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ABSTRACT: The gut might play an important role in the
etiopathogenesis of Alzheimer’s disease (AD) as gastrointestinal
alterations often precede the development of neuropathological
changes in the brain and correlate with disease progression in
animal models. The gut has an immense capacity to generate free
radicals whose role in the etiopathogenesis of AD is well-known;
however, it remains to be clarified whether gastrointestinal redox
homeostasis is associated with the development of AD. The aim
was to (i) examine gastrointestinal redox homeostasis in the
presymptomatic and symptomatic Tg2576 mouse model of AD;
(ii) investigate the effects of oral D-galactose previously shown to
alleviate cognitive deficits and metabolic changes in animal models
of AD and reduce gastrointestinal oxidative stress; and (iii) investigate the association between gastrointestinal redox biomarkers and
behavioral alterations in Tg2576 mice. In the presymptomatic stage, Tg2576 mice displayed an increased gastrointestinal
electrophilic tone, characterized by higher lipid peroxidation and elevated Mn/Fe-SOD activity. In the symptomatic stage, these
alterations are rectified, but the total antioxidant capacity is decreased. Chronic oral D-galactose increased the antioxidant capacity
and reduced lipid peroxidation in the Tg2576 but had the opposite effects in the wild-type animals. The total antioxidant capacity of
the gastrointestinal tract was associated with greater spatial memory. Gut redox homeostasis might be involved in the development
and progression of AD pathophysiology and should be further explored in this context.
KEYWORDS: Alzheimer’s disease, gastrointestinal, gut−brain axis, redox, galactose

■ INTRODUCTION
Accumulating evidence suggests that the gut might play an
important role in the etiopathogenesis and progression of
Alzheimer’s disease (AD).1,2 Gastrointestinal (GI) alterations
have been reported in both transgenic3−7 and nontransgenic
animal models of AD.8−11 Importantly, GI alterations often
precede neuropathological changes in the brain and correlate
with disease progression,4,6 suggesting that pathophysiological
processes in the gut might contribute to dyshomeostasis in the
central nervous system (CNS) in the early stages of
neurodegeneration. Honarpisheh et al. reported that GI
dysfunction takes place before the onset of cognitive symptoms
and the accumulation of cerebral amyloid-β (Aβ) in the (6
months old) Tg2576 mouse model of familial AD.4 Similarly,
pathophysiological alterations in the GI tract have been
observed in the presymptomatic stage in other animal models
of familial AD (e.g., TgCRND86 and APP/PS13). Mechanisms
by which gut dyshomeostasis might incite neurodegeneration
are still not clear; however, current working models suggest

that dysfunction of the GI barrier might promote chronic
inflammation and metabolic dyshomeostasis associated with
microglial activation and brain insulin resistance as key
etiopathogenetic clusters of AD.12−16 GI redox dyshomeostasis
might be another mechanism by which gut dysfunction impels
neurodegenerative processes: (i) oxidative stress is closely
related to most molecular mechanisms driving AD;17,18 (ii) the
gut has an immense capacity to generate free radicals with
detrimental health consequences19−21 and 40% of body energy
expenditure is required for the maintenance of the GI barrier,
which is constantly and inevitably exposed to xenobiotics and
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Table 1. Gastrointestinal Redox Biomarkers in the Presymptomatic (7 Months Old) and Symptomatic (12 Months Old)
Tg2576 Mice

age (months) redox biomarker group estimate (CI) contrast: ratio [p-value]

7 δABTS absorbancea wt 0.54 (0.47−0.61)
wt + gal 0.54 (0.48−0.61)
tg 0.54 (0.48−0.61)
tg + gal 0.53 (0.46−0.60)

12 δABTS absorbancea wt 0.42 (0.38−0.54)
wt + gal 0.46 (0.38−0.54)
tg 0.43 (0.36−0.51)
tg + gal 0.44 (0.37−0.52)

7 δH2O2 [mM]b wt 8.12 (6.36−9.87)
wt + gal 6.10 (4.55−7.65)
tg 7.66 (6.16−9.17)
tg + gal 7.38 (5.71−9.04)

12 δH2O2 [mM]b wt 7.12 (5.68−8.55) tg/tg + gal: 1.28 [0.049]
wt + gal 6.94 (5.63−8.26) tg/wt: 1.22 [0.099]
tg 8.68 (7.43−9.93)
tg + gal 6.77 (5.46−8.09)

7 CAT: δH2O2 [mM]c wt 7.91 (6.25−9.58) tg + gal/wt + gal: 1.32 [0.085]
wt + gal 5.84 (4.35−7.32) wt/wt + gal: 1.36 [0.083]
tg 7.81 (6.39−9.22)
tg + gal 7.70 (6.10−9.31)

12 CAT: δH2O2 [mM]c wt 7.08 (5.59−8.57) tg/tg + gal: 1.28 [0.055]
wt + gal 6.93 (5.58−8.28)
tg 8.71 (7.41−10.01)
tg + gal 6.80 (5.43−8.16)

7 GSH [μM/mL]a wt 13.1 (11.9−14.4) tg + gal/wt + gal: 0.89 [0.061] (th:gen p = 0.082)
wt + gal 13.7 (12.6−14.8)
tg 13.6 (12.5−14.6)
tg + gal 12.2 (11.1−13.4)

12 GSH [μM/mL]a wt 13.4 (11.6−15.3) tg + gal/wt + gal: 1.16 [0.068]
wt + gal 13.1 (11.4−14.8)
tg 14.1 (12.5−15.8)
tg + gal 15.2 (13.5−16.9)

7 H2O2 [mM]a wt 1.55 (0.93−2.12)
wt + gal 1.96 (1.42−2.50)
tg 1.78 (1.25−2.32)
tg + gal 1.78 (1.19−2.37)

12 H2O2 [mM]a wt −0.43 (−2.20−1.35)
wt + gal −0.49 (−2.12−1.14)
tg −0.85 (−2.39−0.71)
tg + gal −0.68 (−2.32−0.95)

7 NRP [integrated density]a wt 29.71 × 103 (22.44 × 103 − 36.99 × 103)
wt + gal 27.79 × 103 (21.37 × 103 − 36.99 × 103)
tg 34.77 × 103 (28.45 × 103 − 41.08 × 103)
tg + gal 35.03 × 103 (28.04 × 103 − 42.02 × 103)

