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ABSTRACT: Recent evidence suggests that the gut plays a vital role in the development and progression of
Alzheimer’s disease (AD) by triggering systemic inflammation and oxidative stress. The well-established rat
model of AD, induced by intracerebroventricular administration of streptozotocin (STZ-icv), provides
valuable insights into the GI implications of neurodegeneration. Notably, this model leads to
pathophysiological changes in the gut, including redox dyshomeostasis, resulting from central neuro-
pathology. Our study aimed to investigate the mechanisms underlying gut redox dyshomeostasis and assess
the effects of D-galactose, which is known to benefit gut redox homeostasis and alleviate cognitive deficits in
this model. Duodenal rings isolated from STZ-icv animals and control groups were subjected to a
prooxidative environment using 2,2′-azobis(2-amidinopropane) dihydrochloride (AAPH) or H2O2 with or
without D-galactose in oxygenated Krebs buffer ex vivo. Redox homeostasis was analyzed through protein
microarrays and functional biochemical assays alongside cell survival assessment. Structural equation
modeling and univariate and multivariate models were employed to evaluate the differential response of STZ-
icv and control samples to the controlled prooxidative challenge. STZ-icv samples showed suppressed
expression of catalase and glutathione peroxidase 4 (GPX4) and increased baseline activity of enzymes
involved in H2O2 and superoxide homeostasis. The altered redox homeostasis status was associated with an inability to respond to
oxidative challenges and D-galactose. Conversely, the presence of D-galactose increased the antioxidant capacity, enhanced catalase
and peroxidase activity, and upregulated superoxide dismutases in the control samples. STZ-icv-induced gut dysfunction is
characterized by a diminished ability of the redox regulatory system to maintain long-term protection through the transcription of
antioxidant response genes as well as compromised activation of enzymes responsible for immediate antioxidant defense. D-galactose
can exert beneficial effects on gut redox homeostasis under physiological conditions.

■ INTRODUCTION
A growing body of evidence suggests that bidirectional
communication between the gut and the brain may play an
important role in the development and progression of
neurodegenerative disorders, including Alzheimer’s disease
(AD).1 The gastrointestinal (GI) tract serves as a potential
gateway for toxins, amyloidogenic proteins, and microorgan-
isms due to its large surface area, vast number of intraluminal
microbes, and the significant vulnerability of the GI barrier.2,3

Moreover, the gut acts as the body’s largest immune organ,
capable of initiating and maintaining systemic inflammation
and oxidative stress, which can have significant impacts on
overall metabolic homeostasis.4−6 As a result, these processes
can lead to neuroinflammation, insulin resistance, and
ultimately neurodegeneration.7−12 The communication from
the brain to the gut plays a vital role in preserving the
structural and functional integrity of the GI barrier.5,13,14 As a
result, even when neurodegeneration primarily affects the
central nervous system (CNS), the GI barrier’s integrity will
inevitably be compromised, leading to a harmful pathophysio-

logical positive feedback loop between the brain and the gut.
Understanding the pathophysiological changes in the GI tract
related to neuropathological changes in the brain is a crucial
area of research that offers an opportunity to slow down the
progression of neurodegenerative disorders by preventing
chronic inflammation and oxidative stress caused by altered
GI homeostasis and the breakdown of the gut-brain axis.
In transgenic animal models of AD, it is common to observe

physiological changes in the GI tract before observing any
pathological changes in the brain.15−17 This sequence of events
makes it difficult to study the GI consequences of localized
neurodegeneration in the CNS. On the other hand, brain-first
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nontransgenic animal models, which involve the targeted
delivery of toxic substances (e.g., amyloid β,18 streptozotocin
(STZ),19 colchicine,20 and okadaic acid21) that mimic AD-
related neuropathology to the CNS, provide an opportunity to
investigate the one-way disruption of the gut−brain axis.22−25

These models offer invaluable insights into how localized
neurodegeneration impacts the structural and functional
integrity of the gut. One of the most extensively studied and
well-established brain-first models of sporadic AD is the rat
model generated by intracerebroventricular administration of
the diabetogenic toxin streptozotocin (STZ-icv).19,26 Based on
the evidence accumulated over the last 30 years, the STZ-icv
model recapitulates key behavioral and neuropathological
hallmarks of AD.19 Following STZ administration, the animals
develop the insulin-resistant brain state associated with
mitochondrial dysfunction and glucose hypometabolism,27,28

oxidative stress,29 neuroinflammation,30,31 neuropathological
changes related to accumulation of amyloid β and hyper-
phosphorylated tau,32,33 chronic and progressive cognitive
deficits, and circadian dysrhythmia.19,34,35 The precise
molecular mechanisms through which STZ induces patho-
logical changes reminiscent of AD remain incompletely
understood. Nevertheless, it appears that the actions of STZ
are mediated by its uptake through the glucose transporter 2
(GLUT2),36 followed by harmful effects on the targeted cells,
most likely through the alkylation of DNA by its methyl
nitrosourea component.37,38 This DNA damage, in turn,
triggers poly adenosine diphosphate-ribosylation and results

in a decrease in nicotinamide adenine dinucleotide and
adenosine triphosphate (ATP) levels.38 Furthermore, it has
been demonstrated that STZ can directly release nitric oxide
(NO) and induce mitochondrial dysfunction.38,39 Although
various other speculative mechanisms have been explored, they
all ultimately lead to significant disruption of cellular energy
and redox balance, resulting in the loss of cellular function and,
ultimately, cell death.40 Interestingly, dysfunctional gut−brain
axis and pathophysiological changes in the gut were also
reported in this model, indicating that it represents a valid
platform for investigating the GI consequences of neuro-
degeneration affecting the CNS. The STZ-icv gut is
characterized by violated structural and functional properties
of the GI barrier,41 distorted secretion and constitution of gut
mucus,24 redox dyshomeostasis,22,42 and altered absorption.43

In this study, we focused on redox homeostasis as oxidative
stress plays a key etiopathogenetic role in neurodegenerative
diseases,9,44−46 including AD.8,47 Multiple studies utilizing
complementary molecular markers have demonstrated in-
creased levels of oxidative stress in diverse brain regions of
individuals with Alzheimer’s disease, thereby offering robust
evidence supporting the involvement of oxidative stress in AD.
For example, AD has been associated with increased levels of
brain and cerebrospinal fluid protein carbonyls, 4-hydrox-
ynonenal (4-HNE), 3-nitrotyrosine, 8-hydroxyguanosine,
malondialdehyde, and decreased activity of antioxidant
enzymes such as superoxide dismutase and catalase.47−58

