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Acute Inflammatory Events Attenuate High-Sucrose Diet-Induced Spatial
Learning Deficits in Wild-Type Female Mice

Lane K. Bekar

Abstract

It is known that diabetic and chronic inflammatory conditions can
increase the risk of Alzheimer’s disease (AD)-like neurodegeneration.
However, in contrast to chronic inflammatory conditions, transient low-
grade inflammation may confer neuroprotection. As certain elements of
the diabetic/pre-diabetic state may sensitize the brain to inflammatory
insult (i.e. excess glucocorticoid activity), there is reason to believe that
obesogenic factors may allow ordinarily benign inflammatory stimuli to
precipitate the chronic inflammatory state oft observed in neurodegenerative
conditions. Also, given that most AD research utilizes male animal
models despite increased prevalence of AD among women, we sought to
characterize elements of the established (in males) high-sucrose model
of neurodegeneration, for the first time, in reproductively normal (pre-
menopausal) female mice. A high-sucrose diet (20% of the drinking water)
was combined with low-grade systemic intraperitoneal lipopolysaccharide
(LPS) injections (0.1 mg/kg; 1x/month over 3 months) over seven months
in reproductively normal female wild-type mice (C57Bl/6; n=10/group).
Although a deleterious synergistic effect was hypothesized, low-dose LPS
proved to protect against high sucrose diet-induced pathologies in female
wild-type mice. Results from our high-sucrose group confirmed that a
high-sucrose diet contributes to neurodegenerative processes in wild-type
females, as evidenced by exaggerated glucocorticoid expression, spatial
learning deficits, irregularities within the insulin pathway, and trends
toward increased B-amyloid production and Tau phosphorylation. While
LPS had little to no effect in isolation, it exerted a protective influence
when added to animals sustained on a high-sucrose diet. Corticosterone
homeostasis, and levels of amyloid-f (Ap) and pTau were rescued following
addition of LPS. The work presented supports a role for the high-sucrose

diet in the induction of neurodegenerative processes in female wild-type
mice and highlights a seemingly protective role for low-grade transient
inflammation against dietary-insult.

Affiliation:

Department of Pharmacology, College of
Medicine, University of Saskatchewan, Saskatoon,

Saskatchewan, S7TN 5E5, Canada

*Corresponding author:

Lane K. Bekar, Department of Pharmacology,
College of Medicine, University of Saskatchewan,
Saskatoon, Saskatchewan, S7TN 5E5, Canada

Keywords: High sucrose; lipopolysaccharide; neurodegeneration;
neuroinflammation; estrogen

Introduction Citation: Lane K. Bekar. Acute Inflammatory
Events Attenuate High-Sucrose Diet-Induced
Spatial Learning Deficits in Wild-Type Female
Mice. Archives of Microbiology and Immunology. 7

(2023): 290-305.

Alzheimer’s disease (AD) prevalence is estimated to double by the year
2050 [1, 2], with approximately two-thirds of patients expected to be females
over the age of 60. Sex hormones — estrogen in particular — are known to
exhibit anti-inflammatory and anti-p-amyloidogenic [3, 4] effects, which may
explain why the loss of estrogen [3, 5-7] following menopause is a likely risk
factor for development of AD-like neurodegeneration. Coincident with the
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burgeoning AD crisis are similar trends in obesity, diabetes,
and chronic inflammatory conditions, suggesting a role for
lifestyle factors in disease pathogenesis. Of concern, the bulk
of present dementia research relies on humanized genetic
mutations that account for less than 10% of all AD cases. As the
rate of increased incidence suggests it is unlikely for genetic
factors to be sole contributors to upward trends in disease
prevalence, non-transgenic animal models — particularly
those dealing with environmental and/or lifestyle-mimetic
stressors/risk factors — are needed to explore the pathogenesis
of sporadic late-onset dementia.

One such lifestyle factor, consumption of excess
sucrose, has been shown (in male mice) to induce metabolic
and pathological changes consistent with AD-associated
neurodegeneration in both transgenic and wild-type models
[8-10]. While only a mild phenotype is present after
numerous months, multiple pathways/states implicated in
the pathogenesis of AD are observed, such as 1) elevated
glucocorticoid expression [2, 11] induction of brain insulin
resistance [9, 10, 12], 3) damage to the liver and associated
steatohepatitis [13—15], and 4) increased production of
neurotoxic ceramides [16—19]. Dysregulation of brain
insulin signaling, perhaps precipitated through mechanisms
involving glucocorticoid and/or ceramide overexpression
[12, 20, 21], is linked to increased B-amyloidogenesis and
hyperphosphorylation of the microtubule-associated Tau
protein, the hallmark processes of AD pathogenesis [9, 24,
25]. Thus, excess glucocorticoid and/or ceramide signaling/
activity may link obesogenic feeding (i.e. high-sucrose diets)
to neurodegeneration.

