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1 | INTRODUCTION

The “Western” diet that combines high saturated fat, sugar, and
salt (HFSS) is an important risk factor for many chronic disorders,
including stroke, diabetes, hypertension, obesity, coronary artery
disease, cognitive impairments, and Alzheimer's disease (AD).}°
Consumption of a Western diet with a single or double high fea-

ture of fat, sugar, and salt exacerbates metabolic disturbances’1°

7912 and is associated with

and oxidative stress in the entire body,
microglial activation in the cortex, as well as motor function distur-
bances.®® Epidemiology has shown that diet has profound effects
on neurodegeneration-involved aging.}* Complications induced
by a Western diet increase the risk of early development of aging-
associated brain disorders.}>*¢ Long-term consumption of a high salt

4,17,18 while

diet induces somatosensory and cognitive dysfunctions,
exacerbating age-associated cognitive and behavioral dysfunctions
by affecting the brain redox balance.'’

(Met)

has the potential for treating brain disorders and is effective in

Metformin (1,1-dimethylbuguanide hydrochloride)

managing metabolic disorders, including diabetes and hyperten-

19-21 through its insulin-sensitizing effect, which lowers glu-

sion,
cose and free fatty acid levels. Met is also a potentially effective
treatment for Parkinson's disease,?? ischemic brain disease,?
diabetes-allied dementia and cognitive decline,?*2% Huntington's
disease,?” and AD.?® Met also attenuates aging-associated neuro-
degeneration.zc’)‘31 Therefore, Met could be used to curb neuro-
degenerative disorders associated with the combination of diet
and aging.

Many reports have described the unhealthy effects of a sin-
gle or double high feature of fat, sugar, and salt in Western diets.
However, Western diets are usually high in all three of these
components. To address this vital gap in knowledge, we assessed
here the effects of a HFSS diet on motor-muscular and sensory
behaviors, as well as on neuronal loss by Western blotting and
by immunohistological measurement of the levels of the M1-like
inflammatory and M2-like inflammation-resolving phenotypes of
microglia cells in the cerebral cortex.3?3¢ We also explored the
effects of HFSS on the accumulation of phosphorylated tau (pTau)
and beta-amyloid (AB), which are the biomarkers and postulated
causes of AD pathogenesis.#1¢18:3337-41 |y addition, we deter-
mined whether metformin treatment would ameliorate any dele-
terious effects of HFSS diet.

Peripheral sensory behavior is controlled by the sensory cortex,
while the motor cortex is critical for controlling muscle reflexes and
strength.42'43 We used a novel approach that incorporated con-
sumption of HFSS by C57BL/6 mice from 20 to 22 months of age.
This age approximates human aging from 56 to 68 years of age,**™*#
an apparently critical entry phase of the aged portion of the human
lifespan that is likely to be important in the neurodegeneration as-
sociated with the combination of HFSS and aging. The results of this
study provide mechanistic insights into microglial phenotypes and
suggest the intervention using metformin to curb the onset of neu-
rodegenerative diseases.

2 | MATERIALS AND METHODS

21 | Animals

The Louisiana State University Health Science Center (LSUHSC)
IACUC committee approved all the animal procedures. C57BL/6
(B6) mice were maintained at LSUHSC at a controlled temperature
of 25 + 2°C and 50%-65% humidity with a fixed 12:12 h light-dark
cycle. The animal data report has followed the ARRIVE guidelines.48

2.2 | HFSS Western diet and metformin treatment
Twenty-month-old male Bé6 mice were randomly separated into
three groups (n = 4 in each group): (A) normal diet (ND); (B) HFSS
diet; and (C) HFSS with metformin injection (Sigma, 100 mg/kg body
weight) (HFSS + Met). Mice in the HFSS and HFSS + Met groups
were fed a diet (ad libitum) with high fat [41% of the total kcal (44%
saturated and 56% unsaturated)], high refined sugar [39% kcal (27%
kcal sucrose +12% kcal maltodextrin-10) sugar], and 0.25% salt
(NaCl by weight) (D12079B, Research Diets, Inc.), as well as a high
salt water drink (1% NaCl for 7 weeks, followed by 4% salt for 4 days
and then 3% salt for a week). The ND consisted of 10% kcal fat,
73% kcal carbohydrate (corn starch, 82.2% plus maltodextrin-10%,
17.8%, by weight), 17% kcal protein, and 0.25% salt, and tap-water
drink contained <0.02% salt. Our design of the HFSS diet was based
on previous studies on Western diets, although all reported studies
focused on the single or double high feature of fat, simple sugar, and
salt.#18:37-394950 Al the mice were separated into two groups and
fed either the ND or HFSS diet for two months. During the second
month of the diet, one set of mice from the HFSS group was treated
with metformin (Sigma, 100 mg/kg body weight, i.p., every two days
for a month) and designated as the HFSS + Met group.