Crucially, mechanistic studies have revealed that oxidative

Figure 1. Experimental design and analysis of cell survival. Experimental design: Duodenal rings isolated from the rat model of sporadic Alzheimer’s
disease and respective controls were incubated in the oxygenated Krebs buffer simulating prooxidative conditions with and without the presence of
D-galactose. Cell survival was analyzed by quantifying 4′,6-diamidino-2-phenylindole (DAPI) after 5 min of incubation with DAPI-containing
Krebs solution indicating the loss of membrane integrity of cells. Remaining samples were snap-frozen in liquid nitrogen and stored for subsequent
analysis of enzymatic activity and redox biomarkers. (a) Representative photomicrograph of the DAPI signal with dead cells shown in warm colors
(Fire Look-Up Table); (b) quantification of dead cells with group estimates (left) and effect sizes (right) accompanied by 95% confidence intervals
and p-values; and (c) treatment effects reported as contrasts of CTR. AAPH, 2,2′-Azobis(2-amidinopropane) dihydrochloride incubation; H2O2,
hydrogen peroxide incubation; ROS, reactive oxygen species (prooxidative environment); GAL, D-galactose.
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stress is not merely a result of other pathophysiological
processes; rather, it actively contributes as a causative factor,
serving as a connecting link between various mechanisms
outlined in the proposed hypotheses of Alzheimer’s
disease.8,47,51,53,56

Considering the vital function of redox homeostasis in
preserving gut function and the integrity of the GI barrier,4

which consequently acts as a crucial controller of overall body
redox balance,4,59 the main focus of this study was to employ
an ex vivo approach to investigate the underlying mechanisms
behind the observed redox dyshomeostasis in the gut of the
STZ-icv model. The aim was to subject intestinal rings to a
controlled oxidative environment and assess their ability to
withstand an exogenous oxidative challenge, which necessitates
functional redox homeostasis. The secondary goal of the study
was to investigate the effects of D-galactose on redox
homeostasis in the STZ-icv gut. This was motivated by
previous findings that while parenteral D-galactose admin-
istration has been linked to oxidative stress and cognitive
decline,60 chronic oral D-galactose treatment has shown
promising results in preventing and alleviating cognitive
deficits in the STZ-icv model.28,61−63 Additionally, orally
administered D-galactose has been found to have beneficial
effects on redox homeostasis both in the GI tract64 and the
brain.65

■ RESULTS
To evaluate the impact of prooxidative environments (AAPH
and H2O2) and the potential protective effects of D-galactose
on both CTR and STZ intestinal cells, we initiated our analysis
by examining the survival of mucosal cells (Figure 1A,B). The

number of dead cells under normal conditions (Krebs buffer)
was comparable between those of the control group (CTR)
and the STZ-treated group (Figure 1C). The only instance in
which a noticeable distinction in cell survival between the CTR
and STZ tissue was observed was during incubation with
H2O2. This resulted in reduced estimates of the number of
dying cells in the CTR group and decreased survival in the
STZ mucosa (Figure 1C). The reduced survival of STZ cells
showed partial improvement when coincubated with D-
galactose, with a 2-fold reduction in cell death observed in
the case of STZ-icv duodenal rings coincubated with D-
galactose. However, it is essential to highlight that these effects
were associated with considerable uncertainty, as indicated by
the large standard errors, and therefore, further confirmation is
warranted through additional biological replications (see
Figure 1C).
In STZ tissue, the nitrocellulose redox permanganometry

(NRP) biomarker, which indicates total antioxidant capacity,66

showed no significant response. However, in the control group,
the NRP levels were higher in the pro-oxidative environment
regardless of the presence of D-galactose (Figure 2A).
Interestingly, the 2,2′-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) assay indicated a reduced overall
antioxidant capacity in the STZ tissue, which was not
improved by coincubation with D-galactose (Figure 2B). It is
worth noting that, except for the increased antioxidant capacity
(NRP) observed in the control tissues incubated with D-
galactose in the presence of 2,2′-Azobis(2-amidinopropane)
dihydrochloride (AAPH), both biomarkers of total antioxidant
capacity indicated that the effects were modest and

Figure 2. Analysis of antioxidant capacity. NRP signal group estimates (left) and effect sizes (right) (a). ABTS signal group estimates (left) and
effect sizes (right) (b). The error bars in the bar graphs represent standard errors, while for effect size estimates, 95% confidence intervals are
provided. Effect sizes were presented in two ways: as contrasts of groups (CTR vs STZ) at the levels of treatments (CTR/AAPH/H2O2/AAPH +
GAL/H2O2 + GAL), and as contrasts of the control and experimental conditions (CTR vs AAPH/H2O2/AAPH + GAL/H2O2 + GAL) for CTR
and STZ groups individually. P-values are reported alongside the model-derived estimates. AAPH, 2,2′-Azobis(2-amidinopropane) dihydrochloride
incubation; H2O2, hydrogen peroxide incubation; ROS, reactive oxygen species (prooxidative environment); GAL, D-galactose.
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accompanied by considerable uncertainty estimates (Figure
2A,B).
Subsequently, we investigated the H2O2 pathway, which

plays a crucial role in redox signaling. In the CTR, the presence
of AAPH led to a significant induction of CAT expression,
while the coincubation with D-galactose prevented this
response. In the STZ tissue, CAT expression remained
relatively stable across all conditions except when H2O2 and
D-galactose were present. In this case, D-galactose prevented
H2O2-induced suppression and stimulated the expression of
CAT (Figure 3a). The expression of GPX4 was consistently
decreased in the STZ group across all conditions. In the
control group, the presence of D-galactose resulted in reduced
levels of GPX4 expression when H2O2 was present. However,
in the STZ tissue, the effects of D-galactose on GPX4
expression were absent (Figure 3B). The background H2O2

signal in the STZ group remained unchanged in all conditions,
while in the controls, it increased with the presence of D-
galactose (Figure 3C).
CAT activity showed no significant changes across

conditions in the STZ group, indicating the reduced
responsiveness of STZ cells, whereas in the control group,
CAT was activated in response to the oxidative environment,
and the presence of D-galactose further stimulated CAT
activity in the AAPH + GAL group (Figure 4A). Interestingly,
the activation of peroxidases demonstrated a similar level of
responsiveness in both the CTR and STZ tissues, with the
highest activation observed in the presence of D-galactose in
both groups. The only distinction between the CTR and STZ
was observed when the tissue was incubated with H2O2, where
the activation of the peroxidase system was exclusively
observed in the STZ group (Figure 4B). The absence of