Inflammatory conditions represent an additional
lifestyle/environmental factor frequently associated with
neurodegeneration; however, unlike excessive sucrose
consumption, inflammation results in divergent outcomes
depending on the duration and severity of the stimulus. On
one hand, chronic inflammatory conditions are associated
with increased P-secretase [26]- and y-secretase activity
[27] which contributes to the B-amyloidogenic processing of
amyloid precursor protein (APP) into AB. On the other hand,
transient exposure to low-doses of inducers of inflammation —
such as lipopolysaccharide (LPS) at concentrations less than
0.2 mg/kg — has been found to result in reduced inflammatory
responses to future challenges [28-30] and prevention of
neurodegeneration following cerebral ischemia-reperfusion
injury [31-33] and axonal injury [34]. This seemingly
paradoxical neuroprotective effect of transient low-grade
inflammation can likely be attributed to the phenomenon
of endotoxin preconditioning/tolerance. When challenged
with low-grade inflammatory stimuli (i.e. LPS, endotoxin,
proinflammatory cytokines, etc.), macrophages and microglia
downregulate expression of toll-like receptor 4 (TLR4)
[35]. As numerous ligands (i.e. P-amyloid proteins) signal
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through TLR4 to stimulate the proinflammatory cascade
[36], downregulation of TLR4 may prevent development of
the runaway chronic inflammation characteristic of AD-like
neurodegeneration [37]. Intriguingly, high sugar diets instigate
processes that may allow for the transition from mild transient
inflammation (i.e. those induced by low concentrations
of LPS) to the chronic inflammatory state implicated in
neurodegeneration. First, caloric excess contributes to
inflammation directly, thereby raising the baseline expression
of inflammatory mediators [38—40]. Second, excess caloric
intake enhances propagation of inflammatory mediators into
the brain through disruption of the blood-brain-barrier (BBB)
[41, 42] and glucocorticoid-mediated alteration of anti-
inflammatory and antioxidant capacities [43, 44], potentially
allowing for inflammatory events which may otherwise have
had limited or even beneficial effect to precipitate a chronic
inflammatory state.

To assess the ability for high sugar diets to drive the
development of a chronic inflammatory state in response
to low-grade transient inflammatory stimuli, the present
study combined, for the first time, a high-sucrose diet
(20% of the drinking water) with infrequently repeated
systemic low-dose lipopolysaccharide (LPS; 0.1 mg/kg)
injections in a reproductively normal female wild-type
mouse. We hypothesized that a high sucrose diet would
enable establishment of a chronic inflammatory state in
response to a low dose of LPS that should ordinarily result
in endotoxin tolerance. Reproductively normal female mice
were used as a first step in the characterization of the role
of estrogen in the high-sucrose model of neurodegeneration.
As estrogen is known to be both anti-inflammatory and
anti-f-amyloidogenic [3, 4], pre-menopausal females may
demonstrate a heightened resistance to dietary- and/or
inflammation-induced neurodegeneration relative to their
male and/or post-menopausal female counterparts.

Materials and Methods

Experimental mice and study groups

Three-month-old female C57/Bl6 (Charles River,
Canada) mice were randomized into four groups of ten
animals constituting a 2x2 design. The control group
was provided normal drinking water and given three
intraperitoneal (IP) saline injections delivered once per month
for three months beginning after the 4" week of treatment. A
lipopolysaccharide (LPS; Sigma, 0.1 mg/kg IP) group was
administered LPS in place of saline. A high-sucrose group
was provided 20% sucrose in drinking water with three IP
saline injections. A high-sucrose-LPS (hSL) combined
treatment group followed the regimens of hS and LPS treated
mice. See figure 1 for a summary of experimental groups and
treatments (Fig. 1A). Mice were housed in pairs and kept on
a 12-hr light/dark cycle. Behavioral testing began after six
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months of treatment with animals being sacrificed for tissues
after seven months. All experiments were approved by the
University of Saskatchewan Animal Research Ethics Board
and done according to the Canadian Council on Animal
Care. All terminal surgical procedures were performed under
xylazine and urethane anesthesia.

Behavior

After six months, mice were subjected to behavioral
testing that included the open field test (OFT) for general
locomotion and thigmotaxis (wall-seeking behavior) and
the Barnes maze (BM) for spatial memory acquisition and
retrieval. Animals were habituated to the testing room for a
period of 30 minutes prior to each trial/testing. All testing
was video recorded and analyzed offline using Ethovision XT
11.0 software (Leesberg, VA).

Open Field Test:

Mice were placed in an opaque white box (35 x 35 x
30 cm) under bright white light and allowed to explore for
10 minutes (min). Animals were scored for total distance
travelled and time spent within the center of the field defined
as nose, body and tail >6 cm away from all walls.

Barnes Maze

Protocol adapted from Attar et al (2013)(45).The Barnes
maze featured a dark escape box (placed beneath the escape
hole of the stationary platform), white 100 cm (diameter)
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rotating platform with twenty 5.5 cm (diameter) escape holes
evenly distributed about the perimeter, and a white 100 cm
(diameter) stationary base with one escape location. The
rotating platform was placed on top of the stationary base
(itself 12 inches above the ground).

Habituation: mice were habituated to the maze on the
first day of testing via placement in the center of the testing
field (within a translucent container) for 30 seconds. Animals
were then gently nudged toward the escape location over a
period of 30 seconds. Upon entry, animals were habituated to
the escape box for two minutes. Escape location was rotated
every fourth mouse (one from each of four groups); assigned
holes were held constant throughout the acquisition protocol.

Acquisition: mice were placed in the center of the maze
under a translucent container. After ten seconds, the container
was lifted, and an aversive buzzer was triggered. Animals
were allowed 3 minutes to locate the escape hole under duress
of the buzzer. If successful, the buzzer was silenced, and mice
were held in the escape box for two minutes prior to return
to their home cages. If unsuccessful, mice were guided to
the escape location, followed by cessation of the buzzer and
two-minute reinforcement in the escape box. This procedure
was repeated once daily for seven consecutive days. Animals
were scored for latency to escape (exploration of either
the escape location or the holes immediately adjacent) and
number of errors (exploration of incorrect holes), which were
used to create an acquisition index (time to escape x # of

Normal

20% Sucrose

Figure 1: A high-sucrose model of stress and liver steatosis

A. Schematic outline of experimental groups and timeline. B. Weight gain was observed in all mice sustained on sucrose in drinking water. C.
High sucrose diet-induced elevations in fecal corticosterone were abolished in the presence of LPS. D. Liver sphingomyelinase activity was
increased in all sucrose treated animals. E. Hematoxylin and Eosin staining of 30 pum thick liver sections with the central vein apparent within
a single hepatic lobule (bottom left). Lipid droplets are observed as smaller, irregular holes in the tissue. Two-way ANOVA with Fisher’s LSD
post-hoc test. *P < 0.05 vs control. # Cohen’s D > 0.5. n = §-10 for all groups.
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errors averaged over the 7 days). A high acquisition index is
suggestive of impaired spatial learning.

