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Abstract

Background and Objectives: Acute cerebral ischemia is characterized by excessive oxidative
stress and impaired antioxidant defense mechanisms, in which the nuclear factor erythroid
2-related factor 2 (Nrf2)-Kelch-like ECH-associated protein 1 (Keap1l) signaling pathway
plays a pivotal regulatory role. This study aimed to investigate serum levels of Nrf2-Keap1
pathway components and associated oxidative stress biomarkers in patients with acute
ischemic stroke. Materials and Methods: Eighty-eight patients diagnosed with ischemic
stroke who presented within 24 h of the onset of neurological deficit and met the inclusion
criteria, along with 72 healthy control subjects without a history of acute ischemic stroke,
were included in the study. Serum levels of Nrf2, Keap1, glycogen synthase kinase-3f3
(GSK-3$3), heme oxygenase-1 (HO-1), glutathione (GSH), and 4-hydroxynonenal (4-HNE)
were quantified using enzyme-linked immunosorbent assay (ELISA). Receiver operating
characteristic (ROC) analysis was performed to evaluate the diagnostic performance of the
biomarkers. Results: Compared with controls, patients exhibited significantly reduced Nrf2
levels and markedly elevated Keapl and 4-HNE levels. HO-1 and GSH concentrations
were also significantly increased in the patient group, whereas GSK-33 levels did not differ
significantly between groups. ROC analysis demonstrated that 4-HNE and Nrf2 possessed
the highest discriminative capacity for acute ischemic stroke. Conclusions: These findings
suggest that acute cerebral ischemia is associated with dysregulation of the Nrf2-Keap1 axis
accompanied by enhanced lipid peroxidation and oxidative burden. Although increased
HO-1 and GSH levels may reflect a compensatory antioxidant response, elevated 4-HNE
levels indicate persistent oxidative injury.

Keywords: acute cerebral ischemic disease; Nrf2-Keap1 signaling pathway; oxidative
stress; lipid peroxidation; 4-hydroxynonenal; glutathione

1. Introduction

In living organisms, there is a balance between the rate of free radical formation and
the rate at which they are eliminated from the system, and this balance is called oxidative
balance (redox homeostasis). As long as this balance exists, the radical species formed in
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the organism can be neutralized; however, this balance is disrupted if radical production
increases or the effectiveness of antioxidant defense systems decreases [1-3]. Free radicals,
especially reactive oxygen species (ROS) [4] and reactive nitrogen species (RNT), react with
macromolecules (e.g., lipids, proteins, DNA) to form various degrading products and alter
the structure of these macromolecules [5-7]. This disrupted redox balance plays an impor-
tant role in the pathogenesis of chronic diseases, especially neurodegenerative diseases,
chronic inflammatory processes, cardiovascular diseases, and metabolic diseases [4,8,9].

One of the most important protective response pathways against damage caused by
oxidative stress in living cells occurs via nuclear factor erythroid 2-related factor 2 (Nrf2).
Nrf2 is one of the main antioxidant transcription factors responsible for the synthesis of
enzymes that both neutralize ROS and play a role in detoxification processes. In addi-
tion, Nrf2 regulates the gene expression of molecular chaperones involved in the cellular
stress response, proteasome components, and various enzymes involved in intermediate
metabolisms [10-12].

Under physiological conditions, Nrf2 exists inactively in the cytoplasm in a complex
with Kelch-like ECH-associated protein 1 (Keap1), a protein that suppresses it. However,
when the cell is exposed to oxidative stress, these complexes dissociate; Nrf2 is released,
activated, and passes into the nucleus [10]. In the nucleus, it binds to gene regions contain-
ing antioxidant response elements (AREs) and stimulates the transcription of these genes.
Thus, Nrf2 plays a protective role not only against the harmful effects of oxidative stress
but also against inflammatory and apoptotic processes, contributing to the maintenance of
cellular balance and homeostasis [8,10].