12 NRP [integrated density]a wt 42.15 × 103 (31.19 × 103 − 53.11 × 103) tg/wt: 0.65 [0.048]
wt + gal 32.46 × 103 (22.41 × 103 − 42.50 × 103)
tg 27.60 × 103 (18.04 × 103 − 37.16 × 103)
tg + gal 31.03 × 103 (20.94 × 103 − 41.12 × 103)

7 ORAC [δRFU]a wt 1007 (470−1545)
wt + gal 907 (433−1381)
tg 1140 (674−1606)
tg + gal 1193 (677−1709)

12 ORAC [δRFU]a wt 1020 (351−1689)
wt + gal 1783 (1170−2396)
tg 1436 (852−2019)
tg + gal 1304 (688−1919)

7 PER: δH2O2 [mM]b wt −0.01 (−0.52−1.02) tg + gal/wt + gal: 0.42 [0.053]
wt + gal 0.09 (−0.42−1.06)
tg −0.26 (−0.60−0.36)
tg + gal −0.54 (−0.77 − −0.09)
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Table 1. continued

age (months) redox biomarker group estimate (CI) contrast: ratio [p-value]

12 PER: δH2O2 [mM]b wt −4.27 (−5.29 − −2.09)
wt + gal −3.52 (−4.86 − −0.85)
tg −2.82 (−4.45−0.36)
tg + gal −3.26 (−4.74 − −0.30)

7 SH [μM/ml]a wt 16.9 (15.1−18.7)
wt + gal 16.2 (14.6−17.8)
tg 17.2 (15.7−18.8)
tg + gal 17.6 (15.8−19.3)

12 SH [μM/ml]a wt 17.3 (15.5−19.0)
wt + gal 18.4 (16.9−20.0)
tg 16.9 (15.3−18.4)
tg + gal 16.7 (15.4−18.3)

7 SOD [δTHB abs]a wt 0.060 (0.050−0.071)
wt + gal 0.057 (0.048−0.067)
tg 0.056 (0.047−0.065)
tg + gal 0.051 (0.041−0.062)

12 SOD [δTHB abs]a wt 0.059 (0.050−0.067)
wt + gal 0.052 (0.044−0.061)
tg 0.056 (0.048−0.064)
tg + gal 0.056 (0.048−0.064)

7 Mn/Fe-SOD [δTHB abs]a wt 0.058 (0.053−0.064)
wt + gal 0.054 (0.049−0.059)
tg 0.053 (0.048−0.058)
tg + gal 0.052 (0.046−0.057)

12 Mn/Fe-SOD [δTHB abs]a wt 0.056 (0.050−0.062)
wt + gal 0.056 (0.051−0.062)
tg 0.054 (0.049−0.060)
tg + gal 0.056 (0.051−0.062)

7 Mn-SOD [δTHB abs]a wt 0.109 (0.102−0.116) tg/wt: 0.86 [0.004]
wt + gal 0.095 (0.088−0.101)
tg 0.094 (0.088−0.101) wt/wt + gal: 1.15 [0.009] (th:gen p = 0.077)
tg + gal 0.091 (0.084−0.098)

12 Mn-SOD [δTHB abs]a wt 0.103 (0.085−0.121)
wt + gal 0.118 (0.101−0.134)
tg 0.113 (0.098−0.129)
tg + gal 0.120 (0.104−0.137)

7 Cu/Zn-SOD [δTHB abs]d wt 0.058 (0.047−0.068)
wt + gal 0.057 (0.048−0.066)
tg 0.057 (0.048−0.066)
tg + gal 0.053 (0.043−0.063)

12 Cu/Zn-SOD [δTHB abs]d wt 0.058 (0.051−0.065)
wt + gal 0.052 (0.045−0.059)
tg 0.057 (0.051−0.064)
tg + gal 0.055 (0.049−0.062)

7 TBARS [μM]a wt 9.01 (4.68−17.31)
wt + gal 10.53 (5.91−18.77)
tg 14.31 (8.11−25.26)
tg + gal 13.53 (1.98−3.23)

12 TBARS [μM]a wt 16.85 (12.35−23.00) tg + gal/wt + gal: 0.69 [0.060]
wt + gal 20.95 (15.76−27.85)
tg 14.65 (11.18−19.21)
tg + gal 14.46 (10.86−19.24)

aAdjusted for total protein concentration. bAdjusted for total protein concentration and baseline H2O2 concentration; δH2O2 is negative due to
artifactual absorbance shift (low accuracy, high precision)�values do not faithfully reflect absolute numbers but enable reliable group comparisons.
cCatalase activity was estimated from total H2O2 dissociation capacity adjusted for baseline H2O2, protein concentration, and residual activity of
peroxidases. dCu/Zn-SOD activity was estimated from total SOD activity adjusted for Mn/Fe-SOD and protein concentration. TBARS�
thiobarbituric acid-reactive substances; SOD�superoxide dismutase; THB�1,2,3-trihydroxybenzene; abs�absorbance; SH�protein sulfhydryl
groups; PER�peroxidases; ORAC�oxygen radical absorbance capacity; NRP�nitrocellulose redox permanganometry; GSH�glutathione;
CAT�catalase; and ABTS�2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid).
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microorganisms;22 and (iii) maintenance of gut redox
homeostasis and the GI barrier are mutually intertwined
physiological processes.21,23,24 Until now, investigations into

gut redox balance have exclusively focused on the presympto-
matic APP/PS1 mouse model of familial AD. In this particular
model, researchers observed a decline in the overall antioxidant

