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Abstract

Alzheimer’s disease (AD) is regarded as a disease of the brain. Cumulative evidence
increasingly supports a full-body view on this disorder, with the liver and kidneys playing
an important role in amyloid clearance. The latter is likely potentiated by caloric restriction
(CR), whose impact on the metabolism of amyloid-handling tissues is poorly understood.
We studied the sex-specific effects of amyloidosis and CR on oxidative and metabolic
processes in APPPS1 mice that express amyloidogenic proteins. Wild-type (WT) and
APPPS1 mice were either fed ad libitum (AL) or received 70% of their AL caloric intake
(CR). Compared to age-matched WT controls, the brain, liver, and kidney of 9-month-old
AL APPPS1 mice exhibited higher levels of oxidative stress markers, higher superoxide
dismutase, and lower catalase activities. These differences were sex- and tissue-specific,
with kidneys showing the largest AD-induced differences between sexes. In addition,
APPPS]1 mice possessed higher pyruvate kinase activity than WT mice in all organs and
higher hexokinase and phosphofructokinase activities in the brain, with stronger effects in
males. CR intensified the accumulation of lipid peroxides in the liver and the female brain
but decreased it in the female kidney. CR potentiated glycolysis, predominantly in females
and modulated glutathione-dependent enzymes, in a sex-dependent manner.

Keywords: Alzheimer’s disease; sex; caloric restriction; antioxidant defense; glycolysis

1. Introduction

Alzheimer’s disease (AD) is the most widespread neurodegenerative disorder, char-
acterized by progressive memory loss, cognitive decline, and changes in behavior and
personality. A predominant sporadic form of the disease (i.e., late-onset AD) is likely caused
by a combination of genetic, environmental, and lifestyle factors and typically develops
after the age of 65. The early-onset AD comprises about 2-10% of all AD cases and is typi-
cally associated with autosomal-dominant mutations in genes encoding amyloid precursor
protein (APP) or presenilins 1 (PS1) and 2 (PS2) [1,2]. Nearly two-thirds of individuals
diagnosed with AD are women, with AD ranking as the fifth leading cause of death for
women (6.1% of deaths) and seventh (2.6% of deaths) for men [3].
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Histologically, AD is defined by the presence of extracellular amyloid deposits (senile
plaques built of amyloid 3 (Af)) in the brain parenchyma and intracellular accumulations
of neurofibrillary tangles containing hyperphosphorylated microtubule-associated protein
tau. The functional hallmarks of the disease include synaptic vulnerability, metabolic
dyshomeostasis, impaired neuro-glial Ca?* signaling, endosomal/lysosomal dysfunc-
tion, impairment of autophagy, activation of the brain’s innate immune system, oxidative
stress/damage, and impaired lipid metabolism [2,4-6].

Interestingly, APP expression is not restricted to the brain but is also found in the
peripheral tissues like skin, intestine, and liver [7]. The same applies to amyloid plaques,
which, for example, have been detected in the gastrointestinal tracts of AD patients and mouse
models of AD. Moreover, peripherally generated Af is capable of entering the brain and
aggregating therein, as documented by a parabiosis model between AD (APP/PS1) and WT
mice or a mouse model selectively overexpressing human APP with Swedish (KM670/671NL)
and Indiana (V717F) AD mutations in hepatocytes [8,9]. In addition, peripheral organs such
as the liver, kidney, spleen, and gut are important for A3 clearance [7,10].

The progression of AD is accompanied by the impairment of energy metabolism [5].
In fact, inefficient glucose utilization represents one of the early and well-known hallmarks
of AD, which often comes hand-in-hand with peripheral (and likely also central) insulin
resistance [11]. One possible mechanism promoting insulin resistance is the AD-driven
hyperactivation of the mechanistic target of rapamycin (mTOR). Activation of the mTOR
pathway is known to impact protein biosynthesis, mitochondrial function, lipo- and ketoge-
nesis, and to inhibit autophagy and insulin signaling [5]. This activation is tightly linked to
glucose metabolism and was shown to increase the production of reactive oxygen species
(ROS), tau hyperphosphorylation, cerebrovascular dysfunction, and likely also neuroin-
flammation [12]. Sirtuin-3 (SIRT3), a mitochondrial nicotinamide adenine dinucleotide
(NAD*)-dependent protein deacetylase, is another key player impacting mitochondrial
function, lipid metabolism, ROS production, inflammation, and antioxidant defense. SIRT3
is widely expressed in metabolically active tissues, including the heart, liver, kidney, and
brain, and SIRT3 expression is downregulated in the brain tissue of AD patients and
mouse models of AD [13]. Cumulative evidence suggests that increasing SIRT3 activity
might alleviate AD progression by positively influencing mitochondrial homeostasis and
neuroinflammation, activating antioxidant enzymes, and decreasing levels of tau and A{.

Several studies have shown that caloric restriction (CR) can attenuate the severity of
AD symptoms by reducing the density of amyloid plaques and inhibiting mTOR signaling,
generation of ROS, neuroinflammation, and tau hyperphosphorylation, as well as increas-
ing SIRT3 expression in the liver and brain [14-19]. Yet, the opposite effects were also
reported [20-22]. For example, the every-other-day feeding (EODF) of 5XFAD transgenic
female mice during the plaque deposition period (2-6 months of age) failed to decrease
plaque size or density, brain Ap42 levels, and the AD-induced permeability of the blood—
brain barrier [21]. Moreover, it exacerbated the activation of microglia and astrocytes,
increased the brain level of proinflammatory cytokine tumor necrosis factor «, further
reduced the density of synaptic marker synaptophysin, and promoted neuronal death.
Similarly, no effect of CR on amyloid plaque density was found in the aged rhesus monkeys
that were fed 30% less than individual sex-, age-, and weight-matched controls for up to
15 years (till death [22]), in line with the relatively low WT mouse brain responsiveness to
CR [23,24].

