 1, j, | and Supplementary Fig. 2F, H).

Considering the increased evidence of myelination in-
volvement in dementia [41, 42], we also analysed
oligodendrocyte-associated markers. OLIG2 protein expres-
sion analysis and relative densitometries of frontal cortex
(Fig. 5a, b) and hippocampal (Fig. 5d, ¢) samples showed
statistically decreased levels in the frontal cortex of the casein
and beef-protein diet groups compared to the soy-protein diet
group (Fig. 5a, b; n = 6 per dietary group, p < 0.05). We also
performed OLIG2 immunofluorescence staining in frontal
cortex (Fig. 5g, j, m) and hippocampus (Fig. 5h, i, k, 1, n)
tissue sections from the soy and casein-protein diet groups.
A statistically significant increase was detected in the hippo-
campus of the casein-protein group (Fig. 5k, I, n; n = 4 per
dietary group, p < 0.01) compared to the soy-protein group
(Fig. 5h, i, n). MAG protein analysis and relative densitome-
tries of frontal cortex (Fig. 2a, ¢) and hippocampus (Fig. 2d, f)
showed a statistically significant decrease in the cortex of
male SAMP8 mice fed the casein-protein diet (Fig. 5a, ¢; n
= 6 per dietary group, p <0.05) and in the hippocampus of the
beef-protein group (Fig. 5d, f, p < 0.05) compared to the
respective soy-protein group.

Neurogenesis and Growth Factor Expression

We aimed to investigate whether differences in behavioural
performance could influence neurogenesis. To this aim, we
analysed adult neurogenesis by performing immunofluores-
cence staining against the immature-neuron marker DCX
(Fig. 6e—1). However, we did not observe significant differ-
ences in neurogenesis neither in the frontal cortex (Fig.
6e, h, k and Supplementary Fig. 2I, K) nor in the hip-
pocampus (Fig. 6f, g, i, j, | and Supplementary Fig. 2J,
L) of 4-month-old SAMP8 mice.

We then aimed to analyse the expression of growth
factors involved in neuronal survival and glial function. We
focused on one of the most important trophic fac- tors
involved in neuronal survival, BDNF [43]. However,
BDNF protein expression analysis and relative
densitometries of frontal cortex and hippocampus sam- ples
(Fig. 6d; n = 6 per dietary group) showed no sig- nificant
differences in any of the dietary groups. On the other hand,
we analysed the expression of TGFB factors and receptors,
involved in oligodendrocyte precursor cell (OPC)
proliferation and differentiation [44, 45], neuronal plasticity
and survival [46, 47] and microglial maturation [48].
TGFBI protein expression and relative densitometries in
frontal cortex and hippocampus sam- ples (Supplementary
Fig. 3A-B, G-H, n = 6 per dietary group) showed a
statistically significant increase in the frontal cortex of the
pea-protein diet group compared to the soy-protein diet
group (Supplementary Fig. 3A, B; p
< 0.05). No significant changes in TGFB2 expression
were detected (Supplementary Fig. 3A, C, G, I). In ad-
dition, TGFBR1 and TGFBR2 protein expression and
relative densitometries in frontal cortex and hippocam- pus
extracts (Supplementary Fig. 3D-L; n = 6 per die- tary
group) showed a statistically significant increase in
TGFBRI levels in the hippocampus of the casein and beef-
protein diet groups (Supplementary Fig. 3J, K). No other
statistically significant differences in TGFBRI1 nor
TGFBR2 protein expression were detected. Interestingly,
a pattern of lower TGFBR2 bands was detected in the
soy-protein diet group.

Autophagy-Related Marker Expression

We analysed the expression of the autophagy-associated
markers AMPK and LC3B. AMPK protein expression
analysis and relative densitometries showed decreased
levels in the frontal cortex of the beef-protein diet group.
This  decrease  was statistically  significant
(Supplementary Fig. 4A, B; n = 6 per dietary group, p
< 0.05). No other significant differences in AMPK levels
were detected. In a similar way, LC3B protein expression
analysis and relative densitometries showed decreased
levels in the frontal cortex of the beef- protein diet group
compared to the soy-protein diet group (Supplementary
Fig. 4A, C) (n =6 per dietary group, p <0.05). On the other
hand, we observed a statistically significant increase in
LC3B levels in the hippocampus of the pea-protein diet
group compared to the soy-protein diet group (p < 0.05;
Supplementary Fig. 3D, F).