Probe: mice were probed for long-term recall of the
escape location 48 hours after the final acquisition trial.
Animals were allowed 3 minutes to explore the platform with
the escape location closed. Animals were scored for latency
to previous escape hole and number of errors, which were
used to create a probe index (time to escape x # of errors). A
high probe index suggests impaired long-term spatial recall.

Biochemistry

After seven months, mice were weighed and sacrificed for
harvesting of liver and brain tissue. One-half of the brain was
flash frozen in isopentane and ground into powder for long-
term storage at -80° C.

Acetylcholinesterase Activity Assay

Mouse brain tissue was homogenized in cold 0.1 M
phosphate buffered saline (PBS; pH 8.0; 10 pl/mg) and
protein content was measured by the Pierce™ Bicinchoninic
Acid protein assay (BCA; Thermofisher Scientific). 5 pl (4 ug
protein/pl) of the sample was added to the reaction mixture
that included 300 pl of 0.1 M PBS (pH 8), 2 ul of 0.075M
acetylthiocholine, and 10 pl of 0.01 M DTNB (5,5-dithiobis
(2-nitro benzoic acid)) solution for a total volume of 317 pl/
well. 96-well plates were measured on a spectrophotometer
(SpectraMax M5, Molecular Devices) at 415 nm (25 °C) in
5 min intervals for 40 min. The maximum slopes over a 10
min period were normalized to the average control activity
for final comparisons. The above protocol was derived from
the original Ellman cholinesterase assay(46).

Nitrate/Nitrite Colorimetric Assay

Mouse brain tissue was homogenized in cold tris lysis
buffer (TLB; 0.01M, pH 7.4, 3x protease/phosphatase
inhibitors) and protein content was measured using the BCA
assay. 55 uL of samples (4 pg protein/uL) and standards
(Item No. 780014) were incubated with 10 uL each of nitrate
reductase cofactors (Item No. 780012; Cayman Chemicals)
and enzymes (Item No. 780010; Cayman Chemicals) for
3 hours at room temperature, followed by deproteinization
with 1:1 acetonitrile. Samples/standards were vortexed for 1
minute prior to centrifugation (4° C) for 10 minutes at 10,000
rcf. Supernatants (80 pL) were placed into a 96 well plate. 50
uL of Greiss reagent 1 (Item No. 780018; Cayman Chemicals)
and Greiss reagent 2 (Item No. 780020; Cayman Chemicals)
were added, followed by 10-minute color development. End
Point absorbance was measured on a spectrophotometer
(SpectraMax M5, Molecular Devices) at 550 nm (25 °C).

Corticosterone ELISA

Fecal pellets were collected from the colon during
sacrifice and immediately stored on dry ice for subsequent
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ethanol extraction (100 pL ethanol/10 mg fecal powder) and
equal volume measurement of corticosterone metabolites
using an ELISA-based Assay Kit (Arbor Assays). Fecal
samples were chosen over serum as they better represent a
long-term average less influenced by rapid stress-induced
changes in corticosterone expression. It has been reported
that fecal measurements reflect corticosterone levels from
approximately 6-12 hours prior to defecation.

GSK3p/pGSK3p, Akt/pAkt, Amyloid-p40/
Amyloid-p42, and Total Tau/pTau Electrochemilu-
minescence

Mouse brain tissue was homogenized in cold TLB
(0.01M, pH 7.4, 3x protease/phosphatase inhibitors) and
protein content was measured using the BCA assay (4 ug
protein/pL). 20 pg of protein was assessed for total and
phospho GSK3p and Akt protein concentrations, 100 pg of
protein for AB, and AB,, expression, and 10 pg of protein
for total and phosphorylated Tau, as per individual Assay
Kit instructions (Meso Scale Discovery). Plates were read
on the MESO QuickPlex SQ 120 instrument and analyzed
using the associated Workbench Discovery software (Meso
Scale Discovery). Phosphorylation at Ser-9, Ser-473, and
Thr-231 residues was assessed for GSK3f, Akt and Tau,
respectively.

IRS1/pIRS1, mTOR/pmTOR and IRS2 ELISA

Mouse brain tissue was homogenized in cold TLB
(0.01M, pH 7.4, 3x protease/phosphatase inhibitors) and
protein content was measured using the BCA assay (diluted
to 4 pg protein/pL). Tissue homogenates were further diluted
to 2 pg protein/uL using TLB without protease/phosphatase
inhibitors before being packaged and shipped to EVE
technologies (Calgary, Canada) for ELISA-based Assay
(EVE Tech). Total and phosphorylated (human Ser-636,
correlates to mouse Ser-634) IRS1 and mTOR (Ser-2448)
were quantified.

Cytokine panel Electrochemiluminescence

Mouse brain tissue was homogenized in cold TLB
(0.01M, pH 7.4, 3x protease/phosphatase inhibitors) and
protein content was measured using the BCA assay (4 ug
protein/uL). 100 pg of protein was assayed for TNFa, IL-
2, IL-4, IL-5, IL-6, IL-1P, and IL-10. Plates were read on
the MESO QuickPlex SQ 120 instrument and analyzed using
the associated Workbench Discovery software (Meso Scale
Discovery).

Neutral Sphingomyelinase

Mouse liver tissue was homogenized in cold TLB (0.01M,
pH 7.4, 3x protease/phosphatase inhibitors) and protein
content was measured using the BCA assay (diluted to 4
pg protein/pL). 200 pg of sample were used for analysis of
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sphingomyelinase activity via ELISA-based assay (Cayman
chemicals). Kinetic and Endpoint absorbance were measured
on a spectrophotometer (SpectraMax M5, Molecular
Devices).