In the current study, we explored the amyloidosis-induced response of key amyloid-
handling organs (brain, liver, and kidney) in a widely used mouse model of AD (APPPS1
mice [25]) and tested the ability of CR to mitigate oxidative stress caused by the accu-
mulation of AB. In calorie-restricted and ad libitum-fed APPPS1 (hereafter AD) mice,
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as well as in age-matched WT littermates, we measured markers of oxidative stress and
the activities of antioxidant enzymes, as well as activities of key glycolytic enzymes and
lactate dehydrogenase (Figure 1A) to infer metabolic changes caused by both amyloid
accumulation and CR. The analyses considered sex as a biological variable, thus deepening
our understanding of possible mechanisms underlying the increased incidence rates for
Alzheimer’s disease in women [26].
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Figure 1. Experimental settings. (A) Scheme illustrating the relationship between oxidative dam-
age, antioxidant defense enzymes, and glycolytic enzymes. Activities of enzymes whose names

are shown in a white font on a colored background were measured in the present study. Reactive

oxygen species (ROS), such as superoxide anion radical (O,°~) and hydrogen peroxide (H,O,), are

metabolized by superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx),
with the support of glutathione reductase (GR) and NADPH. The latter is produced in the glucose-
6-phosphate dehydrogenase (G6PDH) reaction during the oxidation of glucose-6-phosphate (G6P)
to 6-phosphogluconolactone (6PGL). G6P is formed in the reaction of glucose phosphorylation

catalyzed by hexokinase (HK) and can enter glycolysis. Hexokinase (HK), phosphofructokinase

(PFK), and pyruvate kinase are key enzymes of glycolysis, which catalyze irreversible reactions.
Lactate dehydrogenase (LDH) converts pyruvate to lactate to maintain redox balance. If the activ-
ity of antioxidant enzymes and the pool of reduced glutathione (GSH) are insufficient, oxidative

damage to proteins and lipids increases. The scheme shows how ROS initiate lipid peroxidation
and emphasizes the importance of GSH in forming primary and relatively stable products of lipid
oxidation: lipid hydroperoxides (LOOH, L(OOH),). Glutathione S-transferase (GST) detoxifies lipid
peroxidation products such as 4-hydroxy-2-nonenal (4-HNE) by conjugating them with GSH, and
the resulting conjugates are extruded from the cell. Metabolite abbreviations are as follows: F6P—
fructose-6-phosphate, F-1,6-BP—fructose-1,6-biphosphate, and PEP—phosphoenolpyruvate. Arrows
and enzymes shown in purple denote reactions directed to antioxidant defense; gray arrows mark
reactions that promote oxidative damage in the form of lipid peroxides and products of their break-
down. Green arrows and enzymes mark reactions directed to glutathione reduction, orange-colored
enzymes and arrows—key glycolytic reactions, and the cyan arrow—the lactate dehydrogenase
reaction. (B) Experimental arrangement as detailed in Materials and Methods. Here and hereafter,
Mars and Venus symbols denote males and females, respectively.
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2. Materials and Methods

2.1. Animals and Experimental Conditions

C57BL/6N (wild type, WT) and APPPS1 (Thyl-APPSw, Thyl-PSEN1*L166P)21]ckr/])
mice of both sexes were used. APPPS1 mice overexpress human APP with the Swedish
mutation (KM670/671NL) and presenilin 1 with the L166P mutation, under the control
of the neuronal Thy-1 promoter. In these mice, both the PS1 and the APP constructs are
expressed only in the postnatal brain, and cerebral amyloidosis starts at 6-8 weeks of
age [25]. Subsequently, however, the amyloidosis spreads via the entire body, including the
liver and kidney, as shown in another mouse model of AD, using the same promoter [27,28].

WT mice (brain: 3 males and 3 females; liver and kidney: 3 males and 4 females) and
one group of APPPS1 mice (AL group, 4 males and 5 females) had unlimited access to
food and water during 9 months of the experiment (Figure 1B). In the CR group (4 males
and 4 females), APPPS1 mice had unrestricted access to food for 2.5 months and thereafter
were switched to caloric restriction for 7 months, until the end of the experiment. In the
CR group, each mouse received 90% of its individual ad libitum food intake during the
first week and 80% during the second week of the CR regimen. Starting from the third
week and continuing until the end of the experiment, the CR animals received 70% of their
respective ad libitum food intake (Figure 1B). Under all experimental conditions, the diet
(Ssniff® V1534-703, Ssniff® Spezialdidten GmbH, Soest, Germany) provided a sufficient
amount of vitamins and micronutrients [29,30].

All animals were kept under standard conditions with a 12h light/dark cycle. Ad
libitum-fed mice stayed in groups of 3-5 mice, and CR mice were conventionally housed
in individual neighboring cages with all olfactory, visual, and acoustic stimuli preserved.
All mice were provided with cellulose bedding and a wooden tube as cage enrichment.
All procedures complied with the ARRIVE guidelines, were carried out following the EU
Directive 2010/63/EU for animal experiments, and were approved by the state government
of Baden-Wiirttemberg, Germany, on 2 November 2021.

2.2. Tissue Sampling

Mice were deeply anesthetized (ketamine 200 mg/kg body weight; xylazine 20 mg/kg
body weight), tested for the surgical depth of anesthesia by checking the interphalangeal
reflex, and subjected to the transcardial perfusion with cold phosphate-buffered saline
(PBS) until their blood vessels and organs were largely bloodless [31]. After collection, the
liver, kidneys, and brain (without olfactory bulb and cerebellum) were immediately frozen
on dry ice and stored in a freezer at —80 °C.

2.3. Tissue Homogenization and Determination of Oxidative Stress Markers

Lipid peroxides and protein carbonyls were measured as markers of oxidative stress.
Note that the use of frozen tissues or tissue homogenates does not allow for reliable
measurement of ROS using probes for either H;O, or O,°~, since these species are very
short-lived and require intact membranes [32].

Lipid peroxides (LOOH) from frozen tissues were extracted with ethanol, as described
previously [24], and measured with the Fe?* /xylenol orange method [33,34]. Cumene
hydroperoxide was used to build the standard calibration curve [33,34].

To determine the levels of carbonyl groups in proteins, frozen tissue samples were
homogenized in 50 mM potassium phosphate buffer (KPi, pH 7.0), containing 0.5 mM
N,N,N’,N’-ethylenediaminetetraacetic acid (EDTA) and 1 mM phenylmethylsulfonyl flu-
oride at a ratio of 1:10 (milligram of tissue : microliter of homogenization medium). The
homogenates were centrifuged at 21,000 x g for 15 min at 4 °C in a Thermo Fisher Scientific
Multifuge X1R centrifuge (Waltham, MA, USA). The supernatants were then mixed with
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20% (final concentration) trichloroacetic acid to precipitate proteins. The content of car-
bonyl groups in proteins was determined by their reaction with 2,4-dinitrophenylhydrazine,
resulting in the formation of colored dinitrophenylhydrazones, and recorded spectrophoto-
metrically at 370 nm [35].

2.4. Tissue Homogenization and Determination of the Activities of Antioxidant Enzymes

Supernatants were prepared as described above for the protein carbonyls assay. Su-
peroxide dismutase (SOD) activity was measured based on the inhibition of quercetin
oxidation by superoxide anion radicals, which were generated in an alkaline medium by
TEMED (N,N,N’,N'-tetramethylethylenediamine) in the presence of oxygen. The rate of
the quercetin oxidation reaction was monitored spectrophotometrically at a wavelength of
406 nm [36]. The reaction was run in a mixture containing 30 mM Tris-HCI buffer (pH 10.0),
0.5mM EDTA, 0.8 mM TEMED, 0.05 mM quercetin, and 0.3-100 pL supernatant; the change
in absorbance with time was tested for 6-8 different volumes of supernatant. One unit
of SOD activity was defined as the amount of enzyme (per mg protein) that inhibits the
quercetin oxidation reaction by 50% of the maximum. Calculations were performed using
KINETICS software [37].