2.3 | Loaded grid test

This test is based on the tendency of a mouse, when suspended by
the tail, to grasp a grid with its forelimbs.”* Here, weights of specific
mass are hung from the grid, and the total time the mouse held a
given weight was used as an assessment of motor-muscular strength.
Mice were habituated for 60 min before the tests. Prior to the test,
the body weight of the mouse was recorded to allow normalization of
the body weight. The mouse was held by its tail and allowed to grasp
the weighted grid. Trials were provided with different weight meas-
ures. A resting period of 5 min was provided for each mouse between
each series of pulls to allow recovery and to avoid habit formation.

2.4 | Hot water tail flick test

This test evaluates the animal's sensitivity to a hot temperature.52
The mice were habituated to the experimental setting for 60 min. A
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500 ml glass beaker filled with 450 ml distilled water was warmed
on a hot plate to the specified temperatures (ie, 42 and 55°C). The
water temperature was monitored with a glass thermometer and
maintained throughout the experiment. Approximately 5 min before
the test, the mouse was removed from the cage and allowed to crawl
into a precut 50 ml tube. The tail was marked with waterproof ink
3 cm from the distal tip. The tube holding the mouse was held in
a horizontal position to allow the distal 3 cm of the tail to be sub-
merged in the preheated water bath. The tail submersion time was
limited to 30 s. The flicking movement of the tail out of the water
was recorded as the tail flick time and recorded accordingly. Each
mouse underwent four trials, with a 10 min interval between each

trial.
2.5 | Tissue collection and processing for
immunohistochemistry

After behavioral assessments, mice were anesthetized with keta-
mine and xylazine and then sacrificed through decapitation. One
cerebral hemisphere of each mouse was preserved in 4% paraform-
aldehyde and then cryoprotected in phosphate-buffered sucrose
gradients (10%, 20%, and 30%) at 4°C until the tissue settled at the
bottom. After processing, coronal sections of the motor and sensory
cortex were sequentially cut at a thickness of 15 um using a cryostat
(Shandon Cryotome SME). The sections were collected serially on
Superfrost slides (Fisher Scientific) and stored at -20°C until used

for immunohistological studies.’®

2.6 | Immunohistochemistry

The co-immunolabeling was done as previously described.”®"%°
Briefly, the tissues were permeabilized with 0.5% Triton X-100, and
non-specific proteins were blocked with 3% normal serum (dis-
solved in washing buffer). The sections were then washed three
times with washing buffer for 5 min each and incubated overnight
at 4°C with the following primary antibodies: Iba-1 (1:500; Rabbit
polyclonal; FujiFilm), Arg-1 (1:500; mouse monoclonal; Santa Cruz),
iNOs (1:500; Rat monoclonal; Invitrogen), pTau (1:500; Rabbit pol-
yclonal; pSer199/202, Cat.# 44-768G, ThermoFisher Scientific),
NeuN (1:500; mouse monoclonal, Cat. #104224, Abcam), Amyloid
beta (Ap; 1:4000; MOAB-2, mouse monoclonal, Millipore), and col-
lagen-1V (Col-1V, 1:500; rabbit polyclonal; BioRad). For double labe-
ling, cocktails were prepared that kept the different host species of
the primary antibodies under consideration. The sections were then
given three washes and incubated for 90 min at room temperature
with the appropriate secondary antibodies, including Alexa 488 and
Alexa 568 (1:500 for each; Invitrogen). The sections were then given
four 10 min rinses with buffer and mounted with agueous mount-
ing media (Aqua Mount; Lerner Laboratories). Comparable immu-

nostaining was ensured by processing all the sections together at

the same time under the same conditions. The primary antibodies

were omitted in the negative controls.