Figure 1. Spatial memory and gastrointestinal redox biomarkers in the presymptomatic (7 months old) and symptomatic (12 months old) Tg2576
mice after chronic oral D-galactose treatment (200 mg/kg). (A) Model output depicting spatial memory vector (SMV) point estimates with 95%
confidence intervals (CI) in the presymptomatic (left) and symptomatic (right) Tg2576 mice and respective wild-type controls treated with the
vehicle (wt; tg) or oral D-galactose (wt + gal; tg + gal). Larger values are associated with worse performance in the Morris water maze spatial
memory test. Group differences are presented as contrasts (point estimates and 95% CI of differences between group least-squares means). (B)
Volcano plot demonstrating group comparisons (ratiometric contrasts) with log2 of ratios on the X-axis and −log10 of p-values on the Y-axis. The
exploratory threshold for −log10(p) is presented as a horizontal red dotted line, and thresholds of the effect size (set at 25%) are denoted as vertical
black dotted lines. (C) Variable importance maps calculated based on the permutation-induced mean decrease in accuracy derived from conditional
inference-based unbiased classification random forests with SMV defined as the response variable. Bars indicate permutation importance for forest
models, and numbers indicate correlation coefficients. abts�difference in absorbance of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid);
cat�catalase activity; Cu/Zn-sod�the activity of cytoplasmic Cu/Zn-superoxide dismutase; dh2o2�total H2O2 dissociation capacity; gsh�
glutathione; h2o2�H2O2; Mn-sod�Mn-superoxide dismutase; Mn/Fe-sod�Mn- and Fe-superoxide dismutase; nrp�nitrocellulose redox
permanganometry (antioxidant capacity biomarker); orac�oxygen radical absorbance capacity; per�residual activity of peroxidases; sh�protein
thiol residues; sod�total superoxide dismutase activity; and tbars�thiobarbituric acid-reactive substances.
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Figure 2. Behavioral characteristics of the presymptomatic (7 months old) and symptomatic (12 months old) Tg2576 mice after chronic oral D-
galactose treatment (200 mg/kg). Model output depicting exploratory activity (A), grooming (B), nesting (C), and velocity (D) point estimates
and 95% confidence intervals (CI) in the presymptomatic (left) and symptomatic (right) Tg2576 mice and respective wild-type controls treated
with the vehicle (wt; tg) or oral D-galactose (wt + gal; tg + gal). Group differences are presented as contrasts (point estimates and 95% CI of
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capacity and a decrease in the expression of genes responsible
for preserving and utilizing glutathione (GSH), including GSH
S-transferase pi and GSH synthetase.3 Here, we aimed to
examine redox homeostasis in the GI tract of the
presymptomatic and symptomatic Tg2576 mice, one of the
most widely used transgenic models of AD. Our second aim
was to assess the effects of chronic oral D-galactose treatment
in the presymptomatic and symptomatic Tg2576 mice and
their age-matched controls. Chronic oral D-galactose treatment
initiated in the early postinduction period has the potential to
prevent and alleviate cognitive dysfunction in the rat model of
sporadic AD,25,26 and recent evidence indicates that oral D-
galactose can modulate redox homeostasis in the brain27 and
exert favorable effects on redox signaling in the gut.28 Finally,
considering the importance of the gut−brain axis in regulating
behavior,29−31 we aimed to examine the phenotypic correlates
of GI redox biomarkers using data from a behavioral
assessment conducted in the same cohort of Tg2576 mice
by Babic Perhoc et al.32

■ RESULTS
Presymptomatic Tg2576 had increased activity of gut
manganese superoxide dismutase (Mn-SOD; −14% in δTHB
absorbance (inversely proportional to Mn-SOD activity); p =
0.004). Increased activity of Mn-SOD was associated with
increased lipid peroxidation (+59%), which did not reach the
predetermined statistical significance threshold due to large
variability. Chronic oral D-galactose treatment (200 mg/kg; ad
libitum) was not associated with pronounced changes in
gastrointestinal redox biomarkers. The total antioxidant
capacity was unaltered. In the wild-type controls, chronic
oral D-galactose treatment was associated with decreased H2O2
dissociation capacity (−25%) and increased baseline H2O2
(+26%), possibly due to the suppressed activity of catalase
(−26%; p = 0.08). D-Galactose treatment also increased the
activity of superoxide dismutases (SODs), namely, the
mitochondrial Mn-SOD (−13% change in 1,2,3-trihydrox-
ybenzene (δTHB) absorbance) (Table 1 and Figure 1) and
increased lipid peroxidation (+17%). Interestingly, the
observed effect was largely absent in the presymptomatic
Tg2576. There was no change in the total H2O2 dissociation
capacity, the activity of catalase and SOD, or the concentration
of lipid peroxidation end products (Table 1 and Figure 1).

In the symptomatic (12 months old) Tg2576, total
antioxidant capacity was reduced (nitrocellulose redox
permanganometry (NRP): −35%; oxygen radical absorbance
capacity (ORAC): +41% (inversely related to antioxidant
capacity)) (Table 1 and Figure 1). Total H2O2 dissociation
capacity (+21%) and the activity of catalase (+23%) and
peroxidases were increased, and there was a slight decrease in
the Mn-SOD capacity (+10% δTHB absorbance). However,
the observed changes were associated with a decreased

accumulation of lipid peroxidation end products in the
transgenic gastrointestinal tract (−13%) (Table 1 and Figure
1). D-Galactose treatment increased antioxidant capacity
(NRP: +12%; ORAC: −9%) and decreased H2O2 dissociation
capacity only in Tg2576 (−22%), possibly due to suppression
of catalase activity (−22%). The observed change in H2O2
metabolism following D-galactose in the symptomatic Tg2576
was associated with a slight decrease in GSH availability
(+8%). Conversely, D-galactose treatment decreased antiox-
idant capacity in the gastrointestinal tract of wild-type animals
(NRP: −23%; ORAC: +75%). Diminished antioxidant
capacity was associated with increased activity of total
(−12% δTHB absorbance) and cytoplasmic Cu/Zn-SOD
(−11% δTHB absorbance) and decreased activity of
mitochondrial Mn-SOD (+15% δTHB absorbance). The
observed changes were accompanied by a +24% increased
accumulation of lipid peroxidation end products in wild-type
animals receiving D-galactose (Table 1 and Figure 1).