Histology
Hematoxylin and Eosin Staining

Female mouse livers were fixed in neutral buffered
formalin (Thermo Fisher Scientific) prior to long-term
storage in PBS (0.01M, pH 7.4). Fixed liver tissues were
sectioned on a vibratome (50 pum, Leica VT1200) and
stained with hematoxylin and eosin for assessment of fatty
liver (ballooning hepatocytes and lipid droplets). Protocol
was performed according to commercially available kit
instructions (Abcam assay).

Statistical analysis

Data are expressed as mean + SEM and compared using
two-way ANOVA to assess treatment effects and potential
interactions between a high-sucrose diet and repeated
lipopolysaccharide challenge. Fisher’s LSD post-hoc tests
were performed to assess the significance of differences
between group means relative to control. Prism V 8.1.2
(GraphPad Software, Inc. SD, CA) was used to analyze
two-way ANOVA data. As both the small sample size used
(n=10) and the lengthy duration of the study (7 months) likely
contributed to increased variation within groups, Cohen’s D
measure of effect size was also used to assess the magnitude
of the difference between group means [47—49]. Cohen’s D
values > 0.5 represent a medium effect size while values >
0.8 denote a large effect. Effect size pertains to the standard
deviations by which two group means differ; i.e. a D of 0.5
suggests that two groups’ means differ by half a standard
deviation [47].

It has been proposed that small effect sizes (x < 0.5)
are likely to be trivial, regardless of significance, whereas
medium to large effects (x > 0.5) warrant further exploration,
even in cases where statistical significance is not reached [47,
50, 51]. A p-value of 0.05 is not necessarily more reliable
than one of 0.08, as the difference is likely the result of minute
differences in sample size (i.e. n of 9 vs. n of 10) [50]. It can
be argued that the size of an effect is more important than
its likelihood of being attributable to type I error, so long as
the associated p-value is reasonable. For this reason, p-values
are provided along with the magnitude of effect (Cohen’s D).
Seemingly meaningful differences between groups should
not be disregarded simply because an alpha greater than 0.05
was calculated [49, 51-53]. P/D_,, P/D,, and P/D, , pertain
to the differences between the control mean and LPS, hS, and
hSL group means, respectively.
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Results

Low-dose LPS blunts high-sucrose diet effects on
markers of chronic stress

Perturbations in  glucocorticoid homeostasis and
ceramide activity have been linked to both diabetic and
neurodegenerative conditions [12, 20, 21, 44]. As such,
we examined measures of fecal corticosterone and liver
sphingomyelinase activity to approximate the relative
degree of glucocorticoid and ceramide expression. All
animals sustained on 20% sucrose in their drinking water
(hS) demonstrated weight gain (sucrose effect P < 0.001;
D, =3.19, D, = 3.48; Fig. 1B) whereas LPS-treated mice
showed a small decrease in weight (P, ,. = 0.030) at the time
of sacrifice (7 months).

LPS

Interestingly, hS-treated mice showed an increase in fecal
corticosterone (sucrose effect P =0.023) with the LPS-treated
group showing a mild decrease (P/D_,, = 0.46/0.55) and the
hS group displaying an elevation (P/D,; = 0.031/0.80; Fig.
1C) that was lost with coadministration of LPS. Increased
liver neutral sphingomyelinase activity (sucrose effect P =
0.001; P/D, = 0.076/0.88, P/D,, = 0.036/0.88; Fig. 1D) and
hepatic steatosis (Fig. 1E) were observed in all high sucrose
fed animals (hS and hSL). Given that corticosterone injections
are known to affect ceramide production and steatosis, it is
interesting to find that LPS did not show any antagonistic
effects on sphingomyelinase activity or steatosis in the
combined group, despite normalizing fecal corticosterone
levels, supporting the notion that a high sucrose diet may
increase sphingomyelinase activity independent of baseline
corticosterone levels.

Seven months on a high-sucrose diet alters insulin-
related signaling

As aberrant glucocorticoid and ceramide activity is
associated with dysregulated brain insulin signaling [12,
20, 21, 44], we examined baseline total and phosphorylated
concentrations of insulin pathway-associated second
messenger protein analytes in hemibrain homogenates to
probe for any irregularities. It should be noted that as the
second messengers explored are not exclusive to the insulin
pathway, it is possible that any differences observed may
not be solely attributable to insulin dysfunction. Peripheral
markers of insulin resistance were not assessed, as we were
only concerned with analyzing central markers of insulin
pathway dysfunction. Total insulin-receptor substrate 1
(IRS1) protein levels were increased after seven months in
all mice on a 20% sucrose diet (sucrose effect P < 0.001;
P/D, = 0.007/1.57, P/D,i, = 0.056/0.924; Fig. 2A), while
phosphorylated levels remained relatively consistent; hS-
treated mice showing a mild increase (P/D,, = 0.342/0.710;
Fig. 2B).
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Figure 2: Seven months on a high-sucrose diet promotes early irregularities in brain insulin pathway activity.

Issue 4 | 295

A. High sucrose treatment increased total IRS1 protein levels. B. Phospho-IRS1 levels were only mildly affected. C. A
reduced degree of IRS1 phosphorylation was observed. D. Akt phosphorylation was elevated in LPS treated animals,
regardless of the presence/absence of sucrose. E. Phosphorylation of mTOR was suppressed in all mice receiving