2.7 | Cell quantification and analysis

Cell quantification was done on sections stained with the standard
immunofluorescence method.”®™>? The cell populations per micro-
scope field were estimated in the motor and sensory cortexes. Equal
areas were assessed in every section by applying an 1162.5 um
frame encompassing the anatomical areas of interest to ensure that
counts were representative of the analyzed areas. Microimages
of the motor and sensory cortex regions located between bregma
0.74 mm and 0.02 mm, respectively,’® were photographed with a
Zeiss LSM710 confocal microscope. Only tissue sections corre-
sponding to those coordinates were included in the quantification to
ensure that the regions of interest were equivalent among animals
and experiments. Co-localization and cell counts were analyzed on
20x and 40x magnification images. Two proteins (one stained green
and the other stained red) were considered as co-localized at the
section sites that displayed yellow from the superimposition of the
red and green light. Nuclei were stained blue with DAPI. Cell popula-
tion percentages and levels of specific proteins (labeling intensity
integrated) were analyzed on the digital images using the NIH Image
J software and specific plugins (http://rsb.info.nih.gov/ij/download.
html).>#5° Iba-1* microglia that were Arg-1* or iNOs* were counted
under the confocal microscope. The measurement settings for every

sample were kept the same throughout the quantification.

2.8 | Western blotting analysis

The other hemisphere of the brain was snap-frozen, homogenized,
and lysed in buffer containing protease and phosphatase inhibitors
(ThermoFisher) and analyzed by Western blotting, as described.®%¢?
In brief, the lysates were centrifuged at 14,000 rpm for 25 min at
4°C. Supernatant protein concentrations were then determined
using the BCA method (Cat. #23227, Thermo Scientific), and the
samples were then boiled for 5 min in Laemmli's sample buffer (Cat.
# 1610737, Bio-Rad). Equal amounts of protein were separated on
SDS-polyacrylamide gels (Cat. Cat No: #4561105, Bio-Rad) and
then transferred to polyvinylidene fluoride membranes (Cat. No:
IPVH00010, Immobilon-P, Thermo). The membranes were then
blocked with TBST solution (50 mM Tris-HCI, pH 7.5, 150 mM NacCl,
and 0.1% Tween 20) containing 5% non-fat dry milk at 4°C for 1 h.
The membranes were then incubated overnight at 4°C with anti-
NeuN (1:1000; mouse monoclonal, Cat. #104224, Abcam) and anti-
GAPDH (1:1000; Cell Signaling, 2118S) in 3% BSA. After washing,
the membranes were incubated with secondary antibody diluted
in 3% BSA. Blots were imaged using a ChemiDoc detection system
(BioRad), and signals were quantified using Image Lab software
(BioRad).
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2.9 | Statistical analysis

Data were analyzed by Kruskal-Wallis (nonparametric) test followed
by Dunn test for the assessment of significant differences between
groups in case data that do not have normal distribution.®®%* The p-
values were adjusted by Holm method. Data were reported as dots
and lines (medians) in figures or as medians in text. The correlations
between specific microglia abundancies and Af or pTau levels in the
motor or sensory cortex were analyzed via Spearman's nonparamet-
ric method.®%%* RStudio (Version 1.4) was used. A p-value <0.05 was
considered statistically significant.

3 | RESULTS

3.1 | HFSS decreases motor-muscle grip strength

This strength measured by loaded grid test was used to assess the
motor-muscle functions®® that was hypothesized to be affected
by HFSS. The motor-muscle grip strength was lower in HFSS-fed
than in age-matched ND-fed mice (Figure 1A) when lifting a 30 g
(p = 0.0465) weight. No significant difference was observed for lift-
ing a 10, 20, or 40 g weight (data not shown). Met treatment did not
show effect on the muscle strength in HFSS-fed mice (Figure 1A).

3.2 | HFSS reduces heat sensitivity

We tested the prediction that HFSS attenuates the sensory function
by measuring the heat sensitivity of mice. The tail flick test with 55°C

(A) Loaded grid test  (B) Hot water tail flick test

= 0.0201
p=00230 P=0020

200 = 0.0465 06] —3

—~A—
m o m o0
T r he] [}
c c
3| e ar
3 3
m'T o| ®
£ = o
= I Il Normal Diet (ND)

-6
- e o & mmHFss
e & ] HFSS + Met

o— o

309 55 °C

FIGURE 1 Chronic HFSS consumption and Met on the motor-
muscular grip strength and sensory behavior of mice during aging.
A, HFSS-fed mice had a significant reduction in their motor-
muscular grip strength (lifting a 30 gram weight) compared with
ND-fed age-matched mice. B, tail flick test. HFSS consumption
reduced the mouse heat sensitivity at 55°C compared with the ND
control, as mice took more time to respond to the hot temperature.
Following Met treatment, the HFSS-fed mice showed improvement
in their sensitivity. Data are displayed as dots and lines (medians).

p < 0.05 is significant (n = 4 mice)

water revealed a significantly reduced heat sensitivity of the HFSS-
fed mice compared with age-matched ND-fed mice (p = 0.0230),
as the HFSS-fed mice took a longer time to respond to the heated
water (Figure 1B). Met treatment improved the heat sensitivity be-
havior in HFSS-fed mice compared with the untreated HFSS-fed
mice (p = 0.0201), indicating a protective effect of the drug. No dif-

ferences were observed with the 42°C water test (data not shown).