A summary of all protein expression results is reported in
Supplementary Tables 5 and 6.
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Discussion

Here, we evaluated the effect of chronic dietary regimens, in
which the protein component is provided by soy/pea protein
(plant origin) or by casein/beef protein (animal origin)
without changing other components or caloric con- tent, on
hippocampal-dependent memory in male SAMP8 mice.
Increasing evidence shows differences between males and
females including regional differences in microglial
phenotype and activation [49]. Despite this, in this study, we
focused on male mice, partly to reduce the number of
animals used, since female mice may show a higher latency
time in the inhibitory avoidance test, when compared to
males [50]. Oral administration of soy pep- tides to SAMP8
mice has been previously shown to pre- vent cognitive
decline [51]. Moreover, administration of bovine casein-
derived peptides prevented cognitive de- cline in an acute
model of AD [52]. However, no study has been published
on the effect of dietary protein source on memory in SAMPS
mice, which may better represent sporadic forms of
dementia. The differences observed in memory retention
among the different dietary groups could be partly
explained by the amount of isoflavones contained in soy,
particularly genistein and daidzein, which are not present
in the other dietary protein sources used, although the
amount of isoflavones in soy-protein isolate is much lower
compared to whole soybeans [53]. Isoflavones are known to
have several biological effects, including the enhancement
of cognitive function [54, 55]. Therefore, even small
amounts of isoflavones in the diet could still have a positive
effect on cognitive functions. On the other hand, it could be
that the casein and beef- protein diets worsen cognitive
performance, partly due to the induction of an increased
inflammatory status and in- creased disruption of the blood-
brain-barrier, which would allow peripheral inflammatory
mediators enter the brain and thus compromise cognitive
function [19]. While the four dietary protein sources used in
this study provide all essential amino acids, there are
differences in the amounts of each single amino acid they
provide (see Supplementary Table 1). Thus, we cannot
exclude that these amino acid content differences could
affect the re- sults we observed. In fact, methionine
restriction has been associated with reduced inflammatory
maker levels in rats [56]. Casein and beef protein contain
around 500% and 300% higher methionine levels,
respectively, compared to soy and pea protein; thus, chronic
methionine differences could also impact memory in male
SAMP8 mice by influencing inflammation [57, 58]. This is
of particular importance to our study, given the involvement
of neuro- inflammation in AD and other neurodegenerative
dis- eases. Neuroinflammation, due to microglial activation,
can influence memory consolidation and may be

modulated by diet [59, 60]. We therefore focused on
microglial and inflammation-associated markers. In fact, the
increased protein expression and immunofluorescence
signal of IBA1, a calcium-binding EF protein that is up-
regulated in activated microglia and macrophages [61],
which we detected in the hippocampus of male SAMPS8 mice
fed the casein-protein diet, suggest that microglial activation
may already be taking place at 4 months of age.
Moreover, the reduction in cortical TREM2 protein levels,
a phagocytosis receptor expressed by M2- phenotype
microglia, suggests that microglial cells may have started
shifting towards a pro-inflammatory M1-like phenotype at 4
months of age in the animal-protein diet groups. To
investigate whether the previously mentioned microglial
changes could influence communication with neurons, we
analysed the expression of CX3CLI1, which is normally
expressed by neurons. CX3CL1 plays an im- portant role in
the crosstalk between neurons and microg- lia, the latter
expressing CX3CRI1, the receptor that binds CX3CL1 [62].
In addition, while CX3CL1 is membrane- bound, it can be
cleaved by secretases and the intracellu- lar domain left after
cleavage can be transported back into the nucleus and st
imulates neurogenesis [ 63 ]. Furthermore, we
analysed other neuroinflammation markers not confined
only to microglia, such as TNFA, a cytokine that is
produced by several cell types in the body. In the brain, the
main sources are microglia and astrocytes, although neurons
can also release TNFA dur- ing extreme pathological
conditions such as ischaemia [64]. In pathological
conditions, microglia and astro- cytes release large amounts
of TNFA  which  contribute  remarkably  to
neuroinflammation [65, 66]. Moreover, TNFA can display
anti-neurogenic effects in vitro and in the adult brain by
blocking cell division and inducing progenitor cell death
[67, 68]. Thus, the decreased levels of intracellular
CX3CL1 fragment in the cortex and the increased levels
of TNFA protein in the hippo- campus we observed, suggest
that neurogenesis could be impaired during later stages of
the disease in these areas, at least in male SAMP8 mice
fed the casein- protein diet. Neurogenesis in the adult
brain decreases with ageing [69], as well as in animal
models of de- mentia, including SAMP8 mice [70, 71]. On
the other hand, strategies that increase the number of
newly formed neurons, such as exposure to an enriched envi-
ronment, improve behavioural performance in mice [72].
Here, we observed a slightly decreasing trend in DCX
staining both in the cortex and hippocampus of 4- month-
old male SAMPS mice fed the casein diet, al- though this
was not statistically significant. Nonetheless, a
recent study in AD patients showed that adult human
hippocampal neurogenesis drops dramati- cally compared
to healthy age-matched controls [73].
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Fig. 4 Analysis of astrocytic marker expression in 4-month-old male