The activities of catalase, glutathione peroxidase (GPx), glutathione reductase (GR),
glutathione S-transferase (GST), and glucose-6-phosphate dehydrogenase (G6PDH)) were
measured spectrophotometrically, as described in our previous studies [23]. Briefly, all reac-
tion mixtures contained 50 mM KPi (pH 7.0) and 0.5 mM EDTA, and additional components
as follows: for catalase—10 mM H,O,*, and 10 uL supernatant; for GPx—0.25 mM NADPH,
4 mM sodium azide, 1 unit (U) GR, 15 mM reduced glutathione (GSH), 0.2 mM H;0;, and
20 pL supernatant*; for GST—5 mM GSH, 1 mM 1-chloro-2,4-dinitrobenzene, and 2-5 pL
supernatant*; for GR—0.25 mM NADPH, 1 mM oxidized glutathione (GSSG)*, and 2-50 pL
supernatant; and for GGPDH—5 mM MgCl,, 0.2 mM NADP?*, 2 mM G6P* with 20 pL
supernatant. Catalase activity was measured by following the rate of H,O, decomposition
at 240 nm (molar extinction coefficient ¢ = 39.4 M~! cm~!), GST activity was monitored
at 340 nm by the formation of 1-(S-glutathionyl)-2,4-dinitrobenzene (¢ = 9600 M~ cm™1),
an adduct between GSH and 1-chloro-2,4-dinitrobenzene. The activities of GPx, GR, and
G6PDH were assayed at 340 nm by monitoring NADPH (e = 6220 M~! cm™!), consumed
(GPx, GR), or formed (G6PDH) in these reactions. Asterisks mark components that were
omitted in blank reactions. One unit of catalase, GPx, GST, GR, and G6PDH activity is
defined as the amount of the enzyme consuming 1 pmol substrate or generating 1 pmol
product per minute.

2.5. Tissue Homogenization and Determination of the Activity of Glycolytic Enzymes

To determine the activity of glycolytic enzymes, frozen tissue samples were homoge-
nized in a lysis medium containing 50 mM imidazole buffer (pH 7.5), 0.5 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 20 mM NaF, and 150 mM KCI. The
resulting homogenates were centrifuged at 21,000x g for 15 min at 4 °C. After centrifu-
gation, the supernatants were collected and stored on ice for several hours to determine
biochemical parameters.

The activities of hexokinase (HK), phosphofructokinase (PFK), and pyruvate kinase
(PK) were measured spectrophotometrically in coupled enzyme reactions by registering
NADP* reduction (for HK) or NADH oxidation (for PFK and PK) at 340 nm [38]. All assays
except LDH activity were run in 50 mM imidazole buffer (pH 7.5) at 25 °C with a final
volume of 1.0 mL, including the supernatant. Blank activities were assayed in mixtures
without a specific substrate, indicated by the asterisk. LDH activity was measured in 50 mM
KPi (pH 7.5). Briefly, reaction buffers contained the following: for HK—10 mM glucose*,
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0.2 mM NADP?, 2 mM ATP, 5 mM MgCl,, 0.5 units (U) G6PDH, and 30 pL supernatant;
for PFK—5 mM fructose 6-phosphate*, 5 mM MgCl,, 5 mM ATP, 0.16 mM NADH, 50 mM
KCl, 0.5 U aldolase, 0.5 U triose-phosphate isomerase, 2 U glyceraldehyde-3-phosphate
dehydrogenase, and 30 uL supernatant; and for PK—1 mM 2-phosphoenolpyruvate*, 5 mM
MgCl,, 50 mM KCL, 2.5 mM ADP, 0.16 mM NADH, 2.5 U LDH, and 5 puL supernatant.
The reaction mixture for lactate dehydrogenase contained 0.5 mM EDTA, 0.2 mM NADH,
1 mM pyruvate*, and 10 pL supernatant. The total protein concentration in the samples
was determined by the Bradford method [39] with bovine serum albumin as a standard.

2.6. Analyses of the Plaque Load

Motor cortex areas of the previously fixed and embedded brains from our data bank
were cut into 50-pum-thick slices on a cryostat (Leica CM1950, Leica Biosystems Nussloch
GmbH, Nussloch, Germany). The staining was performed on free-floating sections in
24-well plates (Greiner Bio-One GmbH, Kremsmiinster, Austria) at room temperature. The
plaques were stained with 2 x 107°% Thioflavin S for 8 min in the dark and then washed
5 times in PBS. Finally, the slices were mounted on the fluorescence-free Superfrost Plus
microscope slides (R. Langenbrinck GmbH, Emmendingen, Germany) with the antifade
mounting medium (Vectashield, Vector Laboratories, Inc., Newark, CA, USA).

Images were acquired at an excitation wavelength of 800 nm with a custom-made two-
photon laser-scanning microscope, based on the FV300 confocal system (Olympus Optical
Co., Ltd., Tokyo, Japan), attached to the upright microscope (BX51WI, Olympus Optical Co.,
Ltd., Tokyo, Japan) with a 40 x water-immersion objective (0.80 NA, Nikon Europe B.V.,
Amstelveen, Netherlands) and a mode-locked laser (MaiTai, MKS Inc., Andover, MA, USA).
A 515 dichroic mirror and a 512 nm short-pass filter were used to separate the Thioflavin
S signal. The plaque load (6 images from 3 to 4 slices per mouse) was measured with
the following settings: 512 x 512 pixels field of view, 1 pm step size, 50 um depth, 40x
objective, and 1x zoom.

Image processing and analyses were performed using Imaris 9.8.0 (Oxford Instru-
ments, Abingdon, UK) software. To calculate the plaque load, the volume of Thioflavin
S-positive A3 deposits was reconstructed using the surface function of Imaris. A fluores-
cence threshold of mean plus one standard deviation was used, which was read from the
corresponding fluorescence intensity histogram of the entire imaged volume. Using the
volume filter, reconstructed entities smaller than 65.4 um?® (the volume of a sphere with a
diameter of 5 um) were excluded.

2.7. Statistical Analysis

The sample size for the study was estimated in R version 4.3.1 (package ‘pwr’, version
1.3-0), using the function pwr.anova.test with the following settings: 3 groups, effect size of
1.25, significance level of 0.05, and power of 0.8. This yielded a sample size of 3.29 animals
per group. We have also used Robin Ristl’s sample size calculator for analysis of variance
(https:/ /homepage.univie.ac.at/robin.ristl/samplesize.php?test=anova, URL accessed on
30 January 2026) with the following settings: 3 groups with means of 1.5, 2.5, and 1.5;
standard deviation of 0.5, significance level of 0.05, power of 0.8, and unequal sample sizes
(1, 0.8, 0.6). This calculation yielded a sample size of 3-5 mice.