3.3 | Metformin enhances cerebral neuronal
density in the aging mice fed with HFSS diet

The neuroprotective action of Met was expected to counteract the
neurodegenerative potential of HFSS, thus was explored. The rela-
tive density of neurons assessed by NeuN by Western blotting in
the brains of aging male B6 mice displayed a tendency to decrease
in the HFSS group (p = 0.1302) (Figure 2). However, Met treat-
ment enhanced NeuN abundance in the brains of HFSS-fed mice
(p = 0.0060) (Figure 2B).

3.4 | Microglial responses to HFSS in the
motor and sensory cortexes of aging mice

Arginase-1 (Arg-1) is a commonly used marker for localizing alterna-
tively activated (ie, M2 phenotypic) microglia and macrophages that
are inflammation-resolving and reparative.?’z'33 In the ND-fed mice,
Arg-1 was normally expressed in the motor and sensory cortexes of
aging mice, and it co-localized with some Iba-1 protein of the Iba-
1" microglia processes and cell bodies. The microglia that expressed
Arg-1 are M2-type like Iba-1*Arg-1* microglia (Figure 3A a-d, m-p).
HFSS feeding caused a decline in Arg-1 expression and reduced the
co-labeling of Arg-1 in microglia cells, indicating a detrimental effect
of HFSS on the cortexes (Figure 3A e-h, g-t) of aged mice. Met treat-
ment increased Arg-1 expression and co-labeling with Iba-1 in the
cortexes of HFSS-fed (Figure 3 i-1, u-x) mice, indicating a neuropro-
tective effect of Met against detrimental HFSS consumption-related
and aging-associated changes.

HFSS group had lower abundancy of Arg-1fIba-1* (M2-like) mi-
croglia over total lba-1" microglia (ie, Arg-1"1ba-1*/Iba-1* microglia,
%) than ND group in motor (16.7% vs. 35.9%, p = 0.0239, Figure 3B
upper right) and sensory (15.5% vs. 31.0%, p = 0.0210, Figure 3B
lower right) cortexes. This HFSS effect was attenuated by Met
treatment as HFSS + Met group had 35.7% of Arg-1'lba-1*/Iba-1*
microglia in motor cortexes (p = 0.0208 vs. HFSS) and 32.9% of Arg-
1*Iba-1*/Iba-1* microglia in sensory cortexes (p = 0.0242 vs. HFSS).
These data indicated that the relative abundancy of inflammation-
resolving, reparative Arg-1" microglia was reduced in the motor
and sensory cortexes by HFSS, but the Met treatment curbed this
decline.

Another protein biomarker that is used to characterize microglia
is inducible nitric oxide synthase (iNOs), which is viewed as a marker
for the Mi1-like (classical activation/mediator of inflammatory
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FIGURE 2 Met treatment enhanced cerebral neuronal density in aging mice fed with HFSS. A, Western blotting images of NeuN in
cerebral hemispheres of HFSS-fed mice. B. NeuN/GAPDH optical density ratios of NeuN bands over GAPDH bands. The mice during aging
were treated with HFSS and/or Met. Normal diet (ND) is a control. Data are presented as dots and lines (medians). p < 0.05 is significant

(h = 3-4 mice)

response) phenotype.33 The HFSS-fed mice showed an increase in
iNOs-colabeled microglial cells (Figure 4A e-h, g-t) compared with
the ND-fed (Figure 4Aa-d, m-p) and the Met-treated (Figure 4A i-I,
u-x) groups. The expression of iINOs-colabeled Iba-1* microglia was
reduced following Met treatment in HFSS-fed mice (Figure 4A i-l, u-
x). HFSS augmented the abundancy % of iNOs*lba-1* microglia over
total Iba-1* microglia in the motor (from 11.7% for ND to 48.5% for
HFSS, p =0.0162, Figure 4B upper) and sensory (from 12.9% for ND
to 40.8% for HFSS, p = 0.0208, Figure 4B lower) cortexes. This HFSS
effect was damped by Met in motor (from 48.5% for HFSS to 14.1%
for HFSS + Met, p = 0.0310) and sensory (from 40.8% for HFSS to
14.6% for HFSS + Met, p = 0.0236) cortexes. The TNFa levels in
brains quantified via ELISA were consistent with the microglial phe-
notype switching presented in Figures 3 and 4 and confirmed the
pro-inflammatory effects of HFSS and the anti-inflammatory poten-
tial of Met (Figure S1).