Of the observed changes, only gut antioxidant capacity (2,2′-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS)
assay) was an important predictor of cognitive performance
in the presymptomatic stage (Figure 1C). Mice with a greater
gut antioxidant capacity had better cognitive performance
(Figure 1C). In the advanced stage, gastrointestinal antioxidant
capacity (ABTS, NRP, and ORAC), SOD capacity (total and
Mn/Fe-SOD), low-molecular weight and protein thiols, and
lipid peroxidation end products were determined to be
important predictors of spatial memory (Figure 1C). Greater
antioxidant capacity was associated with better cognitive
performance based on NRP (r = −0.53) and ORAC (r =
0.48), while ABTS assay (r = 0.48) suggested an inverse
association. Both total SOD (δTHB; r = −0.52) and Mn/Fe-
SOD (δTHB; r = −0.38) activity were associated with poor
cognitive performance, while mitochondrial (Mn-SOD) and
cytoplasmic (Cu/Zn-SOD) fractions did not predict spatial
memory (Figure 1C). Interestingly, low-molecular weight and
protein thiols were both important predictors of cognitive
performance; however, low-molecular weight thiols were
associated with poor spatial memory, while the inverse was
true for protein thiol residues. Cognitive impairment was
inversely proportional to the concentration of lipid perox-
idation end products in the gastrointestinal tract.

Presymptomatic Tg2576 demonstrated an increased explo-
ration drive and decreased grooming and nesting (Figure 2). D-
Galactose treatment normalized exploration and grooming but
did not increase the nesting score in the AD model.
Conversely, there was no effect of D-galactose on the measured
behavioral parameters in the controls. Interestingly, there were
no pronounced differences in exploration, grooming, or nesting
in the cognitively deficient 12 months old Tg2576, suggesting
that the observed phenotypic traits are specific to the
presymptomatic phase. D-Galactose treatment was associated

Figure 2. continued

differences between group least-squares means). (E) Variable importance maps calculated based on the permutation-induced mean decrease in
accuracy derived from conditional inference-based unbiased classification random forests with exploration, grooming, nesting, and velocity defined
as response variables. Bars indicate permutation importance for cforest models and numbers indicate correlation coefficients. abts�difference in
absorbance of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); cat�catalase activity; Cu/Zn-sod�the activity of cytoplasmic Cu/Zn-
superoxide dismutase; dh2o2�total H2O2 dissociation capacity; gsh�glutathione; h2o2�H2O2; Mn-sod�Mn-superoxide dismutase; Mn/Fe-
sod�Mn- and Fe-superoxide dismutase; nrp�nitrocellulose redox permanganometry (antioxidant capacity biomarker); orac�oxygen radical
absorbance capacity; per�residual activity of peroxidases; sh�protein thiol residues; sod�total superoxide dismutase activity; and tbars�
thiobarbituric acid-reactive substances.
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with reduced grooming behavior and velocity in the open field
(OF) test, however, only in 12 months old Tg2576 (Figure 2).

Mn/Fe-SOD was an important predictor of several
phenotypic traits in presymptomatic animals (Figure 2E).
Greater Mn/Fe-SOD activity was associated with exploration
(δTHB; r = −0.18) and reduced grooming (δTHB; r = 0.42)
and nesting (δTHB; r = 0.38) scores. The increased
exploratory drive was also associated with decreased gut
antioxidant capacity (NRP) and decreased gastrointestinal
catalase activity (r = −0.21). Catalase activity was an important
predictor of grooming (r = 0.39), while nesting was associated
with decreased low-molecular weight thiols (r = −0.43) and
increased concentration of H2O2 (r = 0.28) (Figure 2E).

In the symptomatic stage, increased H2O2 (r = 0.24) and
decreased Cu/Zn-SOD activity (δTHB; r = 0.34) predicted
the exploratory drive. Total and cytoplasmic SOD activity was
inversely associated with both grooming (δTHB; total: r =
0.25; Cu/Zn-SOD: r = 0.24) and nesting (δTHB; total: r =
0.50; Cu/Zn-SOD: r = 0.50). Nesting was also associated with
greater gut antioxidant capacity (ORAC; r = −0.43) (Figure
2E).

It has been hypothesized that redox biomarkers might be
associated with GI function and thus possibly reflected in fecal
pellet output. Total fecal pellet output was unremarkable both
in the 7 months old and 12 months old animals (Figure 3A).
In the presymptomatic stage, chronic oral D-galactose treat-
ment was associated with fewer pellets produced in the 7
months old wild-type animals; however, there was no change
in the Tg2576. There was no association between fecal pellet
output and spatial memory in the 7 months old mice (spatial
memory vector (smv) vs fecal pellet output; r = 0.03);
however, 12 months old mice with poor spatial memory
produced fewer pellets on average (smv vs fecal pellet output; r
= −0.32) (Figure 3B). Redox biomarkers demonstrated
variable associations with the fecal pellet output. The strongest
association was observed for cytoplasmic SOD in the 7 months
old mice (Figure 3C) and protein thiol groups in the 12
months old animals (Figure 3D). In both cases, a greater
antioxidant capacity was associated with the production of
fewer pellets. Associations between fecal pellet output and all
redox biomarkers are provided in the Supporting information.

Finally, we analyzed the association between GI redox
biomarkers measured in this study and the expression of
plasma and brain metabolic and neuropathological markers
measured by Babic Perhoc et al. in the same cohort of Tg2576

mice.32 Correlations between all parameters are provided in
the Supporting information.