SAMPS mice fed different diets. Western blot analysis and relative den-
sitometries of GFAP expression in the frontal cortex (a, b) and hippo-
campus (¢, d) of SAMP8 mice. Immunofluorescence analysis and relative
quantification (e—1) of GFAP expression in the frontal cortex of male
SAMPS8 mice fed the soy (e, k) and casein (h, k) protein diets and in
the hippocampus of male SAMPS8 mice fed the soy (f, g, 1) and casein (i, j,
1) protein diets. Values are the mean + SE of 6 animals for Western blot
analysis and of 4 animals for immunofluorescence analysis, *p <0.05,
**p <0.01 vs soy-protein diet Student’s 7 test

With our current results, we cannot conclude whether
microglial activation at this stage is beneficial or detri-
mental. However, recent evidence obtained through
magnetic resonance imaging and positron emission to-
mography imaging, shows that microglial activation may
have a beneficial effect in the early stage of AD. Namely,
microglial activation was positively associated with higher
hippocampal volume and higher grey matter volume in
patients with MCI [74]. In addition, astrogliosis has
previously been reported in the brain of 4-month-old
male SAMPS8 mice by immunolabelling against GFAP [27],
which we also observed in the cor- tex of mice fed the
casein-protein diet through immuno- fluorescence analysis.
While astrogliosis and increased blood-brain barrier
dysfunction have previously been re- ported in wild-type
mice fed a 50% casein-protein diet [19], here we detected
astrogliosis in the hippocampus and cortex of 4-month-
old male SAMP8 mice fed a lower percentage of dietary
protein, namely 18% of casein-protein in the diet, further
supporting an effect of animal-prote in diets towar
ds gliosis and neuroinflammatory conditions. This in
turn could influ- ence memory in male SAMP8 mice.

Considering the changes described above in microglia and
astrocytes and the increased evidence of myelination involve-
ment in dementia [41, 42], we also analysed oligodendrocyte-
associated markers. While oligodendrocytes have not been
extensively studied in AD, they represent up to 75% of glial
cells in the brain [75]. However, evidence of demyelination/
aberrant myelination in AD has been reported, specifically in
the hippocampus and the anterior cingulate [76]. It has also
been reported that OLIG2 upregulation, a transcription factor
required for oligodendrocyte specification and differentiation
[77, 78], identifies oligodendrocyte progenitor cells
responding to demyelination in the CNS [78]. However, we
revealed a slight but significant decrease in OLIG2 expression
by Western blotting in the frontal cortex of mice fed the casein
and beef-protein diets, which could indicate that an attempt to
remyelinate is being halted. On the other hand, we cannot
exclude that OLIG2 is upregulated in other brain cells at this
stage. However, OLIG2 immunofluorescence staining re-
vealed a significant increase in OLIG2-positive cells in the
hippocampal dentate gyrus of animals fed the casein-protein

diet, which could suggest an attempt to remyelinate is taking
place locally in this brain region. Also, reduced MAG levels in
the brain of AD patients have been associated with white
matter ischaemia during lifetime [79]. Therefore, to further
elucidate the involvement of oligodendrocytes, we also
analysed the expression of MAG, a component of myelin
important for maintaining axonal integrity and axon-glia con-
tact [80]. While we observed reduced MAG levels by Western
blotting in the frontal cortex and hippocampus of 4-month-old
male SAMP8 mice in the casein and beef-protein diet groups,
we did not evaluate small vessel disease. Reduced expression
of MAG and OLIG2 has been observed in the white matter of
the frontal lobe in humans with AD, suggesting that
oligodendrocytopathy may be a part of AD [81]. Although
4-month-old SAMPS8 mice may represent the early stages of
AD, the exacerbation of inflammation (decreased expression
of TREM2 and CX3CLI1 in the cortex) observed with the
casein and beef diets may accelerate the decrease of OLIG2-
positive cells and the expression of myelin associated proteins
such as MAG, as observed in more advanced stages of AD in
humans. On the other hand, TGFB factors and their receptors
play a significant role in oligodendrocyte precursor cell (OPC)
proliferation and differentiation [44, 45], as well as in neuro-
nal plasticity and survival [46, 47]. Moreover, TGFB signal-
ling plays an important role in microglial maturation [48] and
loss of TGFB signalling contributes to increased microglial
activation [82].