sucrose in the drinking water. F. No changes in GSK3f phosphorylation were observed. All values are normalized to
control (fold change for y-axis). Two-way ANOVA with Fisher’s LSD post-hoc test. *P < 0.05 vs control. # Cohen’s
D> 0.5. n=29-10 for all groups.
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Suggesting reduced feedback inhibition, the ratio of
phosphorylated IRS1 to total IRS1 showed a mild decrease
in high sucrose fed mice (sucrose effect P = 0.140; P/D,
= 0.190/0.747, P/D,, = 0.276/0.553; Fig. 2C), perhaps on
account of decreased pathway activity. Conversely, activation
of the downstream mediator Akt was increased following
LPS treatment, regardless of the presence or absence of a high
sucrose diet (LPS effect P=0.010; P/D, .= 0.028/1.11,P/D,
= (0.226/0.73; Fig. 2D). No increase in the phosphorylation
state of Akt (Fig 2D), mTOR (Fig. 2E), or GSK3p (Fig. 2F)
— downstream mediators of the insulin pathway — were noted
in high-sucrose fed mice. In fact, levels of pmTOR were
reduced in all high sucrose fed mice, suggesting suppressed
activity (sucrose effect P = 0.007; P/D, = 0.118/0.819, P/
D, = 0.032/1.20; Fig. 2E). This lack of second messenger
activation downstream of IRS1 despite increased availability
of the protein may suggest an impairment or dysregulation
induced by hS, but not LPS, within the brain insulin pathway.

High-sucrose contributions to neurodegenerative
processes are antagonized by transient low-grade
inflammation

Consideringthewell-establishedroleofneuroinflammation
in the etiology and progression of neurodegenerative
conditions, we examined hemibrain homogenate nitric oxide
activity and cytokine expression to assess any potential
neuroinflammatory phenotype. Furthermore, given the
importance of acetylcholine in memory and cognition, and its
depleted state in numerous neurodegenerative conditions, we
evaluated acetylcholinesterase activity. Nitrate + nitrite levels,
indicative of NO activity, were found to be elevated in all
groups receiving high sucrose in the drinking water (sucrose
effect P = 0.002; P/D,, = 0.027/0.932; P/D,, < 0.001/1.742)
as well as mildly elevated in the LPS-treated group (P/D,
=(0.227/0.537, Fig. 3A). No changes in acetylcholinesterase
activity were observed in any group (Fig. 3B). Although the
anti-inflammatory IL-10 and inflammatory TNF-a, IL-18,
IL-5 and IL-6 showed a few differences between groups (Table
1), when data were normalized against IL-10 (no changes
observed across all groups) variation was improved (Fig.
3C-F). Interestingly, although all inflammatory cytokines
showed a sucrose effect except for IL-6, only the hS diet with
concurrent LPS treatment resulted in a significant reduction
in levels of the proinflammatory cytokines TNF-a (sucrose
effect P = 0.040; P/D, =0.093/1.21), IL-1B (sucrose effect P
=0.021; P/D, =0.021/1.23), IL-5 (sucrose effect P = 0.014;
P/D,, = 0.012/1.27) and IL-6 (sucrose effect P = 0.288;
P/D,  =0.078/0.928).

As both hyper- and hypo-activation of the insulin pathway
are known to contribute to increased genesis of the amyloid-f3,,
protein (hallmark of dementia-associated neurodegeneration)
(16,54,55) and hyperphosphorylation of the microtubule
associated protein Tau, we assessed treatment effects on
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hemibrain AB,, and Tau levels. Mice in all treatment groups
displayed an increasing effect on AB,, production compared
to control (P/D ;= 0.077/0.776; P/D, = 0.059/0.783; P/D,
=0.185/0.601, Fig. 4A, top). Only a mild effect on A, levels
was observed in the combined group (P/D, . = 0.177/0.560,
Fig. 4A, middle). While both LPS (P/D,,, = 0.030/0.946)
and hS (P/D,, = 0.085/0.701; Fig. 4A, bottom) treatment
increased the ratio of Ap,, to AP, proteins individually, this
effect was lost in combination, supporting an antagonistic
interaction (interaction P = 0.013, Fig. 4A, bottom). Only a
mild decrease of total Tau expression was observed in the
combined group (P/D,, = 0.357/0.520). Treatment with LPS
suppressed Tau phosphorylation, regardless of the presence
or absence of high sucrose (LPS effect P = 0.006; P/D,,, =
0.022/1.14; P/D,, = 0.015/1.18, Fig. 4B middle), though this
effect was lost when normalized to total Tau protein (Fig. 3B
bottom).

hSL

A high sugar diet alters behavior differently in the
presence/absence of LPS

AD-likeneurodegeneration often manifests phenotypically
as memory impairments and behavioral abnormalities.
Thus, we employed simple Barnes maze and Open Field
protocols to assess spatial memory and anxiety-like behavior,
respectively. Behavioral trials performed during the 6" month
of treatment demonstrated differing high-sucrose-associated
behavioral phenotypes in the presence and absence of
lipopolysaccharide. Animals sustained on hS alone displayed
the largest impairment to spatial learning performance in
the Barnes maze, characterized by increased latency to
escape and frequency of errors (P/D, = 0.040/1.01; Fig. 5A,
left). Such results are consistent with the effects of chronic
corticosterone on spatial learning observed elsewhere [10,
56, 57], suggesting a glucocorticoid-mediated impairment
in our hS mice. In contradiction to this notion, hSL mice
demonstrated a mild impairment in spatial learning (P =
0.127; D, = 0.842, Fig. 5A, left) that did not coincide with
increased fecal corticosterone levels. Interestingly, although
LPS or hS treatment had no effect on long-term spatial recall
alone, when combined we observed an improvement in these
reproductively normal female mice (Fig. 5A, right). During
the Open Field test, there was an LPS-mediated effect that was
only observed as a decrease of time spent in the center in the
combined group (LPS effect P = 0.006, P/D,, = 0.021/1.85;
Fig. 5B, left). Although no sucrose effect was observed, the
hS group showed a mild increase in time spent in the center
(P/D,, = 0.063/0.854). Avoidance of the center of the field
is often associated with anxiety-like behavior, suggesting
that an anxiogenic interaction (interaction P = 0.003, Fig.
5B, left) between hS and LPS exists that is absent following
the individual treatments. While hS-treatment reduced
locomotion (sucrose effect P =0.007) in the Open Field, both
LPS (P/D, ,, = 0.138/0.591) and hS (P/D,, = 0.056/0.891) had
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Table 1: Hemibrain cytokine expression (pg/ml)
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IL-10 TNF-a IL-IB IL-5 IL-6
Con 2.71+£0.39 0.32 £0.07 0.85+0.22 0.33 £0.06 6.99 + 0.69
LPS 2.79 £ 0.56 0.34 £0.11 0.86 +0.16 0.35+0.06 6.38 £0.83
hS 2.81+£0.66 0.29 £ 0.07 0.76 £ 0.20 0.33 £0.06 6.56 + 1.09
hSL 2.90 £ 0.51 0.28 £ 0.07 0.70+0.12 0.26 £ 0.06 6.31 +0.54

Open box means Cohen's D > 0.5. Grey box indicates P < 0.05 via two-way ANOVA Fisher's LSD. N = 9-10 for all groups.