Morphologically, the microglia in the HFSS group indicated se-
vere hyperactivation, as evidenced by more microglia with large
cell bodies (Figure 3A e-h, g-t; Figure 4A e-h, g-t) compared with
the ND group (Figure 3A a-d, m-p, Figure 4A a-d, m-p). There were
fewer Iba-1" microglia with large cell bodies in cerebral cortexes of
Met + HFSS-treated mice (Figure 3A i-l, u-x; Figure 4A i-1, u-x) than
of HFSS-treated mice (Figure 3A e-h, g-t; Figure 4A e-h, g-t). These
results suggest that HFSS increases microglia reactivity, whereas

Met tends to attenuate this increase.%®

3.5 | HFSS-increased accumulation of
phosphorylated tau protein (pTau) in the motor and
sensory cortexes

Tau and its phosphorylated form, pTau, are mainly involved in the
stabilization of microtubule structure and the assembly of tubulin
into microtubules. Overexpression of pTau is a hallmark of AD.%7¢®
Co-staining of mouse brain sections with NeuN antibody and
pSer199/202 pTau antibody revealed some pTau proteins along
NeuN™ nuclei in the motor and sensory cortexes with more or less
co-localization (yellow color) of pTau and NeuN (Figure 5A). The

pTau that co-localized with NeuN (pTau*NeuN*, yellow spots) was

very likely present in the neuronal soma. The ND-fed aging mice
showed visible pTau (green) accumulation in the motor and sensory
cortexes (Figure 5A a-d, m-p). The pTau expression level increased
profoundly in the HFSS-fed mice, indicating the harmful effects of
this diet on the motor and sensory cortexes (Figure 5A e-h and g-t,
and B). Analysis of pTau revealed a significantly larger intensity sum
of pTau® pixels (green) per microscope field in the HFSS-fed than in
the ND-fed mice in the motor cortex (Figure 5B upper, p = 0.0213)
and sensory cortex (Figure 5B lower, p = 0.0091). Met treatment
showed the trend of curbing HFSS-augment of pTau® levels in both
motor (p = 0.1404, insignificant) and sensory (p = 0.0499) cortexes
(Figure 5B left). HFSS also increased the abundancy of pTau® neu-
rons (pTauNeuN?, yellow), % among the NeuN*neurons in motor
(p = 0.0186) and sensory (p = 0.0067) cortexes and Met attenuated
such HFSS-linked increase of pTau*NeuN* neuronal abundancy in
motor (p = 0.0279) and sensory (p = 0.0624) cortexes (Figure 5B
right).

3.6 | Apdeposition along the Col-1V-labeled blood
vessels in motor and sensory cortex

B-amyloid (Ap) deposition along neurovascular units is another char-
acteristic of AD, in addition to the excessive expression of pTau.?¢-¢®
The co-localization of some Ap (green) and Col-VI* blood vessels (red)
has been revealed as yellow regions in the brain cortexes (Figure 6),
indicating Ap deposition in/on blood vessels of the cortexes. The
HFSS-fed mice had increased A deposition along (in or on) the Col-
IV-labeled (Ap*Col-IV*) blood vessels in cortexes compared with
ND-fed mice (Figure 6A e-h, g-t vs. a-d, m-p). Interestingly, Met
treatment reduced the Ap deposition along the col-1V labeled blood
vessels in cortexes in the HFSS + Met group than in the HFSS-fed
group (Figure 6A i-l, u-x vs. e-h, g-t).

Quantitative analyses confirmed that the median of the Ap*
pixel intensity sum per microscopic field in the motor cortexes
was larger in the HFSS-fed group than in the ND-fed (p = 0.0067)
or HFSS + Met (p = 0.1167) group (Figure 6B upper-left). A similar
pattern for this was observed in the sensory cortexes of the HFSS-
fed group compared with the ND-fed (p = 0.0049) or HFSS + Met
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FIGURE 3 HFSS diet decreased Arg-1-colabeled Iba-1* microglia in the motor and sensory cortexes, whereas Met reversed this trend.