■ DISCUSSION
The presented results suggest an increased electrophilic burden
in the Tg2576 gut compensated for by the time the animals
develop cognitive deficits. Chronic oral D-galactose admin-
istration is associated with detrimental effects in the gut of
wild-type animals but not in the Tg2576 GI tract, providing
evidence in favor of the hypothesis that the beneficial effects of
D-galactose might depend on the underlying pathophysiology.
Gut redox biomarkers seem to be associated with behavioral
patterns across groups with the most pronounced contribution
related to spatial memory in the advanced stage of the disease
possibly reflecting the behavioral effects mediated by the gut−
brain axis.33

Although the effects were small and accompanied by large
uncertainty (due to the exploratory nature of the experiment),
redox biomarkers suggest that an increased GI electrophilic
burden might precede the development of cognitive deficits in
Tg2576. The activity of the mitochondrial antioxidant enzyme
Mn-SOD was increased in the gut of presymptomatic Tg2576,
possibly indicating a compensatory response to increased
generation of O2

•− anions (Table 1, Figures 1 and 2).
Increased expression and activity of Mn-SOD represent
important mechanisms by which cells defend against the
accumulation of free radicals generated in the process of
mitochondrial respiration.34,35 The activity of cytoplasmic Cu/
Zn-SOD and bacterial Fe-SOD did not change, indicating that
the electrophilic burden in the Tg2576 gut might be primarily
related to mitochondrial metabolism. The hypothesis that
increased Mn-SOD represents a compensatory response is
supported by the finding of increased accumulation of
thiobarbituric acid-reactive substances (TBARS), indicating
either failure of upstream antioxidant defense systems in
preventing initiation of lipid peroxidation or the inability of
terminating mechanisms to stop its propagation.36 In the
symptomatic Tg2576, Mn-SOD activity was decreased,
possibly as a result of prolonged exposure to increased
concentration of free radicals.37 Moreover, total antioxidant
capacity was decreased, and the activities of H2O2-metaboliz-
ing systems (catalase and peroxidases) were increased (Table
1, Figures 1 and 2). Increased wasting of nucleophilic
substrates (reflected in reduced antioxidant capacity) and
upregulation of H2O2 metabolism were accompanied by

Figure 3. Fecal output is partially associated with redox parameters in the gut but not with smv. Fecal output (A) and the association between fecal
output and smv (B), scaled gut Cu-SOD (C), and protein sulfhydryls (D). smv�spatial memory vector and Cu-SOD�Cu/Zn superoxide
dismutase.
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neutralization of lipid peroxidation, suggesting that compensa-
tory mechanisms were able to stabilize increased generation of
free radicals by redefining a redox heterostatic set point most
likely at the expense of long-term functioning.18,38 The
observed results, suggesting an increased electrophilic burden
in the presymptomatic stage heterostatically compensated by
the time the animals developed cognitive deficits, are in line
with previous reports in other animal models of familial AD.
Chi et al. reported reduced expression of enzymes involved in
GSH-mediated defense against oxidative stress and decreased
total antioxidant capacity in the GI tract of the presymptomatic
APP/PS1 mice.3 Honarpisheh et al. did not assess GI redox
homeostasis; however, they observed multiple pathophysio-
logical alterations in presymptomatic Tg2576 that did not
persist to the symptomatic stage.4 Early pathophysiological
alterations observed by Honarpisheh et al. in the presympto-
matic Tg2576 might be associated with unopposed electro-
philic burden, while the establishment of redox heterostasis
corresponds with the absence of structural and functional
changes of the GI barrier in the aged mice.4 The precise factors
contributing to the unexpected electrophilic stress observed in
presymptomatic Tg2576 mice have yet to be fully understood.
However, it is important to highlight that an imbalance in gut
microbiota, as evidenced in the Tg2576 model,39 may have a
role in perturbing the host’s intestinal redox equilibrium. A
disrupted gut microbial environment could potentially
contribute to the production of free radicals through various
mechanisms such as disturbing the integrity of the intestinal
barrier, inciting inflammation, or even directly influencing
intestinal mitochondria. This influence on intestinal mitochon-
dria could trigger mitochondrial dysfunction-associated sen-
escence (MiDAS) through a bidirectional communication,
given the shared evolutionary ancestry of mitochondria and
bacteria.14

The dysfunction of intestinal mitochondria and the
compromised function of the gastrointestinal barrier sub-
sequently lead to inflammation and an increased generation of
detrimental free radicals, ultimately impacting the delicate
balance of both the central nervous system and overall
systemic health.19,21

Chronic oral D-galactose treatment was associated with
detrimental effects on redox homeostasis in the 7 and 12
months old wild-type mice; however, in the Tg2576, the effects
of D-galactose were either absent (presymptomatic stage) or
associated with beneficial modulation of redox homeostasis
(symptomatic stage). Chronic parenteral administration of D-
galactose is widely utilized for the induction of oxidative stress
and modeling aging,40,41 so its detrimental effects on redox
homeostasis in wild-type animals are not surprising. Never-
theless, harmful effects of chronic D-galactose treatment are
usually observed after parenteral administration of large doses,
while chronic oral ad libitum administration has so far only
been associated with beneficial effects in animal models of
AD25,26,32 and atopic dermatitis.42 A large body of evidence
suggests that the majority of the harmful and beneficial effects
of D-galactose might be explained by tissue exposure. Peroral
administration of D-galactose, associated with beneficial effects,
usually results in 10-fold lower tissue exposure in comparison
with parenteral routes due to intestinal absorption and liver
retention.27,28,43,44 In contrast, bolus oral administration can
exceed tissue buffering capacity and achieve high plasma D-
galactose concentrations25 and has, thus, been associated with
detrimental effects.45,46 Likewise, parenteral (i.e., subcuta-

neous) administration of D-galactose can exert beneficial
effects47 if tissue metabolic capacity is not exceeded.
Nevertheless, there are some exceptions (e.g., a recent report
of beneficial effects of large-dose parenteral D-galactose in
irradiated mice48) and it cannot be excluded that the effects of
D-galactose are not only dose- but also model-dependent.43,49

The presented results support this concept, as detrimental
effects of chronic oral D-galactose on gut redox homeostasis
(and cognition) were observed only in the wild-type controls.