A Nitrates (NO activity)
{ ¥ ‘
T

9 1.41 ¢ 3 oo
s | g & :
5 1.0 oI5 o
= |
=] O
= 0.61
Sal LPS  Sal LPS
20% Sucrose
C TNFua/IL-10
4
O
o
X 1.4 . T
< ] s} [&] ol
-
U 1.01 ‘ °0
o HE gE
o
0.6 N E
Sal LPS Sal LPS
20% Sucrose
E IL-5/IL-10
gl4f{ |
g - Q .
6 ] 0 1 olo
- (o]
0.6
[
Sal LPS Sal LPS

20% Sucrose

B

p—

Fold Change
(] —_—

H
+

Fold Change

<
o

)

1.41

Fold Change

> o +

AChE Activity

,_
o

1o
o g O
Sal LPS  Sal LPS
20% Sucrose
IL-1p/IL-10
*
52
Q
i
J_i_g
O
Sal LPS Sal LPS
20% Sucrose
IL-6/IL-10
1 #
fe] o o
1 . o
"~ Sal LPS  Sal LPS

20% Sucrose

Figure 3: A high-sucrose diet and repeated lipopolysaccharide challenge exert differing effects on general inflammation.

A. A high sucrose diet increased nitrate + nitrite expression independent of LPS exposure. B. No notable effects on acetylcholinesterase activity
were observed. C-F. Only the combined high sucrose and LPS treated group showed a decrease in inflammatory cytokines. Cytokines were
normalized to the anti-inflammatory cytokine IL-10 to help reduce variation within groups. All values are normalized to control (fold change
for y-axis). Two-way ANOVA with Fisher’s LSD post-hoc test. *P < 0.05 vs control. # Cohen’s D > 0.5. n = 9-10 for all groups.
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Figure4: Effects ofa high-sucrose diet and/or lipopolysaccharide on 3-amyloidogenesis and Tau phosphorylation
in reproductively normal female mice.
A. AB42 expression demonstrated an elevation in response to both LPS treatment and high-sucrose diet. AB40
was only affected in the combined treatment group. B. Although only the combined treatment affected total
tau (top), LPS had a significant effect on phosphotau (middle). High sucrose in the water had a small effect
(Cohen’s D = 0.39) on the ratio of phosphotau over total tau. Two-way ANOVA with Fisher’s LSD post-hoc
test. *P < 0.05 vs control. # Cohen’s D > 0.5. n = 8-10 for all groups.
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Figure 5: Differential alteration of Barnes maze-associated spatial
learning performance and Open Field degree of thigmotaxis in
response to high-sucrose feeding and/or systemic LPS injection.

A. Rate of spatial memory acquisition was impaired in all
animals sustained on a high-sucrose diet, though the aaddition
of LPS attenuated - but did not abolish - these deficits. Only the
combined treatment group showed an improvement in 48 hour
recall of the escape location. B. The addition of systemic LPS to
high-sucrose fed mice appeared to promote anxiety-like behavior
(increased thigmotaxis) in the open field. Animals fed a high sugar
diet demonstrated a trend toward increased duration in center.
Locomotion did not differ significantly between groups, though a
trend toward increased and reduced distance traveled was noted for
LPS and hS animals, respectively. Two-way ANOVA with Fisher’s
LSD post-hoc test. *P < 0.05 vs control. # Cohen’s D >0.5. n=10
for all groups.

mild effects on locomotion that were lost in the combined
group (Fig. 5B right). The lack of effect in the combined
group suggests effects on locomotion do not account for the
increased anxiety-like behavior observed in this group.

Discussion

Given that trends in AD incidence coincide with similar
trends in obesity, diabetes, and chronic inflammation - all
known risk factors for AD-like neurodegeneration — the
present study combined a high-sucrose drinking water
regimen with repeated monthly low-dose intraperitoneal
LPS injections to accelerate neurodegenerative pathology in
reproductively normal female wild-type mice. We proposed
that elements of the high-sugar diet would enable ordinarily
benign low-dose inflammatory stimuli to precipitate a
chronic inflammatory state culminating in accelerated
neurodegeneration. Female mice were used as the bulk of AD
literature concerns male animal models despite nearly two-
thirds of all AD patients being women [2]. We demonstrate
that high sugar consumption promotes upregulation of early-
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stage neurodegenerative processes after just 6-7 months, as
evidenced by elevated fecal corticosterone (Fig. 1C), increased
liver sphingomyelinase activity (Fig. 1D), brain insulin
pathway dysregulation (Fig. 2), increased p-amyloidogenesis
(Fig.4A), an altered brain inflammation state (Fig. 3 and Table
1), and worsened spatial learning in the Barnes maze (Fig. 5).
Counter to our expectations, the addition of LPS prevented/
lessened many of these effects; fecal corticosterone (Fig. 1C)
was normal, tau phosphorylation (Fig. 4B) was suppressed,
and spatial acquisition deficits were curtailed.