A, Representative microimages of Arg-1-colabeled Iba-1" microglia in the motor and sensory cortexes in brain cryosections of aging

Bé6 mice fed with ND or HFSS and treated with or without Met. B, Abundancy, M2-like Arg-1*Iba-1* microglia /total Iba-1* microglia (Arg-
1*Iba-1*/Iba-1" microglia), % in the microscope field of the motor and sensory cortexes. Arrows annotate microglial cells with reprehensive
morphology. The magnified images at the most right column of “A” show the morphology and expression of Arg-1 (yellow) of Iba-1" microglia.
Data are presented as dots and lines (medians). p < 0.05 is significant (n = 4 mice). Scale bar =50 um
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(p = 0.1413) group (Figure 6B lower-left). No difference was ob-
served in the Col-IV* intensity sum per microscopic field between
groups (Figure 6A, quantitative data not shown).

Our statistical analysis indicated that the abundancy of M2-
like Arg-1"lba-1" microglia over total Iba-1* microglia (Figure 3)
is negatively correlated with the level of AB (Figure 6) or pTau or
portion of pTau*NeuN*/NeuN" cells (Figure 5) in the mouse brain
cortexes of HFSS, HFSS + Met, and ND groups [AB (r = -0.7193,
p =0.0106), pTau (r = -0.5088, p = 0.0936), and pTau"NeuN*/NeuN*
cells (r = =0.7614, p = 0.055) for the motor cortex; Ap (r = -0.6725,
p =0.0202), pTau (r = -0.7636, p = 0.0055), and pTau*NeuN*/NeuN*
cells (r = -0.7566, p = 0.0062) for the sensory cortex]. In contrast,
the abundancy of M1-like iNOs*Iba-1" microglia over total Iba-1* mi-
croglia in the microscopic field (Figure 4) is positively correlated with
the level of Ap or pTau or the abundancy of pTau*NeuN*/NeuN* cells
in the brain cortexes [Ap (r = 0.5874, p = 0.0489), pTau (r = 0.6783,
p = 0.0185), and pTau"*NeuN*/NeuN"* cells (r = 0.6294, p = 0.0323)
for the motor cortex; AB (r = 0.5895, p = 0.0457), pTau (r = 0.6316,
p = 0.0299), and pTau*NeuN*/NeuN"* cells (r = 0.6491, p = 0.0257)

for the sensory cortex].

4 | DISCUSSION

This study demonstrates that HFSS fosters neurological dysfunc-
tions in the aged mice on cerebral cortexes in motor-muscular
strength and sensory behavioral functions, and neurodegenerative
and microglial changes during aging. Our focus on HFSS has arisen
from findings that Western diets having a single or double high fea-
ture of fat, sugar, and salt promulgate some neurodegeneration-
related characteristics.#1837-394%50 Some of these effects are more
or less visible in rodents fed the diet for 2-8 months, depending on
the exact diet, animal strain, and age.4‘69’71 However, the real-world
Western diets are usually high in all three components (fat, sugar,
and salt) and are not well studied. This report has initially addressed
the knowledge gap on the potential consequences of a Western diet
combining HFSS on motor and sensory cortexes and related neuro-
logical outcomes. It also has provided a unique protocol of 2 months
feeding, a relatively short duration compared to other similar studies
in the field. Aging impairs the above functions and relevant cells and
molecules,”>”7> thereby contributing to the outcomes observed in
these old mice as they age from 20 to 22 months of age. Notably, this
HFSS diet did not result in a significant difference in body weights
(Figure S2) or blood glucose compared to the ND diet, suggesting
that obesity or diabetes could not account for the neurodegen-
erative effects of HFSS. Our observations of 20-22 months-old
B6é mice paralleled observation of a previous report showing that
10 weeks of a high-fat diet did not cause a significant change in the
body weights of 5xFAD mice, but accelerated the pathogenesis of
Alzheimer's-like disease.®”

We observed marked deficiencies in motor-muscular grip
strength and in heat sensitivities in HFSS-fed compared with ND-fed
aged mice. Although our behavior studies are preliminary because of

the small sample size in each group, the results are suggestive of sig-
nificant effects that warrant future studies. The alterations in motor-
muscular grip strength and sensory abilities have been explained by
neurotransmission modifications and cerebral atrophy in the motor
and sensory cortexes.”>76778 These changes are likely to affect the
cortico-cortical and corticospinal connectivity.