Decreased hippocampal TGFBI1 levels have been previ-
ously reported in an AD mouse model, where intraventricular
infusion of TGFBI restored synaptic plasticity and memory
loss [83]. However, we did not detect any decrease in TGFB1
levels in 4-month-old male SAMP8 mice. Interestingly, the
pea-protein diet group showed increased TGFBI levels. It has
been previously shown in rodents that TGFBI1 levels increase
in the prefrontal cortex during learning, after the first training
session and then return to normal levels [84]. On the other
hand, the same study showed that TGFB1 levels decrease in
the left hippocampus but increase in the right hippocampus
after learning. Here, the whole hippocampus was used for
Western blotting analysis. Increased TGBF1 levels after learn-
ing may persist longer in mice fed the pea protein diet, com-
pared to the other dietary groups where TGFBI levels return
to basal levels. Also, mice were sacrificed one day after the
second day of learning (on day 3); thus, this could have influ-
enced the expression of TGFB1. On the other hand, increased
TGFB2 levels have been reported in the frontal cortex and
hippocampus of AD patients, which seems to be an indication
of neuronal death [85, 86]. However, we observed no signif-
icant differences in TGFB2 levels. This could depend on the
fact that all human brain samples analysed were from patients
in the end stage of AD, whereas our results were obtained in 4-
month-old male SAMPS8 mice, which represent an early stage
of the disease. In the CNS, TGFBR2 is predominantly
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Fig. 5 Analysis of oligodendrocyte-associated marker expression in 4-
month-old male SAMP8 mice fed different diets. Western blot analysis

and relative densitometries of OLIG2 (a, b) and MAG (a, ¢) expression in
the frontal cortex and OLIG2 (d, e) and MAG (d, f) expression in the
hippocampus (c, d) of male SAMPS8 mice. Immunofluorescence analysis
and relative quantification (g—n) of OLIG2 expression in the frontal cor-
tex of male SAMPS8 mice fed the soy (g, m) and casein (j, m) protein diets
and in the hippocampus of male SAMP8 mice fed the soy (h, i, n) and
casein (k, I, n) protein diets. Values are the mean + SE of 6 animals for
Western blot analysis and of 4 animals for immunofluorescence analysis,
*p<0.05, **p <0.01 vs soy-protein diet, Student’s 7 test

expressed by neurons, compared to glial cells [87]. However,
both TGFBR1 and TGFBR2 expression appear to be impor-
tant for OPC differentiation and consequent myelination [88].
Thus, alterations in TGFB signalling could affect neuronal
survival, microglial activation and oligodendrocyte differenti-
ation into myelinating oligodendrocytes. Increased TGFBR1
and TGFBR2 levels have been previously detected in reactive
glia in the frontal cortex of AD patients compared to healthy
controls [89]. Here, we observed a statistically significant in-
crease of TGFBRI1 in the hippocampus of 4-month-old
SAMPS mice fed the casein and beef-protein diets, which
could influence increased glial activation, myelination alter-
ations and ultimately cognitive performance, namely memory.
Moreover, hyperactivation of TGFB signalling in astrocytes
has been associated with increased blood-brain barrier dys-
function in aging rodents and humans [90]. Increased
TGFBRI expression in the hippocampus of mice fed the ca-
sein and beef-protein diets could be associated with astrocyte
activation, which we detected in the hippocampus of 4-month-
old male SAMPS8 mice fed the casein-protein diet through
GFAP immunofluorescence, potentially secondary to blood-
brain barrier dysfunction [19]. While we did not detect astro-
cyte activation in male SAMPS8 mice fed the beef-protein diet,
this might have as well been detected by GFAP immunofluo-
rescence, which we did not perform. The increased TNFA
expression we observed in the hippocampus of male SAMP8
mice fed the casein and beef-protein diets may in turn
exacerbate astrocyte activation and influence TGFB receptor
signalling. On the other hand, albumin has been reported to
bind directly to TGFB receptors, induce their internalisation
and activate TGFB signalling [91]. If increased blood-brain
barrier dysfunction is present in male SAMP8 mice fed the
casein and beef-protein diets, favouring albumin transvasation
and accumulation in astrocytes [90], this could partly explain
the increased expression of TGFBR1 and TGFBR2 without
increased TGFBI1 expression, at least at 4 months of age.
However, since TGFBR2 expression increases also in male
SAMPS mice fed the pea-protein diet, with the currently avail-
able data, we are unable to provide an explanation for this and
further analyses will be required.