Figure 3. Expression of catalase (CAT) and glutathione peroxidase (GPX4) and baseline H2O2. CAT signal group estimates (left) and effect sizes
(right) (a). GPX4 signal group estimates (left) and effect sizes (right) (b). Background H2O2 signal group estimates (left) and effect sizes (right)
(c). The error bars in the bar graphs represent standard errors, while for effect size estimates, 95% confidence intervals are provided. Effect sizes
were presented in two ways�as contrasts of groups (CTR vs STZ) at the levels of treatments (CTR/AAPH/H2O2/AAPH + GAL/H2O2 + GAL)
and as contrasts of the control and experimental conditions (CTR vs AAPH/H2O2/AAPH + GAL/H2O2 + GAL) for CTR and STZ groups
individually. P-values are reported alongside the model-derived estimates. AAPH, 2,2′-Azobis(2-amidinopropane) dihydrochloride incubation;
H2O2, hydrogen peroxide incubation; ROS, reactive oxygen species (prooxidative environment); GAL, D-galactose.
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CAT activation and the increased activity of peroxidases in
response to H2O2 exposure point to a compensatory
mechanism employed by STZ tissue to maintain redox
homeostasis. This suggests that the STZ tissue relies on the
activation of alternative systems for removing H2O2 to
counterbalance the deficient CAT activity. The total H2O2
dissociation capacity exhibited a similar pattern to that of CAT
activation, indicating once again the diminished responsiveness
of the STZ tissue, while the greatest stimulation of H2O2
removal systems was observed in the CTR tissue exposed to
AAPH and D-galactose (Figure 4C).

Comparative analysis using SEMs revealed significant
alterations in the H2O2 signaling system in the STZ tissue
(χ2 p = 0.0002) (Figure 5). The SEM results indicated that
H2O2 signaling in STZ tissue relied less on CAT activation and
CAT expression to regulate baseline H2O2 levels. Additionally,
the covariance between the activation of the H2O2 removal
system and baseline H2O2 was reversed in the STZ group,
suggesting a potential decrease in the capacity of protective
systems and/or an increased impact of H2O2-generating
systems.

Figure 4. Total H2O2 dissociation capacity and the activity of catalase and peroxidases. Catalase activity group estimates (top) and effect sizes
(bottom) (a). Peroxidase activity group estimates (top) and effect sizes (bottom) (b). Total H2O2 dissociation capacity group estimates (top) and
effect sizes (bottom) (c). Effect sizes were presented in two ways�as contrasts of groups (CTR vs STZ) at the levels of treatments (CTR/AAPH/
H2O2/AAPH + GAL/H2O2 + GAL) and as contrasts of the control and experimental conditions (CTR vs AAPH/H2O2/AAPH + GAL/H2O2 +
GAL) for CTR and STZ groups individually. P-values are reported alongside the model-derived estimates. AAPH, 2,2′-Azobis(2-amidinopropane)
dihydrochloride incubation; H2O2, hydrogen peroxide incubation; ROS, reactive oxygen species (prooxidative environment); GAL, D-galactose.

Figure 5. Hydrogen peroxide system structural equation model. Structural equation models (SEMs) were obtained with standardized loadings for
the CTR (left) and STZ (right). Manifest variables are depicted as squares, while latent variables are shown as circles. CTR, control; STZ,
streptozotocin; H2O2, background H2O2; dH2, H2O2 dissociation capacity; ctl, catalase activity; prx, glutahione peroxidase 4 activity; CAT, catalase
expression; ROS, reactive oxygen species (prooxidative environment); GAL, D-galactose.
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Another important aspect of maintaining homeostatic
control involves the regulation of the turnover of O2

·− and
conversion into H2O2 through the SOD system. In the control
group, the expression of SOD1 decreased when incubated with
AAPH, whereas coincubation with AAPH and D-galactose led
to increased expression of both SOD1 and SOD2 (Figure
6A,B). The presence of H2O2 had no impact on the expression
of SOD1 and SOD2, regardless of the presence of D-galactose
in the control group. In contrast, the STZ samples again
showed reduced responsiveness to environmental changes, as
evidenced by the consistent expression levels of SOD1 and
SOD2 across all conditions (Figure 6A,B).
At the baseline, SOD1 activity and total O2

·− dissociation
capacity were higher in the STZ samples compared to the
controls, indicating an increased demand for O2

·− removal in
the former group (Figure 7A−C)). In the control group, the
presence of either AAPH or H2O2 led to an increase in the
SOD1 activity, while the SOD2 activity remained unchanged.
The addition of D-galactose had no effect on the SOD1
activity, the SOD2 activity, or the total O2

·− dissociation
capacity of the control samples. However, when D-galactose
was introduced in the presence of H2O2, it reduced the level of
activation of cytoplasmic SOD and increased the level of
activation of mitochondrial SOD.
The SEM analysis revealed a significant disturbance of the

SOD system in the STZ samples (χ2 p = 0.002). When the
STZ samples were compared to the controls, it became evident
that the SOD system in the former was more reliant on the
activity of mitochondrial SOD, as indicated by SEM stand-
ardized estimates (Figure 8).

At the baseline, the STZ samples showed a reduction in the
expression of nNOS, with a level of change similar to that
achieved in the control samples when exposed to a
prooxidative environment (Figure 9A). In the control group,
the expression of nNOS decreased when the samples were
incubated with AAPH or H2O2, and the addition of D-
galactose had no impact on this expression. However, in the
STZ samples, the expression of nNOS remained comparable
across all conditions (Figure 9A). Surprisingly, despite the
differences in nNOS expression, there were only minimal
changes in NO levels across the various conditions in both
groups (Figure 9B). Finally, TBARS levels were comparable
across groups and conditions reflecting modest changes in total
antioxidant capacity biomarkers (Figure 2A,B).
Using nonlinear dimensionality reduction through UMAP,

we observed that CTR and STZ samples could be differ-
entiated based on redox biomarkers measured in this study
under normal control conditions and when exposed to
prooxidative conditions, especially with AAPH (Figure 10A).
However, the distinction between the two groups became less
apparent in the presence of D-galactose. This attenuation of
sample dissimilarity could be attributed to the interaction
between the effects of STZ and D-galactose reflected in
normalization of the activity of enzymes responsible for O2

·−

and H2O2 homeostasis. Another possibility is that the decrease
in dissimilarity was mainly influenced by the effects of D-
galactose in the CTR and its absence in the STZ group. This is
indicated by the lack of distinction between the samples
treated with galactose and those untreated in the STZ group
(Figure 10B).