Previous studies have shown that caloric excess promotes
lipogenesis and triglyceride storage in both the liver and
adipose tissue [58]. In cases of chronic excess, exacerbated
intake leads to liver insulin resistance and steatohepatitis
(inflammation of fatty liver) [13, 14, 59]. This inflammatory
state promotes lipolysis and degeneration of the liver,
culminating in mitochondrial- and/or apoptotic-mediated
cell-death and ceramide synthesis [60, 61]. The resultant
free fatty acids, proinflammatory cytokines, and ceramides
can induce both systemic and central dysregulation of the
insulin pathway, leading to eventual neurotoxicity [14, 16].
In this study, animals sustained on 20% sucrose in their
drinking water displayed weight gain, hepatic steatosis,
elevated fecal corticosterone expression, and elevated
liver neutral sphingomyelinase activity (ceramides) after 7
months. As noted prior, these conditions have been linked
with insulin resistance, neurodegeneration and cognitive
impairment [14, 17, 62, 63]. A recent study by Chen, et
al (2017) demonstrated that liver ceramide synthesis is
upregulated by glucocorticoid signaling [63], thus opening
the possibility that glucocorticoids are partly responsible
for the high-sucrose-induced liver pathologies in this study.
While we did not assess systemic insulin sensitivity directly,
observed increases in sphingomyelinase activity and liver
steatosis suggest that our high-sucrose animals were likely
insulin resistant. Ceramides have been shown to inhibit
both peripheral and central insulin signaling [16, 62, 63],
and to promote neuroinflammation [64] and oxidative stress
in the CNS [14, 17, 62]. Total IRS1 proteins were found
to be increased in whole hemi-brain homogenates of high
sucrose fed mice without concomitant phosphorylation of
downstream targets such as Akt and mTOR, suggesting a
potential compensatory increase in IRS1 proteins in response
to reduced insulin signaling. Although glucocorticoids are
known to induce brain insulin resistance [12], observed
irregularities within the brain insulin pathway appear to be
attributable to ceramide-mediated mechanisms. Irregularities
were displayed even in high sucrose fed mice with normal
glucocorticoid activity (hSL group), implicating ceramides as
the likely driving force behind the observed dysregulation.
Furthermore, elevations in total IRS1 proteins without
concurrent increase in Akt phosphorylation are consistent
with results observed following injection with ceramides, as
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demonstrated by de la Monte, et al (2010) [62]. It should be
noted that the second messengers discussed are not exclusive
to the insulin pathway. Both insulin-like growth factor 1
(IGF1) [65]- and estrogen-receptor (ER) [66—68]-mediated
signaling incorporate elements of the PI3K-Akt-mTOR
pathway, and thus present potential confounds. As the mice
used in this study are female, the interpretations regarding
ceramides and insulin pathway dysfunction should be viewed
within the context of these limitations: any differences in
mTOR or Akt phosphorylation could have been influenced by
estrogen, and therefore may not represent insulin resistance.

We previously demonstrated that a 20% sucrose diet
increases Tau phosphorylation after just 4-months in male
mice [10]. Similar — though lesser — observations were noted
in the present work, confirming for the first time that the high-
sucrose diet contributes to neurodegenerative processes in
Jfemale wild-type mice. Both total AB,, and the ratio of Ap,,
to AB,, were increased by the high sugar diet. Furthermore,
high-sucrose animals displayed increased nitrate + nitrite
expression, suggesting enhanced NO production (perhaps
through upregulated iNOS). Exaggerated NO has been
linked to neuroinflammation and nitrosative activity, both of
which are known to enhance the processing of APP to A
[26, 27]. Increased B-amyloidogenesis and NO expression
were associated with worsened spatial learning performance,
highlighting a potential decline in cognition. Given the data
presented, it seems possible that a high-sugar diet upregulated
neurodegenerative  processes (i.e. [-amyloidogenesis,
nitrosative activity, etc.) through glucocorticoid [12] - and
hepatic ceramide-mediated mechanisms [14, 17, 17] to
influence spatial memory.

It should be noted that the mild phenotype observed may
be related to the sex of the animals. Estrogen has been shown
to exert neuroprotection in a variety of models (cell culture
as well as animal) and can diminish many pathological
processes associated with AD, such as B-amyloidopathy,
glucocorticoid over-expression, mitochondrial dysfunction,
and oxidative stress [3, 6]. Also, the mild elevation in AP,,
coupled with impaired spatial memory acquisition but
intact long-term recall could represent an early time-point
in late-onset AD pathogenesis [69-72] (Fig. 6), at least
in females. Given the proposed neuroprotective effects of
estrogen against the AD-related pathological processes
associated with insulin dysregulation — such as inhibition
of GSK3 [66], suppression of tau phosphorylation [66, 73],
and attenuation of AP production [74] — it is possible that
male and/or post-menopausal female mice would display
more severe neurodegenerative phenotypes under the
experimental conditions employed herein; i.e. employing
similar treatment parameters, we previously demonstrated
a more robust phenotype after just 4 months in male
mice. Regardless, the results presented in this study using
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reproductively normal females assist in the establishment
of an important baseline for future exploration of the role
of estrogen in dietary-stressor-induced neurodegeneration.
The modest effects of hS treatment on Tau phosphorylation
and B-amyloidogenesis could also have been due to the use
of hemibrain homogenates, which may have diluted region-
specific differences. In addition, it has been proposed that
while diabetes alone may be insufficient to generate a robust
AD phenotype, it could serve as a cofactor in the etiology
and progression of the disease [59]. Nonetheless, when paired
with corticosterone, sphingomyelinase, AP, and pTau data,
the results obtained in a non-transgenic wild-type model at
this early time-point support a high-sucrose diet-mediated
upregulation of neurodegenerative processes.