The normality of the datasets was tested using the Jarque—Bera test, and the ho-
moscedasticity was tested using the Brown—Forsythe test, implemented in the R package
‘DescTools’ (version 0.99.49). To satisfy the normality and homoscedasticity assumptions,
the data on activities of G6PDH and PFK in the brain, HK in the liver, and GR in the kidney
were logarithmically transformed for model testing and multiple comparisons. The data
were analyzed using generalized linear models (Gaussian distribution and identity link
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function), followed by the analysis of deviance and multiple comparisons, using estimated
marginal means (Tukey adjustment for p-values obtained from pairwise multiple compar-
isons and computed using Studentized range distribution). The analyses were conducted
in R using packages ‘car’ (version 3.1-2, for analysis of deviance) and ‘emmeans’ (version
1.8.8, for multiple comparisons). A combined factor, mutation plus diet, was chosen as a
predictor variable. The sex of animals was chosen as another factor. Interaction between
the combined factor and sex was included in the model.

Data are represented as box-and-whisker plots with marked median, first, and third
quartiles (box floor and ceiling, respectively). The whiskers are extended to the most
extreme data points, which do not exceed the 1.5 interquartile range, and other data points
are shown as outliers. Differences between the groups for which the p-value < 0.05 were
considered statistically significant. The boxplots were made using GraphPad Prism version
8.0.2 for Windows (GraphPad Software, Boston, MA, USA).

Principal component analysis (PCA) was conducted and visualized using R packages
‘ggplot2’ (version 3.5.1), ‘ggpubr’ (version 3.5.1), ‘ggfortify’ (version 0.6.0), ‘ggrepel’ (version
0.9.3), and ‘gridExtra’ (version 2.3). The principal components were estimated using an
algorithm of singular value decomposition, implemented in the ‘base’ function prcomp.

3. Results

At 2-3 months of age, all experimental animals had a roughly similar body weight
(20-24 g) and food intake (Figure S1A,B), with small but significant sex-specific differences
in body weight between WT and AD mice (Figure S1C,E). According to the literature, the
food intake [40] and blood glucose levels [41] do not differ between these mouse strains at
midlife (8 months of age). Towards midlife, however, ad libitum-fed WT mice gained 37.6%
and ad libitum-fed AD mice gained 29.2% more weight, whereas the weight of calorically
restricted AD mice remained stable (Figure S1). Note that none of the experimental animals
ever showed any weight loss during the entire experiment. The age-related weight increase
in ad libitum-fed WT mice was higher in males (42.3%) than in females (33.2%), whereas in
the ad libitum-fed AD mice, the weight increases in both sexes were more homogeneous.

3.1. Lipid Peroxide Levels and Activity of Antioxidant and Glycolytic Enzymes in the Brain

At midlife, approximately 3% of the brain volume in AD mice was occupied by
amyloid (3, accumulating in Thioflavin S-positive dense core plaques (Figure 2). Consistent
with the prior literature data [16,18], CR caused a strong reduction in the brain plaque load
in both sexes, with significantly less amyloid found in CR male compared to CR female
brains (Figure 2B,C).

In the brains of male and female ad libitum-fed AD mice (AL group), the levels of
LOOH, a marker of lipid peroxidation intensity, were 3.4- and 2.2-fold (here and below,
the median values per group are reported) higher compared to those measured in WT
littermates, whereas no difference in lipid peroxides was observed between AL and CR
groups of AD mice (Figure 3A). SOD activity was 2.8- and 2.5-fold higher in male and 3.1-
and 3.9-fold higher in female AD mice on the AL and CR regimens compared to the values
measured in the respective WT groups (Figure 3B). Under the AL regimen, the catalase
activity was 56% lower in female AD mice compared to the respective WT mice, with no
difference observed between the AL and CR groups of AD mice (Figure 3C).

Male WT and AD mice fed ad libitum did not differ in the activities of GPx, GR,
GST, and G6PDH (Figure 3D-G). CR regimen, however, resulted in 2.4-fold higher GR
(Figure 3E) and 1.5-fold higher GST (Figure 3F) activities in AD males compared to the
respective WT groups. In contrast, the GPx (Figure 3D) and G6PDH (Figure 3G) activities
were significantly lower in the brains of AD compared to WT females, while the GR
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(Figure 3E) and GST (Figure 3F) activities were similar. Under caloric restriction, AD
females had 1.3- and 1.6-fold higher activities of SOD and GPx, respectively, compared to
males (Figure 3B,D), while the activities of GR and GST were 30% and 42% lower in AD
females compared to males (Figure 3E,F). Note that only in females, CR was able to reverse
the AD-mediated decrease in the GPx activity (Figure 3D).
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Figure 2. The effect of caloric restriction on the abundance of dense core amyloid deposits. (A) Sample
maximum intensity projection images (50 um depth, 1 um step size) of Thioflavin S-stained cortical
amyloid plaques (left) and their 3D reconstructions, using the Imaris surface function (right) in both
sexes. Scale bar 60 pm. (B) Quantification of amyloid burden across AD groups (1 = 9 for AD+AL and
8 for AD+CR mice). ** p < 0.01, unpaired unequal variance t-test. (C) Comparison of amyloid burden
between sexes (1 = 4-5 mice per group). Significantly different among sexes, # p <0.05, and among
diets, * p < 0.05, ** p < 0.01; pairwise comparisons with Tukey adjustment for p-values computed
using Studentized range distribution.