Figure 6. Expression of superoxide dismutase 1 (SOD1) and superoxide dismutase 2 (SOD2). SOD1 signal group estimates (left) and effect sizes
(right)(a). SOD2 signal group estimates (left) and effect sizes (right)(b). The error bars in the bar graphs represent standard errors, while for effect
size estimates, 95% confidence intervals are provided. Effect sizes were presented in two ways−as contrasts of groups (CTR vs STZ) at the levels of
treatments (CTR/AAPH/H2O2/AAPH + GAL/H2O2 + GAL), and as contrasts of the control and experimental conditions (CTR vs AAPH/
H2O2/AAPH + GAL/H2O2 + GAL) for CTR and STZ groups individually. P-values are reported alongside the model-derived estimates. AAPH,
2,2′-Azobis(2-amidinopropane) dihydrochloride incubation; H2O2, hydrogen peroxide incubation; ROS, reactive oxygen species (prooxidative
environment); GAL, D-galactose.
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■ DISCUSSION
The presented results offer invaluable insights into the
potential mechanisms underlying the disturbance of redox
balance in the gastrointestinal system of the STZ-icv rat model
of AD.22 Collectively, these findings suggest that the STZ-
induced gut dysfunction is characterized by a reduced ability of
the redox regulatory system to maintain long-term protection
through the transcription of genes involved in the antioxidant
response as well as a compromised activation of enzymes

responsible for immediate antioxidant defense. Baseline
expression of CAT and GPX4 showed decreased levels in
the STZ samples. The tested conditions (oxidative environ-
ment; D-galactose) had no significant effect on the expression
of the four redox-related proteins (CAT, SOD1, SOD2, and
GPX4) in STZ tissue, with one exception. Notably, CAT
expression showed an increase when STZ rings were exposed
to H2O2 in the presence of D-galactose. In contrast, the
presence of oxidants or D-galactose did affect the expression of

Figure 7. Total superoxide dissociation capacity and activity of superoxide dismutase 1 (SOD1) and superoxide dismutase 2 (SOD2). The
estimates of THB absorbance difference are inversely proportional to the removal of superoxide radicals. SOD1 activity group estimates (top) and
effect sizes (bottom)(a). SOD2 activity group estimates (top) and effect sizes (bottom)(b). Total superoxide dissociation capacity group estimates
(top) and effect sizes (bottom)(c). Effect sizes were presented in two ways−as contrasts of groups (CTR vs STZ) at the levels of treatments
(CTR/AAPH/H2O2/AAPH + GAL/H2O2 + GAL), and as contrasts of the control and experimental conditions (CTR vs AAPH/H2O2/AAPH +
GAL/H2O2 + GAL) for CTR and STZ groups individually. P-values are reported alongside the model-derived estimates. AAPH, 2,2′-Azobis(2-
amidinopropane) dihydrochloride incubation; H2O2, hydrogen peroxide incubation; ROS, reactive oxygen species (prooxidative environment);
GAL, D-galactose.

Figure 8. Superoxide dismutase structural equation model. Structural equation models (SEMs) with standardized loadings for the CTR (left) and
STZ (right). Manifest variables are depicted as squares, while latent variables are shown as circles (d). Error bars representing 95% confidence
intervals are provided. P-values are reported alongside the model-derived estimates. CTR, control; STZ, streptozotocin; SOD, total superoxide
dissociation capacity; SOD1, SOD1 activity; SOD2, SOD2 activity; SOD1x, expression of SOD1; SOD2x, expression of SOD2; ROS, reactive
oxygen species (prooxidative environment); GAL, D-galactose.
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CAT, GPX4, and SODs in the control group. Due to the
relatively short incubation times (30 min), definitive
conclusions regarding protein expression cannot be drawn,
and it is possible that the expression of the mentioned proteins
in the STZ tissue was not entirely absent but rather delayed.
Nevertheless, the data strongly suggest a lack of transcrip-
tional/translational reactivity to oxidative stimuli and/or D-
galactose in the STZ samples. The lack of redox reactivity in
STZ duodenal rings was also evident in the impaired activation
of enzymes crucial for immediate antioxidant defense,
specifically CAT (and total H2O2 dissociation capacity), as
well as SOD1 (and total O2

·− conversion capacity). At the
baseline, the activity of both CAT and SOD1 was elevated in
STZ tissue, suggesting heightened stress on the redox system
responsible for removing O2

·− and H2O2. When exposed to
oxidants, control tissue samples demonstrated a compensatory

activation of CAT and SOD1, whereas duodenal rings from
STZ-icv animals exhibited either absent (CAT) or reversed
(SOD1) responses. The mechanisms behind the observed
effects have yet to be fully understood. One possible
explanation is that the O2

·− and H2O2 removal systems in
the STZ gut are already functioning at their maximum
activation due to a constitutively increased electrophilic
tone.22 Alternatively, the absence of a response in the STZ
tissue samples could be attributed to altered cellular pathways
responsible for modulating the activation of antioxidant
enzymes. For instance, previous research has indicated that
protein kinases can swiftly regulate CAT activity,67 and the
mammalian target of rapamycin (mTOR) directly phosphor-
ylates and activates SOD1.68 Further investigation is needed to
clarify the exact mechanisms underlying these findings. Nrf2
stands out as a vital signaling pathway that governs the control

Figure 9. Expression of neuronal nitric oxide synthase (nNOS) and quantification of nitrites and thiobarbituric acid reactive substances (TBARS).
nNOS expression group estimates (left) and effect sizes (right) (a). Nitrite concentration group estimates (left) and effect sizes (right) (b). TBARS
concentration group estimates (left) and effect sizes (right) (c). The error bars in the bar graphs represent standard errors, while for effect size
estimates, 95% confidence intervals are provided. Effect sizes were presented in two ways−as contrasts of groups (CTR vs STZ) at the levels of
treatments (CTR/AAPH/H2O2/AAPH + GAL/H2O2 + GAL), and as contrasts of the control and experimental conditions (CTR vs AAPH/
H2O2/AAPH + GAL/H2O2 + GAL) for CTR and STZ groups individually. P-values are reported alongside the model-derived estimates. AAPH,
2,2′-Azobis(2-amidinopropane) dihydrochloride incubation; H2O2, hydrogen peroxide incubation; ROS, reactive oxygen species (prooxidative
environment); GAL, D-galactose.
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of cellular antioxidant defense capacity, especially in response
to nutrients and oxidative stress.69−73 Given the reduced ability
of STZ cells to react to a pro-oxidative environment by
boosting their antioxidant mechanisms, it is imperative for
future research to investigate whether the absence of this
compensatory response in STZ cells could be linked to the
dysregulation of Nrf2 and its associated pathways. In both
groups, the reactivity of SOD2 activity was minimal, suggesting
that its modulation was not a significant factor in the response
to coincubation with oxidants and D-galactose. However, the
peroxidase system showed involvement in the response, and
intriguingly, its reactivity and responsiveness were preserved in
the STZ group. In fact, the total peroxidase activity showed a
difference only when the samples were incubated with H2O2,
suggesting that its overactivation might have been a
compensatory response to the insufficient reactivity of catalase
in this context. It is crucial to emphasize that the only
condition under which a significant difference in the survival of
mucosal cells was noticed is during incubation with H2O2
without D-galactose. The results indicate that the mucosa in
the STZ group is more susceptible to H2O2-induced damage,
possibly due to the reduced reactivity of the redox response.
However, it is essential to consider the potential biases
introduced by the decreased survival of STZ cells. First, the
activity of redox-related enzymes might have been influenced
by molecular signaling triggered by dying cells. For instance, in
a study involving dextran sulfate sodium-induced death of
colonocytes, the loss of CAT and SOD1 activity was
observed.74 A second concern is the potential introduction of
attrition bias due to the loss of vulnerable cells, leaving only the
least susceptible cells available for analysis. As a result, caution