Counter to our prediction that a high-sugar diet would
sensitize the CNS to inflammation and spur transient
inflammatory events to precipitate a chronic inflammatory
state and accelerated neurodegeneration, the addition of low-
dose LPS to high-sucrose fed mice proved to be protective,
with antagonistic interactions noted at several levels. First
and perhaps most notably, animals on the combined high-
sucrose and LPS regimen did not display an elevation in
fecal corticosterone. Given the proposed central nature of
glucocorticoids to high-sucrose diet-mediated pathology [12],
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Figure 6: Seven months on a high-sucrose diet induces behavioral
abnormalities and upregulation of processes suggestive of early AD-
like neurodegeneration.

Early AD is characterized, in part, by impairments in short-term
memory formation. As the disease progresses, long-term recall
begins to diminish. This coincides with increased AP and pTau
burden. Our mice demonstrate a mild though present Ap and pTau
phenotype that coincides with worsened spatial acquisition (delayed
learning of a visual escape location in the Barnes maze) and spared
long-term recall. This may suggest that our mice display an AD-like
phenotype representative of an early time-point within late-onset
pathogenesis.
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attenuation of corticosterone expression may have proved to
be quite beneficial. In fact, acute LPS-mediated inflammation
was found to suppress Tau phosphorylation (with or without
sucrose) in animals sustained on a high sugar diet. Thus,
the high-sugar diet did not appear to sensitize the CNS to
induction of chronic inflammation in response to transient
inflammatory events. Interestingly, the only pathology that
arose due to the combination was observed in the Open Field,
where the addition of LPS to high-sucrose animals enhanced
thigmotaxis. Avoidance of the center has been linked to
anxiety-like behavior, suggesting the combination treatment
to be anxiogenic.

The protective effects of LPS can likely be attributed
to the low dose employed and the transient nature of the
inflammation induced. Glucocorticoids engage in a form of
negative feedback through a hippocampal-HPA axis circuit.
Once a temporal and spatial threshold of interaction between
glucocorticoids and their receptors in the hippocampus is
reached, activation of the HPA is suppressed. This process
allows forrobustyettransient corticosterone/cortisolresponses
to stressful stimuli [75]. As transient inflammatory events
have been shown to promote a robust increase in circulating
glucocorticoids [76] capable of triggering negative feedback,
it is possible that this spike in corticosterone activity may
have ‘reset’ the high-sucrose diet-induced chronic elevation
in glucocorticoids through activation of the aforementioned
feedback loop (Fig. 7). Furthermore, LPS demonstrates dose-
specificeffects, with high doses leading to sepsis [77]; however,
the effects at low concentrations are far more controversial.
While it has been reported that sustained treatment with low-
dose LPS promotes low-grade inflammation [78], transient
exposure has been found to result in suppressed inflammatory
responses to future challenge [28—30]. Short-term exposure to
low-dose LPS has even been shown to suppress inflammation
and prevent neurodegeneration following cerebral ischemia-
reperfusion injury [31-33]. Regarding the present study, it
is important to note that the final injection of LPS occurred
four months prior to sacrifice, making it difficult to compare
the neuroinflammation results herein with the literature. The
addition of low-dose LPS to our hS-fed mice suppressed
proinflammatory cytokine expression (IL-5, IL-6 and IL-
1B), suggesting a possible state of inflammatory hypo-
responsiveness caused by low-dose LPS-induced tolerance
to TLR4 ligands [28-30]. Alternatively, Everhardt and
associates (2016) observed that female mice injected with
LPS display subdued proinflammatory responses relative
to males [4], which raises the possibility that the lack of
LPS-induced neuroinflammation observed in this study
could be attributable to estrogen interference. Furthermore,
gonadectomy leads to an increase in mortality in female rats
exposed to LPS that is attenuated by estrogen replacement
therapy [79]. Taking potential estrogen interference into
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Figure 7: LPS may have conferred protection via attenuation of
chronic glucocorticoid signaling.

LPS is known to induce a robust inflammatory response associated
with elevated glucocorticoid release via activation of the HPA axis.
Glucocorticoids self-regulate their activity through induction of
negative feedback via a hippocampal-HPA axis-dependent loop.
High-sucrose diets could potentially promote chronic increases in
glucocorticoid expression without triggering this negative feedback
(sub-threshold elevations). Transient and robust glucocorticoid
responses following LPS administration may have ‘re-set’ this
chronic increase.

account, it is possible that male and/or post-menopausal
females would demonstrate more robust neuroinflammatory
phenotypes in response to the dose of LPS administered in this
study. Regardless, the high-sucrose diet failed to potentiate
the inflammation induced by the low-dose LPS stimuli in
female wild-type model employed. If transient low-dose LPS-
induced inflammation did protect against select elements of
the deleterious effects of a high-sucrose diet by ‘re-setting’
the corticosterone response in these reproductively normal
female mice, it would reinforce the notion that high sugar diet-
induced pathology is mediated primarily by glucocorticoids,
and that transient inflammatory events may be beneficial in
the long-term management of chronic stress.

Conclusion

This study supports for the first time the efficacy of high
sugar diets in the induction of pathologic processes involved
in neurodegeneration in reproductively normal female
wild-type mice, and demonstrates that transient low-grade
inflammatory events may antagonize pathologies associated
with said diets, at least in females. While it remains possible
that modern lifestyle changes and inflammatory medical
complications can intersect to accelerate development of
an AD phenotype, much work is to be done to untangle the
relationships between diet, stress and neurodegeneration.
Furthermore, this study may highlight a potential reason
as to why AD occurrence varies among individuals. If
transient stress/inflammation is protective in females, then
perhaps differences in lifestyles, diet, exercise and work/
home environments contribute to long-term cognitive health;
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i.e. stress is needed to ‘re-set’ cortisol homeostasis. It also
remains likely that males, females and post-menopausal
females respond differently to inflammatory events on
account of differing sex hormone profiles, thus raising the
possibility that the combination of a high sugar diet and low-
grade LPS injection would be neurotoxic in males and/or
post-menopausal females.
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