One of our aims was to explore whether GI redox
biomarkers are valid predictors of mouse behavior. Recent
evidence strongly supports the role of gut microbiota in
regulating animal behavior;29−31 however, exact mechanisms
used by gut microbiota to control behavioral patterns are still
not fully understood. Considering a close relationship between
gut eubiosis and GI redox homeostasis,50−54 the gut redox
milieu might be associated with specific behavioral patterns. In
this research, GI antioxidant capacity (ABTS) was recognized
as a potential predictor of cognitive performance across groups,
with greater antioxidant capacity associated with better spatial
memory in the 7 months old mice. In the 12 months old mice,
several biomarkers were recognized as potential predictors of
cognitive performance. NRP, ORAC, and concentration of
protein thiols and the increased antioxidant capacity predicted
better overall spatial memory; however, lipid peroxidation,
GSH, and lower activity of total and Mn/Fe-SOD were also
paradoxically recognized as positive predictors of cognitive
performance. Discrepant results suggest that the relationship
between GI redox homeostasis and cognitive performance
cannot be described by a simple model in which better redox
homeostasis translates to improved spatial memory. The
understudied direct and indirect (e.g., blood flow-mediated)
effects of meal ingestion on intraluminal redox homeostasis
provide one possible explanation for the paradoxical findings.
The latter is supported by the recognition of Mn/Fe-SOD as
one of the predictors, as this enzyme is found in plants and
bacteria. In this context, the reduced activity of Mn/Fe-SOD,
associated with better spatial memory, might reflect either
suppressed microbiota-derived SOD or the absence of food
ingestion shortly before the trial. Unfortunately, temporal
patterns of food intake were not monitored in the present
study. Mn/Fe-SOD also predicted other behavioral patterns:
its activity was associated with exploration and inversely
associated with grooming and nesting scores in the 7 months
old cohort. Nesting was associated with greater baseline H2O2
and reduced GSH, while catalase activity acted as a positive
predictor of grooming and a negative predictor of exploration.
In the 12 months old mice, total and cytoplasmic SOD activity
demonstrated an inverse correlation with grooming and
nesting, while the decreased activity of Cu/Zn-SOD and
decreased baseline H2O2 predicted greater exploration. The
latter might reflect inflammatory signaling associated with the
generation of O2

•−55 as it has been shown that even mild
inflammation is sufficient to induce anxiety-like behavior.56

More research is needed to understand the biological
implications of the observed associations.

Finally, we found no evidence of a strong association
between the fecal pellet output and spatial memory. In the
presymptomatic stage, there was no association, while in the
symptomatic stage, there was only a weak association between
cognitive ability and the number of fecal pellets. The number
of fecal pellets was associated with some redox biomarkers,
possibly indicating the reduced antioxidant capacity in animals
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producing more pellets; however, the relationship between
redox homeostasis and GI function remains to be elucidated.

■ CONCLUSIONS
The presented results indicate an electrophilic challenge of the
GI redox homeostasis in Tg2576 mice before the development
of cognitive deficits compensated by the time the animals
develop symptoms. The results suggest that gut oxidative stress
might be involved in the processes driving the initiation of
neurodegenerative changes. Alternatively, subtle CNS changes
taking place in the early stage of neurodegeneration might
affect gut redox homeostasis, while the animals are still not
manifesting cognitive deficits. Future research should elucidate
whether the observed changes might contribute to neuro-
degenerative processes by supporting peripheral inflammation.

■ LIMITATIONS
The most important limitation of this study is its exploratory
design with only 5−6 animals per group. Consequently, the
power to detect changes in some redox biomarkers with
satisfactory certainty was fairly low. For example, in the
presymptomatic Tg2576, lipid peroxidation in the gut was
increased by ∼60%, indicating a relatively large and likely
biologically meaningful effect. Nevertheless, the effect did not
meet the predetermined criteria for statistical significance due
to a small number of animals and relatively large dispersion.
We fixed α at 10% to minimize the risk of omission and avoid
an excessive false nondiscovery rate; however, evident from the
above-mentioned example, it is reasonable to assume that
some relevant effects might have still been missed and
additional studies are needed to better understand the role
of GI redox homeostasis in transgenic models of AD. Another
limitation is that temporal patterns of food intake were not
monitored in the present study. As it can be speculated that the
presence of intraluminal nutrients might exert both direct and
indirect effects on redox homeostasis of the gut, it cannot be
ruled out that some of the effects reflected the difference in
meal timing caused by either genotype or D-galactose
treatment.

■ MATERIALS AND METHODS
Animals. 40 adult male B6;SJL-Tg(APPSWE)2576Kha hetero-

zygous transgenic mice (Tg2576) and wild-type controls aged 5
months and 40 mice aged 10 months (Taconic Biosciences Inc.,
Hudson New York) entered the experiments. Mice were housed
individually in standard cages in vented positive-pressure cabinets
maintaining a stable temperature (22−24 °C) and humidity (40−
60%) environment, with a 12 h light/12 h dark cycle, at the licensed
animal facility at the Croatian Institute for Brain Research, University
of Zagreb School of Medicine (HR-POK-006). Mice were kept on
standardized food pellets and water ad libitum before galactose
treatment was initiated, after which treated groups received galactose
dissolved in tap water in the previously observed daily water intake
volume with tap water made available after the daily dose was
consumed.
Experimental Design. The first mouse cohort of 40 animals

entered the experiment at 5 months old, to assess the characteristics
of presymptomatic fAD, whereas the second cohort investigating
symptomatic fAD started the experiment at 10 months old. In both
instances, mice were divided into 4 groups with 10 animals per group:
Tg2576 (tg), wild types (wt), galactose-treated Tg2576 (tg + gal),
and galactose-treated wild types (wt + gal). Oral D-galactose treatment
lasted for 2 months, when the animals underwent cognitive and
behavioral testing as indicated below (aged 7 and 12 months,
respectively). Following these tests, animals were sacrificed, and

samples were withdrawn for further analyses. Tissue samples used in
this study were from the same animals used in the study by Babic
Perhoc et al. for the assessment of the effects of D-galactose on
metabolic parameters in the CNS.32