should be exercised when interpreting the response to H2O2
based on the reported results.
Co-incubation with D-galactose showed positive effects on

redox homeostasis when cells were exposed to a prooxidative
environment. However, this response was observed only in the
control samples. In the control samples exposed to a
prooxidative environment caused by AAPH, D-galactose
enhanced the antioxidant capacity (NRP) and prevented the
upregulation of CAT expression induced by AAPH. This effect
may be attributed to an increase in the activity of both CAT
and peroxidases, leading to approximately 45% greater total
H2O2 dissociation capacity. Interestingly, while D-galactose did
not affect the activity of SODs, it upregulated the expression of
both SOD1 and SOD2, possibly providing long-term
protection against AAPH-induced damage. When control
samples were exposed to a prooxidative environment generated
by H2O2, the effects on CAT activity and expression were not
observed. Instead, D-galactose activated peroxidases and
reduced the expression of GPX4, suggesting the activation of
an alternative adaptive response. Together, the results indicate
that D-galactose has the capacity to positively impact gut redox
homeostasis. These findings are consistent with an in vivo
study conducted on rats, where the acute oral administration of
D-galactose showed beneficial effects on the redox homeostasis
of the small intestine.64 Furthermore, these results provide
additional evidence supporting the notion that D-galactose’s
protective effects on the gut, such as protection against
ionizing radiation,75 may be attributed to its ability to
modulate redox homeostasis.76

The results presented here underscore D-galactose’s ability
to deliver positive effects at low doses, which stands in stark
contrast to the widely recognized harmful consequences of D-

Figure 10. Nonlinear dimensionality reduction based on a uniform manifold approximation and projection (UMAP). Positions in the UMAP
biplot based on treatment conditions (a). Representation of UMAP dissimilarity of CTR and STZ samples with or without D-galactose treatament.
ROS, reactive oxygen species (prooxidative environment); GAL, D-galactose.
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galactose when administered intravenously at excessively high
doses that simulate oxidative stress and aging in different
experimental models60,77−80 via molecular mechanisms that
still need to be completely understood.65,81 The findings from
this study provide evidence for the hypothesis that D-galactose
can induce hormetic effects, where the extent of tissue
exposure plays a pivotal role in determining whether its
actions in cells are beneficial or harmful.64,65,76,82 The STZ
samples showed an attenuated response to D-galactose
treatment. The only noticeable effect of D-galactose in the
STZ duodenal rings was an increase in mucosal cell survival,
coupled with an upregulation of CAT expression when the
samples were exposed to H2O2. The lack of response of STZ
samples to D-galactose in the pro-oxidative environment is
evident from the absence of spatial distinction in UMAP. The
mechanistic explanation for the lack of response of STZ
samples to D-galactose treatment remains elusive. However,
previous experiments have indicated that the beneficial effects
of D-galactose on redox homeostasis rely on the utilization of
reductive equivalents, such as low-molecular-weight thiols
(LMWT) and reduced nicotinamide adenine dinucleotide
phosphate (NADPH),64 possibly due to its hormetic effects.65

This suggests that the reduced concentration of LMWT in the
duodenum, as observed in the STZ-icv model of AD,22 could
potentially contribute to the absence of a positive response to
D-galactose treatment observed in this study.
Previous experiments have revealed that duodenal goblet

cells in the STZ-icv rat model of AD do not respond to
cholinergic stimulation for mucus secretion.24 This study
builds upon those findings by demonstrating that the GI tracts
in STZ-icv rats also exhibit reduced responsiveness to an
oxidative environment and exposure to D-galactose. Con-
sequently, this suggests that the GI tracts of STZ-icv rats may
generally be considered unresponsive to both internal and
external stimuli.
To gain a deeper understanding of the underlying

pathophysiological processes in the gut resulting from central
neurodegeneration, future experiments should focus on
investigating how changes in the CNS contribute to the
observed unresponsive behavior in GI cells. This aspect is
particularly intriguing considering that redox dyshomeostasis
and the “unresponsive” gut phenotype have not been observed
in other brain-first toxin-induced models of neurodegenerative
diseases. This indicates that the damage induced by STZ-icv
likely does not solely affect the GI tract by damaging the
efferent control of gut function, such as via the efferent arm of
the vagus nerve.
For instance, in the context of mimicking Parkinson’s disease

through intrastriatal administration of 6-hydroxydopamine,
central neurodegeneration does not seem to lead to
pronounced redox dyshomeostasis in the gut.25 Although GI
changes have been observed in this model,83−85 they cannot be
solely attributed to the absence of responsiveness to stimuli as
a common factor.
Ultimately, gaining a more comprehensive understanding of

the mechanisms contributing to the identified redox imbalance
in the GI tract of the STZ-icv model could serve as a
cornerstone for developing therapeutic strategies aimed at
restoring redox balance and homeostasis in the STZ-icv gut. A
pivotal aspect to delve into more thoroughly involves
examining redox signaling and processes associated with lipid
peroxidation that coincide with the observed alterations in the
activity and expression of the antioxidant enzymes investigated

in this study. In this context, the scrutiny of 4-HNE, a
prominent marker of lipid peroxidation and a crucial molecule
in redox signaling,86−89 may yield significant insights essential
for a comprehensive understanding of the reported observa-
tions.