Ad libitum-fed AD males had significantly (3.4-, 6.3-, 34-, and 1.5-fold, respectively)
higher HK, PFK, PK, and LDH (Figure 4A-D) activities compared to the respective WT male
group. In AD males, caloric restriction did not affect HK (Figure 4A), PFK (Figure 4B), and
LDH (Figure 4D) activities. However, it significantly reduced the AD-mediated increase
in PK activity (Figure 4C). Compared to WT females, AD females in the AL group also
exhibited significantly (4.3-, 6.2-, 60-, and 1.4-fold, respectively) higher activities of HK
(Figure 4A), PFK (Figure 4B), PK (Figure 4C), and LDH (Figure 4D). Caloric restriction
further increased the PFK activity in AD females, leading to a significantly different level
of PFK activity in males and females, with little impact on the activities of other enzymes
tested (Figure 4A-D).
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Figure 3. Markers of oxidative stress and activities of antioxidant enzymes in the brain. Effects of
amyloidosis (AD phenotype) and caloric restriction (CR) on the APPPS1 (AD) and C57BL/6N (WT) mice
of both sexes. Here and below: AL—mice fed ad libitum. (A)—levels of lipid peroxides, (B)—superoxide
dismutase activity, (C)—catalase activity, (D)—glutathione peroxidase activity, (E)—glutathione reductase
activity, (F)—glutathione S-transferase activity, and (G)—glucose-6-phosphate dehydrogenase activity.
Here and below, n =7 WT mice (3 males and 4 females), 9 AL-fed APPPS1 mice (4 males and 5 females),
and 8 CR APPPS1 mice (4 males and 4 females). * Significantly different between genotype+diet groups,
p < 0.05. # Significantly different among sexes, p < 0.05.
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Figure 4. The activities of glycolytic enzymes in the brain. (A)—hexokinase activity, (B)}—phosphofructokinase
activity, (C)—pyruvate kinase activity, and (D)—lactate dehydrogenase. * Significantly different between
genotype+diet groups, p < 0.05. * Significantly different among sexes, p < 0.05.
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3.2. Oxidative Stress Markers and Activities of Antioxidant and Glycolytic Enzymes in the Liver

Male AD mice on the AL and CR regimens had 3.7- and 6.7-fold higher levels of LOOH
in the liver, compared to the WT group (Figure 5A). Of note, the levels of lipid peroxides
in the liver of AD males increased further (1.8-fold compared to the respective AL group)
under caloric restriction (Figure 5A). A similar observation was made in AD females. The
livers of AL and CR AD females showed 3.7- and 5.2-fold higher LOOH levels than those
measured in the WT group. AD+CR females exhibited 41% higher LOOH levels than the
AD+AL counterparts (Figure 5A). The content of protein carbonyl groups (PC), a marker of
protein oxidation, in the male liver was not affected by the amyloidosis or dietary regimen
(Figure 5B). However, AL-fed AD females had 60% lower PC levels compared to the WT
counterparts, likely reflecting the protective effect of Ap on the liver [42]. SOD activity was
significantly (2.2-fold) higher in AL-fed AD compared to WT males (Figure 5C), and this
AD-induced increase was reversed by CR. In contrast, no significant changes in the activity
of this enzyme were observed in females. Catalase activity was significantly higher in male
compared to female WT mice and decreased in both sexes of AD mice, with the difference
becoming significant in male mice only (Figure 5D).
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Figure 5. Levels of the oxidative stress markers and activities of antioxidant enzymes in the liver. (A)—levels
of lipid peroxides, (B)—levels of protein carbonyls, (C)}—superoxide dismutase activity, (D)—catalase activ-
ity, (E)—glutathione peroxidase activity, (F)—glutathione reductase activity, (G)—glutathione S-transferase
activity, and (H)—glucose-6-phosphate dehydrogenase activity. * Significantly different between geno-
type-+diet groups, p < 0.05. * Significantly different among sexes, p < 0.05.
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AL-fed AD males did not differ from the WT males in GPx (Figure 5E) and GST
(Figure 5G) activities. The caloric restriction did not affect the activity of these enzymes
either. In contrast, GR activity was significantly (1.5-fold) higher in AD and significantly
(by 23%) lower in AD+CR male mice (Figure 5F). Compared to the WT group, liver GGPDH
activity was 55% and 76% lower in the AL and CR groups of AD males, respectively
(Figure 5H). Compared to WT littermates, AL-fed AD females showed a trend towards
reduced activity of GPx and GST and had a significantly (1.6-fold) higher GR, as well as a
significantly lower (by 62%) G6PDH activity (Figure 5E-H). Importantly, CR changed the
GPx and GR activities significantly, bringing them much closer to control values measured
in female WT mice (Figure 5E,F). No differences between dietary regimens were found for
GST and G6PDH activities in female AD mice.

Compared to the respective WT group, AL-fed AD mice of both sexes had significantly
(4.8-fold in males and 2.6-fold in females) elevated glucose levels, with comparable glucose
levels in AL and CR groups of AD mice (Figure 6A). Ad libitum-fed AD males showed
similar hepatic HK and LDH activities but a significantly (57%) lower PFK activity and a
significantly (2.3-fold) higher PK activity compared to WT males (Figure 6B-E). AD with or
without CR affected neither HK activity (Figure 6B) in males nor LDH activity (Figure 6E)
in both sexes. In the livers of AD+AL females, the activity of HK was slightly (1.3-fold,
Figure 6B) and of PK significantly (4.4-fold, Figure 6D) higher compared to that measured
in WT females. Hepatic PFK activity was significantly (43%) lower in the AL-fed AD
females compared to the WT group (Figure 6C). The only difference between the dietary
regimens was observed for PK, which was significantly higher in CR compared to AL+AD
females. Moreover, sex-specific differences were observed for HK in the AD+CR group and
for LDH in the WT group of mice (Figure 6B,E).
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Figure 6. Levels of glucose and activity of glycolytic enzymes in the liver. (A)—levels of glucose,
(B)—hexokinase activity, (C)—phosphofructokinase activity, (D)—pyruvate kinase activity, and
(E)—lactate dehydrogenase activity. * Significantly different between genotype-+diet groups, p < 0.05.
# Significantly different among sexes, p < 0.05.
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3.3. Oxidative Stress Markers, Activities of Antioxidant and Glycolytic Enzymes in the Kidneys

Under the AL regimen, kidney LOOH levels in AD mice of both sexes were signifi-
cantly higher (1.7-fold in males, 2.2-fold in females) than those in the respective WT groups
(Figure 7A). The CR regimen brought the LOOH levels closer to the WT values in both sexes,
causing a slight reduction in the CR compared to AL males and a significant reduction in
the CR compared to AL females. In AD+AL mice, the levels of PC slightly decreased in
males and significantly increased in females, resulting in a profound sex-specific difference
(Figure 7B). The CR regimen normalized the level of protein carbonyls in AD mice of
both sexes.
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Figure 7. Levels of the oxidative stress markers and activities of antioxidant enzymes in the kidney.
(A)—Tlevels of lipid peroxides, (B)—levels of protein carbonyls, (C)—superoxide dismutase activ-
ity, (D)—catalase activity, (E)—glutathione peroxidase activity, (F)—glutathione reductase activity,
(G)—glutathione S-transferase activity, and (H)—glucose-6-phosphate dehydrogenase activity. * Sig-
nificantly different between genotype-+diet groups, p < 0.05. # Significantly different among sexes,
p <0.05.