Galactose Treatment. Oral D-galactose treatment lasted for two
months and was initiated in the two cohorts at 5 and 10 months of
age, respectively. D-Galactose was freshly dissolved in tap water at a
concentration of 200 mg/kg/day, in a volume previously observed as
the average daily water intake for each animal (∼10 mL daily).
Control Tg2576 and wild-type mice received regular tap water
throughout the experiment.
Behavioral Analysis. Behavioral assessment was based on a

battery of tests, including the Morris water maze (MWM), OF, and
nesting assessment. Technical details of MWM and OF are described
in detail in the original publication.32 MWM was performed following
a previously described protocol.57 The test was conducted for a total
of 6 trial days, which included 5 learning and memory trial days, each
with 4 trials per day (each from a different starting point; southwest
(SW), south (S), east (E), and northeast (NE), separated by 30 min
of rest periods), and a probe trial on day 6. Mice were placed in a 120
cm-diameter round pool filled with water at a temperature of 25 ± 1
°C and 60 cm deep. During the first 5 training days, mice were trained
to escape the water by finding a concealed 15 cm-diameter wide, glass
platform, which was submerged 2 cm below the water surface and
placed in the same quadrant of the pool on each training day
(northwestern (NW) quadrant). Mice which successfully found the
platform during the 60 s long trial remained on it for 15 s to
memorize its location. Mice that completed the trial without finding
the platform were lured toward it to allow the animals to learn its
location. Escape latency was recorded, defined as the time needed to
find the platform after being released from the pool. The probe trial
which assessed the mice’s memory retention was performed on the
sixth day by releasing the mice from the southeastern (SE) quadrant
and with the platform removed from the pool. Memory retention was
reflected in the time spent in the search for the platform in the correct
quadrant. Data were acquired using a Basler AG camera and tracked
and analyzed using EthoVision XT software (Noldus Information
Technology). Spatial memory parameters from the original study32

were dedimenzionalized into a single spatial memory vector
parameter (described in the Data Analysis section).

OF was performed in a square chamber (50 cm × 50 cm × 40 cm)
positioned in a normally lit room. Animals were placed in the arena
and observed for 5 min, with their movement recorded using a camera
(Basler AG) and tracked and analyzed using video software
(EthoVision XT, Noldus Information Technology). Each animal
was placed in the same corner of the previously wiped chamber and
left to explore for 5 min. Grooming, velocity, and exploration drive
were assessed by using EthoVisionXT software.

Nesting was performed according to a predefined protocol58 before
sacrification. Individually housed mice were given a small rectangle
(approximately 5 cm × 5 cm) of pressed cotton an hour before the
dark cycle. On the following morning, each cage was assessed by two
observers and given a score on a rating scale of 1−5, as indicated,58

with 1 representing the lowest score and more than 90% of the piece
of cotton left untouched and 5 representing a near-perfect nest. The
average score from both investigators was recorded for each built nest.
Fecal Pellet Output. Fecal pellet output was measured by

counting the number of fecal pellets produced in the OF arena over
300 s.
Sample Preparation. The animals were euthanized by decapi-

tation in deep anesthesia (thiopental 60 mg/kg/diazepam 6 mg/kg
ip). Internal organs were exposed by laparotomy, and the duodenum
was removed and snap-frozen in liquid nitrogen and stored at −80 °C.
Frozen tissue sections were thawed in lysis buffer (150 mM NaCl, 50
mM Tris-HCl pH 7.4, 1 mM EDTA, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, 1 mM PMSF, protease (Sigma-Aldrich,
Burlington, Massachusetts) and phosphatase (PhosSTOP, Roche,
Basel, Switzerland) inhibitor cocktail; pH 7.5) and subjected to three
cycles of ultrasonic homogenization (Microson Ultrasonic Cell 167
Disruptor XL, Misonix, Farmingdale, NY, SAD). Homogenates were
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centrifuged for 10 min (relative centrifugal force 12 879 g), and
protein concentration was measured using the Bradford reagent
(Sigma-Aldrich). A protein calibration curve was determined with
bovine serum albumin dissolved in lysis buffer. Homogenates were
kept at −80 °C.
Antioxidant Capacity. Antioxidant capacity was determined with

three separate biochemical methods. The ABTS radical cation assay
was performed by measuring the change in absorbance of the ABTS
working solution after incubation in the presence of tissue samples in
a 96-microwell plate. ABTS (7 mM) was incubated with K2S2O8 (2.45
mM) for 24 h. ABTS/K2S2O8 solution was diluted 40-fold and
incubated with 1 μL of each homogenate in a volumetric ratio of
1:100 (sample/ABTS). The absorbance at 405 nm was measured after
5 min using an Infinite F200 PRO multimodal microplate reader
(Tecan, Switzerland).10 The difference between the baseline control
solution (ABTS) and final absorbance was proportional to the sample
antioxidant capacity.59 The ORAC fluorescein assay was conducted
by incubating tissue samples (10 μL) with 150 μL of 5 μM fluorescein
dissolved in phosphate-buffered saline (pH 7) in a 96-microwell
plate.60 Fluorescence (465 nm excitation/540 nm emission; 10 nm
bandwidth) was recorded every minute for 60 min using an Infinite
F200 PRO multimodal microplate reader (Tecan, Switzerland). NRP
was performed by quantifying the sample-mediated reduction of
KMnO4 by measuring the integrated density of the MnO2 precipitate
on a nitrocellulose membrane. Briefly, 1 μL of each sample was
pipetted onto the nitrocellulose membrane (Amersham Protran 0.45;
GE Healthcare Life Sciences, Chicago, Illinois), and the dry
membrane was incubated in NRP solution (0.01 g/mL of KMnO4
in ddH2O) for 30 s. The membrane was destained in ddH2O,
digitalized, and analyzed in Fiji with the gel analyzer plugin.61