■ CONCLUSIONS
Together, the presented findings offer crucial insights into the
mechanisms of redox dyshomeostasis in the gastrointestinal
(GI) tract of the STZ-icv rat model of Alzheimer’s disease
(AD), as well as important information regarding the
protective effects of D-galactose in the gut. In the STZ-
induced gut dysfunction, there is a noticeable reduction in the
ability of the redox regulatory system to maintain protection
against free radicals, evidenced by the decreased activation of
enzymes responsible for the immediate antioxidant defense
and the upregulation of genes involved in the antioxidant
response. The results obtained from control samples exposed
to a prooxidative environment in the presence of D-galactose
indicate that D-galactose can have beneficial effects on redox
homeostasis. Specifically, it enhances antioxidant capacity,
increases the activity of CAT and peroxidases, and stimulates
the expression of SODs. However, these advantageous effects
of D-galactose on redox homeostasis are less pronounced in
the STZ-icv model of AD.
Limitations. The presented study has several important

limitations that warrant consideration. First, although ex vivo
experiments provide valuable insights into mechanisms by
enabling precise control over experimental conditions, they
may not entirely replicate the complex molecular events
occurring in the actual in vivo environment. It is crucial to
acknowledge this potential discrepancy when interpreting the
results. Second, in this study, prooxidant conditions were
simulated by subjecting duodenal rings to a single concen-
tration of AAPH and H2O2, which aligns with established
standards in the literature.90,91 Moreover, to minimize bias
introduced by decreased cell survival, the reaction was halted at
a single time point (after 30 min of incubation). However, it is
important to recognize that varying exposure times and
concentrations of AAPH and H2O2 could lead to different
outcomes and conclusions, and these alternative conditions
should be considered in future investigations. Additionally,
although we assessed cell survival in duodenal sections, we
were unable to determine the spatial distribution of the
expression of redox-related enzymes due to the limited
availability of tissue samples. Consequently, we cannot
pinpoint the specific cells driving the observed changes at
the level of the whole tissue homogenate. While post-treatment
microdissection was contemplated, the decreased survival of
cells during the dissection process was associated with
experimental error, leading us to dismiss this approach to
avoid introducing bias. Therefore, it is essential to take these
limitations into account when interpreting the study results
and consider future research efforts to address these aspects
comprehensively. Additionally, we wish to emphasize that, in
the experiment conducted here, we employed H2O2 and
AAPH incubation to mimic a “prooxidative environment” and
assess compensatory cell responses. While the use of these two
complementary conditions provided a broader understanding
of the absence of response in the STZ samples, it is important
to acknowledge that this approach was based on the
assumption that these molecules would induce an oxidative
environment without directly impacting the cells. In reality,
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however, AAPH is a free-radical-generating azo compound
capable of initiating oxidation through various complementary
mechanisms. On the other hand, H2O2 is a stable, diffusible,
nonradical oxidant that also plays essential roles in endogenous
redox signaling.4,73,92−94 H2O2 is a significant molecule
involved in the regulation of redox and metabolic pathways
through its interactions with multiple redox-sensitive pro-
teins.4,73,92−94 Consequently, its production and spatiotempo-
ral patterns are tightly controlled within cells,4,73,92−94 and it is
probable that modeling the oxidative environment using H2O2
resulted in distinct effects on these pathways in both CTR and
STZ samples. This is evident, for example, in the differential
expression of CAT and the responses to prooxidative
conditions. The differences in the response to H2O2 in the
presence/absence of D-galactose also indicate alterations of the
H2O2-associated pathways in the STZ samples. In this study,
our primary emphasis was on investigating the expression and
activity of antioxidant enzymes. We did not extensively
examine lipid peroxidation,95 a factor known to be crucial in
pathophysiological processes associated with oxidative stress.
The sole “redox biomarker” we employed concerning lipid
peroxidation, TBARS, was assessed using a standard
colorimetric method. It is important to note that this method
has several analytical limitations, rendering it an unreliable tool
for accurately assessing lipid peroxidation.96−98 For this reason,
the role of lipid peroxidation in the gastrointestinal tract of the
STZ-icv model of AD and its involvement in the response to
prooxidative condition in the presence or in the absence of D-
galactose remain a topic of our future experiments. Preliminary
findings from our prior experiments suggest a potential
significance of lipid peroxidation. Despite the unreliability of
TBARS as a marker for lipid peroxidation, measurements in
our previous experiments indicate a potential increase in lipid
peroxidation within the GI tract of the STZ-icv rat model of
AD.22 Moreover, oral administration of D-galactose appears to
reduce TBARS in both the gastrointestinal tract and the
brain.64,65 However, a more in-depth analysis is required,
utilizing more dependable biomarkers of lipid peroxidation,
such as 4-HNE.58,86,99 4-HNE is of particular interest in this
context, as it not only serves as a more reliable biomarker but
also plays a crucial signaling role.100 This aspect could be a key
element in comprehending the hormetic effects of D-
galactose.64,65 In this study, the primary emphasis was on
investigating the effects of D-galactose, given its known
neuroprotective effects in the STZ-icv rat model of
AD28,61−63,76 and its positive impact on redox homeostasis in
the GI tract.64 Consequently, we opted not to include
additional control conditions that would allow for the
differentiation of the effects of galactose from those of
structurally similar monosaccharides like glucose. While this
choice was guided by scientific inquiry into the beneficial
effects of supplementing the diet with low-dose galactose
rather than substituting glucose with galactose, it is crucial to
underscore that the presented results should be interpreted in
consideration of the potential that some observed effects might
not be specific to galactose. Future experiments incorporating
additional control conditions are imperative to fully
comprehend the role of D-galactose.

■ MATERIALS AND METHODS
Rat Model of Sporadic Alzheimer’s Disease. The

Croatian Ministry of Agriculture (EP 186/2018) and the
Ethical Committee of the University of Zagreb School of

Medicine (380−59−10106−18−111/173) approved all pro-
cedures. To establish the rat model of sAD, we utilized the
intracerebroventricular administration of streptozotocin (STZ-
icv) following a standard procedure19,22,26,30 used and
optimized in our laboratory since the original proposal of the
model.101 A total of eight 12-weeks-old male Wistar rats, bred
under standardized conditions at the Department of
Pharmacology, were randomly divided into two groups. The
rats were anesthetized using intraperitoneal administration of
ketamine/xylazine (70/7 mg/kg) and then subjected to
intracerebroventricular treatment at specific coordinates
relative to bregma (−1.5 mm posterior; ±1.5 mm lateral; +4
mm ventral).102 Streptozotocin (STZ) was freshly dissolved in
0.05 M citrate buffer (pH 4.5), a standardly used
vehicle.26,30,35,41,101 Control animals (CTR; n = 4) were
bilaterally injected with vehicle (2 μL/ventricle), and rats used
for modeling sAD (STZ; n = 4) received STZ solution (2 μL/
ventricle; 1.5 mg/kg). To attain an optimal response rate and
minimize biological variability, the identical procedure was
repeated 48 h later to accumulate a total dose of 3 mg/kg of
STZ.19,26,30 The most effective model induction protocol was
established through our prior comprehensive research on the
STZ-icv model.19,26