The AL and CR groups of AD males and females had significantly higher kidney SOD
activity compared to the respective WT groups (Figure 7C). Still, the AD-mediated SOD
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activity in males was higher than that in females, resulting in a significant sex-specific
difference. Compared to the respective WT groups, the catalase activity did not differ in
males but was significantly lower in AL (51%) and CR (54%) AD females, again revealing
significant sex-specific differences. Compared to the respective WT controls, GPx activity
was significantly higher in AD+AL and AD+CR groups of both male and female mice
(Figure 7E). Still, GPx activity in AL females was significantly higher than that observed in
AL males. Irrespective of dietary regimen, male AD mice showed no significant differences
in kidney GR, GST, or G6PDH activities compared to WT mice (Figure 7F-H). Similarly, AD
females did not differ from WT mice in the activity of kidney GR (Figure 7F). Surprisingly,
in the WT mice, the GST activity was significantly lower (87%) in females compared to
males (Figure 7G). Compared to this control, the GST activity in the kidneys of AD females
was 6-fold higher in the AL group and 10.9-fold in the CR group (Figure 7G). Moreover,
GST activity was significantly (81%) higher in AD females on the CR regimen compared to
the AL group (Figure 7G). For G6PDH, the only significant difference observed in females
was between the WT and AD+CR groups (Figure 7H).

As in the liver (Figure 6A), glucose levels were significantly higher in the kidneys
of male and female AD compared to the respective WT mice (Figure 8A). AD+AL male
mice had significantly (3-fold) higher kidney glucose levels than their female counterparts.
Moreover, while CR caused a significant (46%) reduction (i.e., normalization) of glucose
levels in males, it caused a significant (2.2-fold) further increase in glucose levels in females
(Figure 8A).
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Figure 8. Levels of glucose and activity of glycolytic enzymes in the kidney. (A)—levels of glucose,
(B)—hexokinase activity, (C)—phosphofructokinase activity, (D)—pyruvate kinase activity, and
(E)—lactate dehydrogenase activity. * Significantly different between genotype-+diet groups, p < 0.05.
# Significantly different among sexes, p < 0.05.
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AlL-fed AD males and females had similar levels of HK, PFK, and LDH activities to WT
mice (Figure 8B,C,E). Surprisingly, however, HK activity was significantly higher in females
compared to males for all groups tested, and the CR regimen selectively increased HK
activity in males (Figure 8B). Compared to the WT mice, a small but significant CR-induced
increase in PFK activity was observed in AD females (Figure 8C), while LDH activity
remained stable throughout the experiment in both sexes (Figure 8E). Finally, the kidneys of
AD males had significantly higher PK activity in the AL (5.6-fold) and CR (5.3-fold) groups
compared to the WT group (Figure 8D). Similar effects were also observed in the kidneys of
female AD mice, with a small but significant sex-specific difference in the AD+CR group.

3.4. Principal Component Analyses

Principal component analyses revealed substantial differences between WT and AD
mice in all three tested organs, with male and female data mapping to the overlapping
clusters (Figure 9).
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Figure 9. Principal component analysis of all parameters measured in this study as biplots, demon-
strating the contribution of each measured parameter to the total variance of the dataset. The distance
of each parameter label from the center of the figure indicates the amount of variance along each
principal component. The data used for the PCA were taken from measurements conducted on
samples from the brain (A), liver (B), and kidney (C) of WT, AD+AL, and AD+CR mice of both sexes.
Note that liver and kidney datasets also comprise measurements of glucose and protein carbonyls
that are not present in the brain dataset.

In the liver and brain, the effect of caloric restriction was modest. In all studied
organs, parameters explaining the largest proportion of variance along PC1 were LOOH,
SOD, G6PDH, catalase, and PK. The contribution of several parameters was tissue-specific.
Thus, in the brain, along with LOOH, SOD, and PK, AD development was associated
with large changes in the activity of PFK and HK. There was also a strong association of
amyloidosis with the tissue glucose levels, where measured. In the liver, high PFK activity
was associated with the WT phenotype (Figures 6C and 9B). In the kidney, GPx and GST,
enzymes able to detoxify lipid peroxides, also contributed to the PC1 variance, whereas in
the brain and liver, these two enzymes did not show strong associations with either the WT
or AD phenotype. In the brain and liver, LDH activity explains the largest proportion of
variance along PC2, likely indicating the particular importance of this enzyme for these
two organs.
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4. Discussion

4.1. AD-Induced Body-Wide Metabolic Changes
4.1.1. Oxidative Stress

Recent cumulative evidence refutes the purely central-nervous-system-centered etiol-
ogy of AD and positions it as a metabolic disease of the entire body [9,10,43-45]. By ana-
lyzing back-to-back AD-induced metabolic changes in the brain, liver, and kidney, i.e., the
three key organs for A3 generation (brain) and clearance (liver and kidney), we observed
a strong and consistent increase in oxidative stress markers (Figures 3A, 5A, 7A,B, and 9).
The increase in LOOH levels is consistent with previous brain data from humans and
rodent AD models [5,46]. Neurotoxic byproducts of lipid peroxidation, 4-HNE (Figure 1)
and acrolein, were elevated in the hippocampus, cortex, and cerebellum of subjects with
mild cognitive impairment and early AD [47,48]. High levels of thiobarbiturate-reactive
substances and F4-isoprostanes were found in the postmortem brains of AD patients [49,50].
Cortical data from 3 to 5-month-old female 3 x Tg-AD mice suggest that oxidative stress
intensifies early, before the development of senile plaques or tau pathology, and is likely
triggered by intracellular accumulation of Ap oligomers [51]. If so, similar changes are
expected in our AD mice.

Intracellular A can induce oxidative stress in several ways. In the brain mitochondria
of AD patients and mAPP mice, it complexes with the Ap-binding alcohol dehydrogenase
at nanomolar concentrations [52], causing mitochondrial dysfunction, ROS overproduction,
and cytochrome c release from mitochondria. A also binds transition metals, favoring
hydroxyl radical formation through the Fenton reaction [53]. Finally, Ap-induced ROS may
impair antioxidant or glycolytic enzymes [5]. As the disease progresses, extracellular Af3
oligomers bind pattern recognition receptors on microglia [6,54], activating NF-kB. This
upregulates inducible NO-synthase and NADPH oxidase 2; increases production of nitric
oxide, superoxide anion radical, hydrogen peroxide, and peroxynitrite; and increases levels
of proinflammatory cytokines like interleukin 13 (IL-1@), which further amplify NF-kB
signaling [6]. Furthermore, extracellular A3 oligomers induce neuronal hyperactivity
and enhance intracellular Ca?* signaling [55], raising the mitochondrial Ca* content [56].
Elevated Ca* stimulates the oxidative phosphorylation (OXPHOS) system and dehydroge-
nase complexes (e.g., a-ketoglutarate and pyruvate dehydrogenase) to generate ROS [57].
Note that in AD mice, and likely also in patients, amyloid accumulations are found not
only in the brain but also in the liver and kidney [10,27,28].