We also observed lower densities of neurons marked by NeuN
in the hemisphere of HFSS-fed mice than ND-fed mice, although
the difference was not significant (p = 0.1302). Previous studies
have shown neuronal death following the consumption of a high-fat
diet.”%”? By contrast, another recent study reported that consump-
tion of a high salt diet does not cause any neuronal death.* Our study
used HFSS, the combination of high fat, sugar, and salt common in
Western diets, with the assumption that these components together
would have a collective effect that could reduce motor-muscular grip
strength and sensory behavior in aged mice. These data suggest that
future studies should quantitatively delineate the effects of HFSS
on neuronal distribution in motor and sensory cortexes using larger
sample sizes.

Our results showed that Met attenuated the above detrimen-
tal effects of HFSS diet. Our Met treatment offset some HFSS-
induced defects of cortex-related behavior and neural cells in aging
mice (Figures 1-6), supporting a neuroprotective effect of Met
during HFSS consumption and aging-related neurodegeneration.
The beneficial actions of Met are known to extend beyond diabetes
management, since Met is also used in the treatment of various neu-

80-84

rodegenerative disorders, motor dysfunctions,85 aging,29 and

inflammatory signaling.sé’88

Previous studies reported more microglia with a reactive mor-
phology (large cell bodies) from the cerebral cortexes of aged mice
fed ND than in young adult mice fed ND.8%?° The HFSS diet resulted
in even more microglia with the reactive morphology in the aged
B6 mice compared with mice fed ND, consistent with increased
neuroinflammation.®® This observation is also in accordance with a
new genome-wide transcriptomic study that indicated heightened
chronic inflammation in aged microglia. A significant increase was
also noted for the inflammatory iNOs* microglia and a decrease in
the anti-inflammatory Arg-1* microglia in the cortexes, as well as an
elevation of TNFa levels in brains of the HFSS-fed aged mice com-
pared with the ND-fed aged mice (Figures 3,4, Figure S1). A high-fat
diet increases oxidative stress in both serum and tissues throughout
the body,”**!? consequently increases the influx of oxidative stress
radicals across the blood-brain barrier into the brain.®”! Excessive
oxidative radicals and inflammatory mediators, including TN Fo,® are
therefore likely to play a role in neurodegeneration, in the inflamma-
tory activation of microglia, and in the increased expression of iNOs
observed in cortexes of HFSS-fed aged mice, as observed in the
present study (Figure 4). In cortexes of the HFSS-fed aged mice, Met
treatment not only reduced the levels of inflammatory TNFa and
iNOs*-microglia, but also increased the level of anti-inflammatory
Arg-1" microglia, demonstrating an immunomodulating action of
Met on microglia cells (Figure S1, Figures 3,4). Moreover, aging im-

89,90

paired the regenerative functions of microglia, which is likely to
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FIGURE 4 HFSS diet increased the level of iNOs-colabeled Iba-1* microglia in the motor and sensory cortexes, whereas Met reversed this
effect. A, Representative microimages of iNOs-colabeled Iba-1* microglia in motor and sensory cortexes in brain cryosections of mice during
aging after treatment with ND or HFSS and/or Met. B, Abundancy, M1-like iNOs*Iba-1" microglia /total Iba-1" microglia (iNOs*lba-1"/Iba-1*
microglia), % in the microscope field of the motor and sensory cortexes. Arrows indicate microglial cells with representative morphology. The
magnified images at the farthest right column of “A” show the morphology and expression of iNOs (yellow) of microglia. Data are presented
as dots and lines (medians). p < 0.05 is significant (n = 4 mice). Scale bar =50 um
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FIGURE 5 HFSS diet augmented pTau abundance in the motor and sensory cortexes of mice during aging, whereas some of Met
treatment insignificantly curbed this HFSS effect. A, Microimages of pTau and NeuN in motor and sensory cortexes in brain cryosections. B,
left: intensity sum of pTau* green pixels per microscope field representing pTau levels in the brain cortexes; right: abundancy of pTau*NeuN*
/ NeuN*cells, % per microscope field in the cortexes of B6 mice. The magnified images at the farthest right column of “A” show the typical
expression and localization of pTau and NeuN. Data are presented as dots and lines (medians). p < 0.05 is significant (n = 4 mice). Scale bar

=50 um

interplay with HFSS in neurodegeneration and invites future study
to address the novel interaction.