Tissue Harvesting for Ex Vivo Experiments. Duodenal
rings for ex vivo experiments were obtained from 20-week-old
animals (2 months after STZ-icv). The selection of this time
frame is grounded in the following considerations: (i) it aligns
with the “preclinical” phase of AD, as supported by existing
research.19,26,35,103 Intestinal homeostasis is recognized as a
pivotal element in the development and initial stages of AD,
underscoring the particular relevance of the early “preclinical”
stage for comprehending functional alterations in the gastro-
intestinal tract; (ii) prior experiments have consistently shown
that commencing oral D-galactose treatment during this
preclinical stage of AD in the STZ-icv rat model can effectively
prevent and improve cognitive impairments. When initiated at
a later stage, oral D-galactose no longer confers neuro-
protection.28,61−64 Hence, this specific time point enabled us to
assess the impact of D-galactose in a context that aids in the
understanding of in vivo events; (iii) earlier studies have
reported the presence of pathophysiological changes in the
gastrointestinal tract during this time frame following STZ-icv
administration.22,24,41−43

The animals were anesthetized (ip ketamine/xylazine; 70/7
mg/kg) and decapitated. Proximal duodenum was isolated and
washed with preheated (35 °C) Krebs buffer (115 mM NaCl,
25 mM NaHCO3, 2.4 mM K2HPO4, 1.2 mM CaCl2, 1.2 mM
MgCl2, 0.4 mM KH2PO4, 10 mM glucose bubbled with
carbogen gas (95% O2; 5% CO2) to remove intraluminal
contents. Tissue was placed on top of a wet cellulose paper
towel in a Petri dish filled with Krebs buffer and cut into 4 mm
thick duodenal rings.
Treatments. Duodenal rings were incubated in a 96-well

plate for 30 min. Control sections were incubated in Krebs
buffer (CTR); pro-oxidative environment was modeled by
incubation with 200 μM 2,2′-Azobis(2-amidinopropane)
dihydrochloride in Krebs buffer (AAPH) or 1.5 mM H2O2
in Krebs buffer (H2O2). The ability of D-galactose to protect
the tissue against oxidative challenge was investigated by
incubation with 100 mM D-galactose in the presence of 200
μM AAPH (AAPH + GAL) or 1.5 mM H2O2 (H2O2 + GAL).
The chosen concentration of D-galactose was based on its
observed beneficial effects in the GI tract when administered
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acutely at a cumulative daily dose of 200 mg/kg (dissolved in 1
mL of water), as demonstrated in previous research.64 This
concentration also exhibited neuroprotective effects when it
was administered continuously by dissolving it in water and
providing unrestricted access.28,63 In the acute treatment
scenario, where positive impacts on redox homeostasis have
been noted, the D-galactose concentration in the 1 mL
solution given via oral gavage equated to approximately 550
mM.64 Considering the fluid volume in the rat’s stomach and
upper small intestine, the administered solution’s concen-
tration is expected to be diluted roughly 5-fold after
administration, leading to an exposure of the duodenal mucosa
to approximately 100 mM D-galactose. An approximate
comparison of duodenal exposure to D-galactose in humans
could be achieved by consuming 200 mL of cow’s milk,
assuming the following conditions: (i) D-galactose was
completely released from lactose (e.g., lactase-based lactose-
free milk); (ii) the remaining gastric fluid volume in humans
ranges from 20 to 100 mL (averaging 60 mL); and (iii) 200
mL of cow’s milk typically contains an average of 10 g of
lactose, equivalent to 5 g of D-galactose.
Tissue Preparation. Duodenal rings were removed from

the experimental solution, rinsed in Krebs buffer, snap-frozen
in liquid nitrogen, and stored at −80 °C. Samples were
homogenized with ultrasonic waves (Microson Ultrasonic Cell
167 Disruptor XL, Misonix, Farmingdale, NY, SAD) in lysis
buffer containing 150 mM NaCl, 50 mM Tris-HCl, 1 mM
EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS,
1 mM PMSF, protease (Sigma-Aldrich, Burlington, MA, USA)
and phosphatase inhibitor (PhosSTOP, Roche, Basel, Switzer-
land) cocktail (pH 7.5). Homogenates were centrifuged
(relative centrifugal force (RCF) 12,879g) for 10 min at 4
°C. Protein concentration in supernatants was analyzed with
the Bradford reagent (Sigma-Aldrich, USA) using bovine
serum albumin in lysis buffer as a standard solution. Samples
were stored at −80 °C.
DAPI Permeability Assay. DAPI permeability assays was

performed to label dead cells for subsequent analysis. A set of
duodenal rings adjacent to the rings used for the analysis of
redox biomarkers and subjected to the same treatment (CTR,
AAPH, H2O2, AAPH + GAL, H2O2 + GAL) was rinsed in
Krebs buffer and immersed for 5 min in Krebs buffer
containing 4′,6-diamidino-2-phenylindole (DAPI; 1 μg/mL).
After incubation, samples were rinsed in Krebs buffer and
stored in 4% paraformaldehyde (pH 7.4) at 4 °C. Tissue
sections were cut using a cryostat (Leica, Germany) following
fixation in Tissue-Tek O.C.T (Akura Finetek USA, USA).
Samples were coverslipped with Fluoroshield mounting
medium (9 parts glycerol, 1 part 10× PBS, 2% n-propyl
gallate) and analyzed using the U-MNU2 filter set (EX: 365/
10; EM: >420) on the Olympus BX51 epifluorescent
microscope (Olympus, Japan). Images were analyzed in Fiji
(NIH, USA).
Analysis of Redox Biomarkers. Total antioxidant

capacity was analyzed with 2,2′-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid)(ABTS) radical cation assay104 and NRP.66

Briefly, the ABTS radical cation was generated by reacting 7
mM ABTS with 2.45 mM K2S2O8 in the dark for 24 h. The
solution was diluted 40-fold in PBS to obtain optimal baseline
absorbance. Tissue homogenates (1 μL) were incubated with
100 μL of the ABTS working solution in 96-well plates and
405 nm absorbance was recorded after 5 min using an Infinite
F200 PRO multimodal microplate reader (Tecan, Switzer-

land). 1,4-dithiothreitol (DTT) was used as a standard
reducing agent.105 NRP was measured by first spotting 1 μL
of each sample on the nitrocellulose membrane (Amersham
Protran 0.45; GE Healthcare Life Sciences, USA). A dry
membrane was immersed in NRP working solution (10 mg/
mL KMnO4 in ddH2O). The membrane was destained in
dH2O, dried, scanned, and analyzed in Fiji with a Gel Analyzer
plugin, as described previously.66 Activity of SODs was
determined with a modified 1,2,3-trihydroxybenzene (THB)
autoxidation inhibition assay.106−108 Reaction buffer contained
0.05 M Tris-HCl and 1 mM Na2EDTA (pH 8.2), and the final
concentration of THB was 1.2 mM. Reaction buffer was
modified by adding 2 mM KCN to discriminate between Cu/
Zn- and Mn/Fe-SOD.25 THB autoxidation was monitored at
450 nm with a multimodal microplate reader (Tecan,
Switzerland). Catalase and peroxidase activities were deter-
mined indirectly by quantifying residual H2O2 assessed by Co
oxidation after incubation with 10 mM H2O2 in PBS.109