The three organs under study reacted to the above challenges with an activation of
the antioxidant defense, but the activation patterns were organ-specific: the activity of
(i) SOD was higher in all tissues except the female liver; (ii) catalase was lower in the
female brain and kidney, as well as in the male liver; (iii) GPx was lower in the female
brain and higher in the kidney of both sexes, with no change in the liver; and (iv) GST
selectively increased in the female kidney. The AD-mediated decrease in catalase activity is
likely due to depletion of active heme, the prosthetic group of catalases, as intracellular
Ap may complex with free heme, reducing its bioavailability [58]. In the brain, liver,
and kidney, the AD-induced G6PDH changes paralleled changes in catalase activity, in
line with our previous studies [24,35,59]. G6PDH is vulnerable to ROS, especially when
the catalase activity is decreased [35,60]. Thus, the ubiquitous AD-mediated decrease in
G6PDH activity (see also Figure 9) may represent an additional oxidative stress marker,
along with increased LOOH levels and SOD activity, as a possible compensatory response.
G6PDH lies at the crossroads of antioxidant defense (as an enzyme producing an important
reductant NADPH) and carbohydrate metabolism. With reduced G6PDH activity in the
liver of both sexes and all female tissues, carbohydrate metabolism likely shifts to glycolysis.
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This reduction may also reflect the secondary consequences of altered energy metabolism,
given the central role of G6PDH in NADPH production and carbohydrate flux.

Together, the observed enzymatic changes may reflect both organ-specific AD-induced
intensification of oxidative burden and compensatory responses. Decreases in catalase
and G6PDH activity, along with increased LOOH levels, are consistent with increased
oxidative burden. The increase in SOD (and in some tissues GST) activities suggests
compensatory antioxidant responses aimed at neutralizing superoxide and electrophilic
metabolites. Parallel changes in glycolytic enzymes point to the secondary consequences of
an altered energy metabolism, where shifts in carbohydrate flux may indirectly modulate
redox homeostasis.

4.1.2. Enhancement of Glycolytic Capacity

In our study, the strongest amyloid-induced effect on glycolytic enzymes was observed
in the brain, with a selective increase in the activities of HK and PFK, accompanied by
a ubiquitous increase in PK activity. Previously, a higher abundance of pyruvate kinase
M1 was found in cortical extracts of 6-month-old APPswe/PSEN1AE9 male AD mice [61]
and in brain and cerebrospinal fluid samples of AD patients [62-64]. Higher activities
of glycolytic enzymes may reflect the amyloidosis-driven inflammation and metabolic
reprogramming of immune cells, shifting from OXPHOS to glycolysis, even in the presence
of oxygen. In peripheral and central immune cells, glycolysis and its metabolites (i) activate
proinflammatory signaling pathways, such as NFAT (nuclear factor of activated T-cells), NE-
kB, and mTOR complex 1; (ii) enhance production of IL-1f3 and interferon; and (iii) increase
intracellular Ca®* levels and trigger post-transcriptional, post-translational, and epigenetic
changes [65]. In microglia, this shift supports proliferation, phagocytosis, and production
of pro-inflammatory cytokines [66]. As glycolytic enzymes are abundantly expressed in the
postsynaptic density [67], the higher activities of these enzymes might reflect the ubiquitous
AD-induced hyperactivity of neural networks [68,69]. While in neurons elevated glycolysis
potentially promotes neurodegeneration, in astrocytes it is mostly beneficial, sparing the
blood-borne glucose for neurons and protecting them against oxidative stress [70,71].

Increased activities of glycolytic enzymes in our study may indicate both a compen-
satory role of glycolysis in providing cells with ATP and a metabolic reprogramming that
indirectly modulates redox balance. Of note, the activity of PK, which provides ATP in
the glycolysis pay-off phase, increased in all three organs of AD mice. CR may exacerbate
the energy deficit in AD mice, forcing cells to activate energy-producing pathways, for
example, by inducing AMP-activated protein kinase and its downstream targets, including
glycolytic enzymes [72].

PCA indicates the opposite trend for PFK activity in the liver, with the lowest levels
being in AD animals (Figures 6C and 9B). This might reflect predominant gluconeogenesis
in the liver and implies that gluconeogenesis in the liver and glycolysis in the brain
and kidney maximize the flux of specific metabolites (e.g., glycerol-3-phosphate). In
glycolytic tissues, PFK directs the flow to the production of trioses, whereas in the liver,
trioses can be formed in gluconeogenesis, in reverse reactions of the glycolytic pay-off
phase. Among trioses, dihydroxyacetone phosphate can be converted into glycerol-3-
phosphate, which may contribute to mitochondrial ATP production through the glycerol-3-
phosphate shuttle, bypassing complex I of the electron-transport system. This shuttle may
provide energy for brain cells [73] and was recently shown to support neuronal metabolic
flexibility [74]. Increased levels of glycerol-3-phosphate were also found in the liver and
kidney of APPswe/PSEN1AE9 AD mice [75].

Collectively, these data show that AD induces significant body-wide metabolic changes
(Figure 9), accompanied by peripheral (and likely also central [76]) hyperglycemia, ox-
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idative damage, and enhanced glycolysis and antioxidant defense. The latter could be
interpreted as a multidirectional organ-specific functional adaptation to the metabolic shifts
entailed by amyloid deposits and soluble oligomers. In the brain, enhanced glycolysis
may support ATP production, whereas in the liver, decreased PFK activity may prioritize
systemic glucose supply at the expense of local antioxidant defense. Thus, the enzymatic
changes we report likely represent an integrated response to both oxidative stress and
metabolic shifts, with distinct functional outcomes across organs.

4.2. Sex-Specificity of the AD-Induced Changes

Two-thirds of AD patients are women, and at the age of 65, women are twice as likely
to develop AD as men (Women and Alzheimer’s | Alzheimer’s Association). While the
reasons also include longevity, pay gap, and stress from unpaid caregiving, sex-specific
biological differences are crucial [3,77,78]. We observed sex-specific differences already in
middle-aged WT mice: the catalase activity was higher in the female brain and the male
liver. In addition, LDH activity was higher in the male liver, and HK in the female kidney.
All but one (kidney HK activity) differences disappeared in the AD mice, showing that in
disease, similarities between sexes may have different etiologies. Compared to AD+AL
males, PK and PFK activities were lower in the brains of females, along with lower SOD
and higher HK activities in the liver and kidney. In addition, the G6PDH activity was
consistently lower in AD than in WT females, leading to decreased NADPH production. In
AD mice, kidneys were the most sex-sensitive organ, with lower glucose and higher protein
carbonyls, as well as lower catalase activities in females versus males. Note, however, that
our findings represent phenotypic associations, rather than mechanistic explanations.

Together, these data point to less efficient AD-induced glycolysis in the female brain,
as well as lower antioxidant defense in the female liver and kidney (likely impacting A3
clearance), thus providing yet another facet to the complex picture of female vulnerability
in AD.