Catalase/Peroxidase Activity and H2O2 Concentration. The
activity of catalase and peroxidases and baseline concentration of
H2O2 were measured by the assay originally proposed by Hadwan62

and adapted and validated in our previous publications.63−65 Briefly,
tissue samples (5 μL) were incubated with 150 μL of Co(NO3)2
solution (0.1 g of Co(NO3)2 × 6 H2O in 5 mL of ddH2O mixed with
(NaPO3)6 solution (0.05 g of (NaPO3)6 dissolved in 5 mL of ddH2O)
and added to 90 mL of NaHCO3 solution (8.1 g in 90 mL ddH2O))
in a microwell plate to obtain baseline H2O2 concentrations. The
same procedure was repeated after incubating the samples with 10
mM H2O2 in PBS for 90 s to measure total H2O2 dissociation capacity
and in the presence of 10 mM H2O2 and 0.025 mM NaN3 in PBS to
measure the NaN3-insensitive fraction reflecting the activity of
peroxidases.64,66 The H2O2 concentration was estimated from the
([Co(CO3)3]Co) absorbance at 450 nm using an Infinite F200 PRO
multimodal microplate reader (Tecan, Switzerland) based on the
linear model obtained with serial dilutions of H2O2 in PBS (R2 =
0.97−0.99). Assay sensitivity was optimized by modifying sample
volumes and reaction times based on pilot experiments on the same
samples.
SOD Activity. The activity of SOD was analyzed utilizing an

indirect assay based on the inhibition of THB autoxidation introduced
by Marklund and Marklund67 and modified by others.28,68 Briefly,
tissue samples (6 μL) were incubated with 100 μL of the SOD
working solution, THB solution (80 μL; 60 mM THB in 1 mM HCl),
mixed with 4000 μL of the reaction buffer (0.05 M Tris-HCl and 1
mM Na2EDTA in ddH2O; pH 8.2) in a 96-well plate for 300 s. The
absorbance increase at 450 nm reflecting THB autoxidation was
measured with kinetic intervals of 30 s to approximate SOD activity.
The same procedure was repeated with modified reaction buffers
containing inhibitors partially selective for Cu/Zn-SOD (2 mM
KCN) or Cu/Zn-SOD and Fe-SOD (5 mM H2O2).64,66

Protein and Low-Molecular Weight Thiol Group Quantifi-
cation. Free thiol groups were quantified with Ellman’s procedure
based on the reaction of sulfhydryl residues with 5,5′-dithio-bis(2-
nitrobenzoic acid)(DTNB), which yields a yellow-colored product, 5-
thio-2-nitrobenzoic acid (TNB).9,27,69 Tissue homogenates (25 μL)
were mixed with an equal amount of 4% sulfosalicylic acid solution for
60 min on ice, and the samples were centrifuged for 10 min at 10 000g
to obtain the protein (pellet) and low-molecular weight (supernatant)

fractions. Both fractions were incubated with the DTNB solution (4
mg/mL DTNB in 5% sodium citrate) at room temperature for 10
min, and 405 nm absorbance was measured with an Infinite F200
PRO multimodal microplate reader (Tecan, Switzerland). The
concentration of thiol residues was estimated based on the extinction
coefficient of 14 150 M−1cm−1.
Lipid Peroxidation. Lipid peroxidation was measured with the

modified TBARS assay70 as described previously.27,28 Briefly, tissue
homogenates (12 μL) were incubated with 120 μL of the TBA-TCA
reagent (0.4% thiobarbituric acid in 15% trichloroacetic acid) in a
heating block set at 95 °C for 20 min in perforated microcentrifuge
tubes. The colored adduct was extracted with n-butanol (100 μL), and
the absorbance was measured at 540 nm using the Infinite F200 PRO
multimodal microplate reader (Tecan, Switzerland). The concen-
tration of TBARS was determined from the linear model obtained
with serial dilutions of malondialdehyde (Sigma-Aldrich) (R2 = 0.98−
0.99). The procedure was optimized for the analysis of duodenal
homogenates by iterative adjustment of the sample volume, reaction
time, and the n-butanol extraction procedure.
Data Analysis. Data were analyzed using R (4.1.3) following

ARRIVE 2.0 guidelines for reporting animal studies.71 Gastrointestinal
redox biomarkers were analyzed by fitting linear models using the
biomarker of interest as the dependent variable, while group
allocation (based on the treatment and genotype) and protein
concentration (loading control) were defined as independent
predictors. Additional covariates were introduced where necessary:
baseline concentration of H2O2 (total H2O2 dissociation capacity,
catalase, and peroxidase activity models); peroxidase activity (catalase
activity model); and Mn/Fe-SOD activity (Cu/Zn-SOD activity
model). The effect of age was not modeled directly as it was not
permitted by the experimental design (separate cohorts). A change in
THB absorbance (inversely proportional to SOD activity) was used in
modeling instead of approximated activity measures of SOD to reduce
artifactual uncertainty. Visual inspection of residuals was performed to
check model assumptions, and appropriate (log) transformations were
introduced where appropriate. Model outputs (group least-squares
means and their contrasts) were reported as point estimates with 95%
confidence intervals (CI). Contrasts were reported as ratios regardless
of the presence of log transformation in the original model to facilitate
the interpretation of effect sizes. Considering the exploratory nature of
the study, α was set at 10% to deflate the type II error and avoid
excessive false nondiscovery rate (particularly for large effects) (e.g.,
the threshold for −log10(p) was fixed at 1 in the volcano plot).72

Complex variables (e.g., MWM indices of spatial memory) were
dedimensionalized with principal component analysis (conducted on
a centered, scaled, and mean-imputed data set) to obtain a single
biologically meaningful variable (e.g., spatial memory vector (smv)).
Smv for the presymptomatic and symptomatic stages captured 66.2
and 94.7% of the variance (quadrant preference in training and test
trials), respectively. Correlation matrices were based on the Pearson
and Spearman correlation coefficients. Variable importance was
determined using the permutation-induced mean decrease in accuracy
derived from conditional inference-based unbiased classification
random forests in the computational toolbox for recursive partitioning
(party).73
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