Autophagy is a physiological process regulating protein
degradation and cytoplasmic turnover of cellular components
[92]. Moreover, autophagy plays a crucial role in the central
nervous system and its impairment can lead to neuronal death
[93]. Alterations of the autophagic flux have been observed in
NDDs, including AD [94]. Alteration of the autophagy pro-
cess has previously been reported in SAMPS mice as shown
by increased LC3B expression in the hippocampus and frontal
cortex of 7- and 12-month-old mice [95]. Moreover, BECLIN
expression, another marker associated with autophagy activi-
ty, showed first an increase at 7 months of age and then a
decrease at 12 months of age in SAMPS8 mice. This suggests
that the autophagy flux may increase in earlier phases of AD,
perhaps as a protective mechanism and then decline with
ageing/later phases of AD. The decrease in expression levels
of LC3B protein in 4-month-old male SAMPS8 mice fed the
beef-protein diet may suggest that autophagy could be already
impaired in the early phases of dementia due to this dietary
protein source. On the other hand, the pea-protein diet may
exert a protective effect by increasing LC3B expression in the
hippocampus of male SAMPS8 mice. The reduction in total
AMPK levels we observed in male SAMP8 mice fed the ca-
sein and beef-protein diets could be another indicator of re-
duced autophagic flux, although we did not analyse the levels
of activated AMPK, phosphorylated on threonine 172 [96].
Moreover, it is known that AMPK is one of the kinases re-
sponsible for tau phosphorylation [97]. However, we cannot
speculate on the effects that reduced total AMPK levels could
have on tau phosphorylation.

One of the main limitations of our study is the fact that only
male mice were used for experiments. Increasing evidence
shows clearly differences between the male and female rodent
brain, particularly regarding microglial phenotype, activation
as well as transcriptional and translational differences [49, 98].
Moreover, male and female mice display differential
neuroinflammatory responses [99]. Therefore, our results can-
not be generalised, and the same experiments should be per-
formed in female mice to obtain a wider picture of the effect of
dietary protein source.

In conclusion, the results show how dietary protein source
alone can impact memory, inflammation and myelination in
male SAMP8 mice. This could be due partly to the presence of
isoflavones and methionine restriction or increased blood-
brain barrier permeability to inflammatory factors.
Moreover, we cannot exclude the direct involvement of the
gut microbiome, although further studies are needed to sup-
port this. The different diets used in this study were fed as a
preventative strategy from 1 month of age. It would be valu-
able to test the potential therapeutic effects of the soy-protein
diet on mice previously fed the casein or beef-protein diets,
before symptom onset. The protein source in commercially
available diets for mouse model research may be, among
others, soy based, casein based, a mixture of soy, casein and
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Fig. 6 Analysis of neurotrophic factor expression and neurogenesis in 4-

month-old male SAMPS mice fed different diets. Western blot analysis

and relative densitometries of BDNF expression in the frontal cortex (a,
b) and hippocampus (¢, d) of male SAMP8 mice. Immunofluorescence
analysis and relative quantification (e—1) of DCX expression in the frontal
cortex of male SAMPS8 mice fed the soy (e, k) and casein (h, k) protein
diets and in the hippocampus of male SAMPS mice fed the soy (f, g, 1)
and casein (i, j, l) protein diets. Values are the mean + SE of 6 animals for
Western blot analysis and of 4 animals for immunofluorescence analysis,

Student’s ¢ test

fish protein or a mixture of plant-based proteins. Therefore,
care should be taken when interpreting results depending on
the dietary protein source chosen, particularly regarding dis-
eases where inflammation and memory are affected.
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