HFSS augmented A clustering along blood vessels as well as
Ap and pTau accumulation in the cortexes (Figures 5 and 6). This

is consistent with the HFSS-induced reduction of Arg-1* microglia
and surge of inflammatory iNOs" microglia (Figures 3,4) because
Inflammatory phenotype of microglia has lower ability in phago-
cytosis to clean or reduce excessive Ap and pTau compared with
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FIGURE 6 HFSS consumption induced Ap accumulation in the vicinity of Col-IV* blood vessels in both motor and sensory cortexes of
mice during aging, whereas Met treatment tended to curb this induction. A, Typical microimages of Ap and Col-1V in the cortexes in the brain
cryosections of Bé mice. B, Intensity sum of Ap* pixels per microscopic field representing the densities of Ap deposition. Solid arrows: blood
vessels; hollow arrows: A deposits. Data are presented as dots and lines (medians). p < 0.05 is significant (n = 4 mice). Scale bar =50 um
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inflammation-resolving Arg-1* microglia.®?-%¢ In our results from ND,
HFSS, and HFSS + Met groups, there is a negative correlation be-
tween the M2-like Arg-1*Iba-1" microglial abundancy and the level of
AB or pTau or pTau*NeuN*cell abundancy in brain cortexes, whereas
the correlation between M1-like iNOs*Iba-1* microglia abundancy
and the level of AB or pTau or pTau*NeuN*cell abundancy is posi-
tive. Moreover, Ap and pTau can promote inflammation, thus switch
microglia to M1 type and foster neuroinflammation, neurodegen-
eration, and incidence of AD.323° ApB deposition in the vicinity of a
blood vessel wall can lead to vascular rupture and intracerebral hem-
orrhage.*®* Our results are consistent with the knowledge that M2
microglia are more effective than M1 microglia in the phagocytosis
of extracellular Ap and Tau/pTau, and that extracellular Ap and pTau
are pro-inflammatory, consequently may promote the switch from
M2 to M1 microglia.32'3"”91

The microimages acquired for co-staining of NeuN and pTau
(pSer199/202) revealed that HFSS also increased the pTau level in
cortexes and in NeuN" neuronal somas (pTau*NeuN®) of these cor-
texes.3236:66-68.92 These findings indicate that long-term consump-
tion of a combined HFSS diet might exacerbate AD susceptibility
and progression in the aged brain. Moreover, Met tended to curb
the accumulation of Ap along blood vessels and pTau, suggesting
neuroprotection by Met against AD-like changes and the aging
process.?t?%% Further experiments are warranted to determine
whether Met is more effective with longer treatment or at higher
doses. Whether Met prevents or promotes the removal of Ap and
pTau accumulation also warrants future investigation.

This exploratory study tested male mice only. Numerous studies
suggest the existence of sex differences in brain metabolism,”® mi-

97,98

croglial activation and neuroinflammation, and vulnerability to

brain injury,”‘100

which are involved in the AD neurodegeneration.
Thus, this study needs to be also conducted on female mice in the fu-
ture to test the prediction of sex differences on the effects of HFSS

diet and Met and involved mechanisms.

5 | CONCLUSIONS

Our data showed that aging male B6 mice fed a HFSS diet for
2 months developed motor-muscular and sensory defects and dis-
played an inflammatory switch of microglial phenotypes and TNFa
production. In addition, it demonstrates an increased burden of
AB and pTau in the motor and sensory cortexes. This study is the
first exploration, to the best of our knowledge, of the connec-
tion between a Western diet combining all components of HFSS
and the early events leading to impaired motor and sensory func-
tions in the aged. The HFSS-induced pathogenesis disclosed here
provides an effective window into mechanisms involved, while
targeting potential new therapeutic avenues. The ameliorating
neuroprotection of Met in HFSS-induced pathogenesis is promis-
ing and requires future investigation.loi’104 Additional exploration
of genetically traceable motor and sensory circuits will further
augment our understanding of HFSS-induced defects at both the

circuit and network levels. Relative to the lifelong dietary style of
some humans, our chronic HFSS treatment could be still too short;
therefore, a longer HFSS duration deserves future investigation.
HFSS, aging, and Met could also affect vascular structures and
blood pressure®%; thus, this possibility should be studied. We
recommend a more explorative paradigm in this area that examines
various aspects, such as longer time for the pathogenesis, different
Met dosages, the comparison of HFSS versus a Western diet with
single or double high levels of its three components at different
ages to identify the most critical factors leading to neurological
defects, and the effects of Met at different life stages to advance
the therapeutic approaches to curb pathogenesis. We anticipate
that the findings of this study could lead to improved tools for ef-
fective intervention and a better understanding of chronic neural

diseases, including AD.
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