Samples (10 μL) were first incubated with 40 μL of 10 mM
H2O2 for 90 s and then reacted with 100 μL of Co(NO3)2
working solution. Baseline interference was ruled out by
reacting the samples with stop solution before adding the
substrate.25,110 Carbonato-cobaltate (III) complex ([Co-
(CO3)3]Co) absorbance was measured at 450 nm with a
microplate reader (Tecan, Switzerland) and compared to the
H2O2 standard model to determine the H2O2 concentration.
The same procedure was repeated in the presence of 25 μM
NaN3 to discriminate between the activity of catalase and
peroxidases.25,111 Reaction conditions were optimzied in pilot
experiments. Lipid peroxidation was assessed with the
thiobarbituric acid reactive substances (TBARS) assay.65

Tissue homogenates (20 μL) were mixed with the TBA-
TCA solution [0.4% thiobarbituric acid (Kemika, Croatia);
15% trichloroacetic acid (Sigma-Aldrich, USA)] in perforated
microcentrifuge tubes. The samples were boiled at 95 °C for
45 min, and the colored adduct was extracted with n-butanol.
The absorbance of butanol extracts was measured at 540 nm in
a 384-well plate by using the Infinite F200 PRO multimodal
plate reader (Tecan, Switzerland). Malondialdehyde tetrabu-
tylammonium in ddH2O (Sigma-Aldrich, USA) serial dilutions
was processed in parallel to obtain a standard curve. Reaction
steps were optimized in pilot experiments.
Protein Microarray. Expression of proteins of interest

[catalase (CAT), superoxide dismutase 1 (SOD1), superoxide
dismutase 2 (SOD2), glutathione peroxidase 4 (GPX4), and
neuronal nitric oxide synthase (nNOS)] was analyzed with an
indirect immunofluorescence-based microarray. Samples were
fixed onto a nitrocellulose membrane by using a PVC template.
Fixed samples were blocked in a blocking buffer [10 mM Tris,
150 mM NaCl, 5% (w/v) nonfat dry milk, 0,5% (v/v) Tween
20 (pH 7.5)] at room temperature for 1 h. Membranes were
incubated with primary antibodies diluted in the blocking
buffer [anti-CAT (ABIN872991; 1:400), anti-SOD1-
(ABIN2854826; 1:400), anti-SOD2 (PA1776; 1:400), anti-
GPX4 (CQA1094; 1:400), anti-nNOS (PA1329; 1:400)] for
24 h at +4 °C. Membranes were washed in 1× PBS and
incubated with antirabbit IgG (H + L) F(ab’)2 fragment
conjugated to Alexa Fluor 488 (4412S; 1:500; Cell Signaling
Technology, USA) for 2 h at room temperature. Unbound
antibodies were removed in 1× PBS, and sample fluorescence
was recorded using ChemiDoc MP Imaging System (Bio-Rad,
USA)(EX/EM (nm): 460−490/518−546). Background fluo-
rescence was recorded (EX/EM (nm): 302/535−645) for
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adjustment. Protein expression data were obtained using a
pipeline, in which the expression was determined based on
460−490/518−546 fluorescence adjusted for autofluorescence
(302/535−645) and protein concentration.
Quantification of Nitrites. The Griess assay was utilized

to indirectly quantify nitric oxide (NO) by measuring the
nitrite concentration. The modified Griess reagent (Sigma-
Aldrich, USA), consisting of naphthylethylenediamine dihy-
drochloride and sulphanilamide in phosphoric acid, was
employed in the assay. To accommodate the 384-well plate
format, optimal sample volumes were adjusted and mixed in a
1:1 volumetric ratio with the Griess working solution [0.4%
(w/v)]. The absorbance change was measured at 540 nm over
a period of 15 min.
Data Analysis. Data analysis was conducted using R

(4.1.3) adhering to the guidelines for reporting animal
experiments.112 The statistical modeling approach employed
linear-mixed models to address the hierarchical structure of the
data. In this approach, redox biomarkers were designated as
the dependent variables, while the independent variables
included group (CTR vs STZ), treatment (CTR, AAPH,
H2O2, AAPH + GAL, H2O2 + GAL), and the interaction
between group and treatment. Moreover, the protein
concentration was included as a covariate to address any
potential bias that may have arisen during sample preparation
procedures. Additional covariates were also introduced when
necessary, such as baseline H2O2 in the CAT model, to further
control for relevant factors. Sample nonspecific fluorescence
was introduced as an additional covariate in protein expression
models. The animal identification number was defined as a
random effect to account for the hierarchical structure. Model
assumptions were verified through visual inspection of residual
and fitted value plots, and if required, variable transformations
were applied. Model estimates were presented as effect sizes,
along with their corresponding 95% confidence intervals. The
results were presented in two ways: (i) as contrasts of groups
(CTR vs STZ) at the levels of treatments (CTR/AAPH/
H2O2/AAPH+GAL/H2O2+GAL) and (ii) as contrasts of the
control and experimental conditions (CTR vs AAPH/H2O2/
AAPH+GAL/H2O2+GAL) for CTR and STZ groups individ-
ually. H2O2 and SOD signaling pathways were modeled with
structural equation modeling (SEM) in lavaan.113 Enzyme
expression and activity data were utilized as manifest variables
to create latent variables for H2O2 and SOD signaling. In the
H2O2 model, the covariance between CAT expression and
baseline H2O2, as well as the covariance between total H2O2
dissociation capacity and baseline H2O2, were both included.
Similarly, in the SOD model, the covariance between SOD1
and SOD2 expression and the covariance between SOD2
expression and SOD2 activity were incorporated based on
modification indices. To assess the suitability of SEMs,
goodness-of-fit indices such as Comparative Fit Index (CFI)
and Tucker−Lewis Index (TLI) and badness-of-fit indices
including root mean square error of approximation (RMSEA)
and standardized root mean square residual (SRMSR) were
evaluated. Standardized loadings were reported to assess the
relationships between latent and manifest variables. Differences
of H2O2 and SOD pathways between groups (CTR vs STZ)
were analyzed with a χ2 difference test. α was fixed at 5%.
Nonlinear dimensionality reduction was performed using a
uniform manifold approximation and projection (UMAP).
Both SEM and UMAP analyses were performed on scaled data
sets.
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