4.3. Impact of Caloric Restriction

Obesity, insulin resistance, and type 2 diabetes are well-known AD comorbidities, shar-
ing markers like oxidative damage; neuroinflammation; Ca?t dyshomeostasis; impaired
autophagy; neural network activity; adult neurogenesis; and learning and memory [72]. At
the same time, caloric restriction extends lifespan across species (from yeast to humans),
enhances autophagy and DNA repair, reduces oxidative damage and neuroinflammation,
stabilizes Ca®* homeostasis and neural activity, and promotes mitochondrial biogenesis
and neurogenesis [72,79]. Moreover, CR decreases amyloid deposition in AD mice (this
study and [16,18]) and improves the performance of elderly subjects in auditory verbal
learning [19]. Therefore, we expected CR to counteract AD-induced metabolic dysfunction.

To our surprise, the LOOH levels were only lowered by CR in female kidneys. In
the brain, LOOH levels remained unchanged, whereas in the liver, they were significantly
higher compared to those in AD+AL mice, likely because the CR-mediated enhancement
of mitochondrial biogenesis was not matched by a corresponding increase in antioxidant
defense. This may explain why CR was insufficient to counteract the oxidative damage.
Although in the brain CR sex-specifically increased the activity of antioxidant enzymes
(Figure 3), this increase was probably insufficient to suppress lipid peroxidation.

Ap can bind transition metals [53] and stimulate hydroxyl or superoxide radical forma-
tion from hydrogen peroxide near phospholipid membranes (see above). This complicates
scavenging of oxygen-containing radicals and prevents fast ROS detection by signaling
systems such as Keap1 [6]. While CR decreased the density of Thioflavin S-positive dense
core plaques (Figure 2), this may not apply to the intracellular Af3 oligomers. It is therefore
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not surprising that the catalase activity did not increase under CR. Additionally, CR may
limit dietary precursors for heme biosynthesis (glycine, succinyl-CoA), constraining cata-
lase function. Our previous study [24] showed a trend toward reduced catalase activity in
WT+CR mice, supporting the notion that CR alone may suppress catalase independently of
AP load, consistent with the modest CR outcomes we observed.

The only CR effect in the kidneys was a further increase in female GST activity. As GST
detoxifies LOOH breakdown products (Figure 1), the increase in GST activity is consistent
with a selective LOOH decrease in females (Figure 7A,G). For glycolytic enzymes, CR
increased female PFK and decreased male PK in the brain and increased female PK in the
liver. Compared to males, AD+CR females had higher PFK activity in the brain, HK activity
in the liver and kidneys, and PK activity in the kidneys. Thus, in females, glycolysis is more
responsive to CR than in males, so CR-induced glycolysis may help regulate AD-induced
inflammation [65]. In general, however, all observed differences between the AD+AL and
AD+CR mice were modest compared to those between the WT and AD mice (Figure 9).

5. Strengths and Limitations

In our study, group-housed AL-fed animals were compared with CR mice housed
individually, but with the olfactory, visual, and acoustic stimuli preserved (see Materials and
Methods). This might be seen as a limitation confounding data interpretation. To counteract
single housing effects [80-84], all animals received cage enrichment [85-87]. For both sexes,
long-term housing under similar conditions yielded burrowing, social interaction, anxiety,
exploration, body weight, and stress hormone levels that were comparable to group-housed
conspecifics [88-90]. Note that EODEF, the only dietary intervention permitting group
housing, does not limit the total amount of calories consumed per gram of body weight
and thus is not a CR [29,91-93]. Consistently, in 5XFAD female mice, the EODF failed to
decrease the brain’s A342 levels or the AD-induced blood-brain barrier permeability [22].
Moreover, unlike our (Figure 2) and other data [16,18], this regimen failed to reduce amyloid
deposits. Of note, our animals never showed weight loss under CR (Figure S1), and in the
WT brains, the same CR protocol [24] did not change the studied parameters (Figure S2).
In the liver and kidney, the control experiments [24] revealed only a few differences, with
the signs of changes being mostly opposite to those reported here. However, our study
uses relatively small sample sizes. Therefore, some conclusions, especially those related to
subtle differences between dietary conditions, should be interpreted with caution and may
require confirmation in larger cohorts.

The strength of our study lies in the sex-specific investigation of the systemic metabolic
effects of amyloidosis and CR, and in a back-to-back biochemical analysis of central (brain)
and peripheral (liver and kidney) tissues. While biomarker accessibility was not directly as-
sessed, consistent AD-induced shifts in enzymes, such as pyruvate kinase, hexokinase, and
glutathione S-transferase, across the organs suggest that peripheral metabolic signatures
mirror amyloid-induced changes in the brain. These findings warrant further investiga-
tion into whether such enzymatic changes, or their upstream regulators, could serve as
surrogate markers of AD progression or treatment response. Moreover, sex-dependent
responsiveness to CR, especially in female kidneys and liver, supports the rationale for
personalized dietary interventions to enhance peripheral metabolic resilience in AD. To-
gether, our results provide a foundation for future translational studies targeting peripheral
metabolism in AD diagnostics and therapy.

6. Conclusions

The current study shows that APPPS1 mice overexpressing mutant human amyloid
precursor protein and presenilin 1 display body-wide adverse changes, with increased
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levels of lipid peroxides in the brain, liver, and kidney, and altered activities of the first-line
antioxidant enzymes, such as superoxide dismutase and catalase (Figure 9). Compared
to the WT mice, the activity of pyruvate kinase was always higher, while differences in
activities of glutathione-related enzymes, and enzymes of glucose catabolism (glucose
6-phosphate dehydrogenase, hexokinase, and phosphofructokinase) were tissue- and sex-
specific. Under CR, female mice had more effective glucose catabolism, and their kidneys
showed the greatest decrease in oxidative stress markers among all studied tissues. In
general, however, the impact of caloric restriction on key glycolytic, antioxidant, and related
enzymes was rather modest.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/antiox15020191/s1, Figure S1: Body weight and food intake in
experimental mice; Figure S2: Effects of amyloidosis and caloric restriction (CR) on the APPPS1 (AD)
and C57BL/6N (WT) mice.
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The following abbreviations are used in this manuscript:

AD Alzheimer’s disease

AL Ad libitum

APP Amyloid precursor protein

ARRIVE Animal Research: Reporting of In Vivo Experiments
AB Amyloid (3

CR Caloric restriction

EDTA N,N,N’,N'-Ethylene diamine tetraacetic acid
EODF Every-other-day-feeding

G6PDH Glucose-6-phosphate dehydrogenase

GPx Glutathione peroxidase

GR Glutathione reductase

GSH/GSSG Glutathione reduced /oxidized

GST Glutathione S-transferase
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