Stroke is a major public health problem, currently being one of the leading causes of
death and disability worldwide. Affecting millions of people every year, this disease leads
not only to loss of life but also to long-term physical disabilities [13]. Approximately half of
individuals who experience a stroke develop permanent motor function loss, necessitating
long-term rehabilitation processes [14]. Therefore, stroke not only reduces the quality of
life but also places significant social and economic burdens on families and healthcare
systems [15]. Economic analyses conducted across Europe show that the financial burden
of stroke treatment and care processes on healthcare systems is quite high. A systematic
review and meta-analysis by Capone et al. [16] reported that stroke treatment and care
costs constituted approximately 4% of total healthcare expenditures. In contrast, a more
recent population-based analysis by Lucas et al. [17] indicated that this rate was around
1.7%. Both studies highlight that with the aging population and increasing prevalence of
chronic diseases in Europe, the indirect costs associated with stroke will increase further in
the coming years [16-18].

Acute cerebral ischemia results from a sudden interruption of blood flow to a specific
area of the brain, initiating a complex chain of events that can quickly lead to permanent
nerve tissue damage. In this process, decreased energy production due to oxygen and glu-
cose deficiency disrupts ion balance in the cell membrane and leads to intracellular calcium
accumulation. Increased calcium levels trigger excessive glutamate release, mitochon-
drial dysfunction, and overproduction of ROS, leading to oxidative stress [19-21]. These
biochemical events affect not only the cells in the infarct area but also the surrounding sal-
vageable nerve tissue, known as the “penumbra” [22]. Therefore, limiting ischemic damage
early and preventing secondary cell death are critical to the success of treatment [23,24].

Recent experimental and preclinical studies have clearly demonstrated that the Nrf2—
Keap1 signaling pathway is one of the organism’s own protective mechanisms against
ischemic brain events [12]. In particular, when the Nrf2/Keap1/ARE pathway is activated,
neuronal cells become more resistant to damage caused by oxidative stress, inflammatory
processes, and apoptotic signals, playing a key role in limiting damage to brain tissue [25].
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In this context, molecules involved in the regulation of this signaling pathway or biomarkers
reflecting its effects have begun to be considered as potential tools in understanding
stroke pathophysiology and developing early intervention strategies [26]. Within the chain
reactions that begin with oxygen-glucose deficiency following brain ischemia, the Nrf2—
Keap1 system acts like an alarm mechanism. Nrf2, which is “on standby” in the cytoplasm
with Keap1, is released when stress conditions arise, moves to the nucleus, and activates
genes that trigger antioxidant response elements. In this way, intracellular DNA, lipid and
protein damage can be reduced; at the same time, the inflammatory microenvironment is
suppressed and pathways leading to cell death can be stopped early [27]. This holds great
promise for improving neuroprotection and rehabilitation processes after stroke.

Research shows that glycogen synthase kinase 3 beta (GSK-33) is actually an important
actor not only in glycogen metabolism but also in cellular antioxidant defense systems.
GSK-3 can suppress antioxidant responses by disrupting the translocation or stability of
NFE2L2 (Nrf2) to the nucleus [28,29]. For example, when Nrf2 is activated, one of its target
genes, HMOX1 (HO-1), is expressed at high levels. Heme oxygenase-1 (HO-1) acts as a
defense protein with both antioxidant and anti-inflammatory effects, breaking down the
heme molecule to produce biliverdin, carbon monoxide, and iron [30]. On the other hand,
glutathione (GSH), a key component of intracellular redox balance, is protected thanks to
gene expression directed by Nrf2, thus protecting cells under oxidative load [31].

At the same time, 4-hydroxynonenal (4-HNE), a highly reactive aldehyde formed as a
result of lipid peroxidation, is considered not only a classic damage indicator but also a
signaling molecule that can trigger the Nrf2/Keap1 system. At low levels, 4-HNE creates an
alarm system in the cell; by disrupting Keap1-Nrf2 binding, it can mediate Nrf2 remaining
in the nucleus for a longer period and the activation of antioxidant genes [32]. From this
perspective, focusing on the GSK-33-HO-1-GSH axis and lipid-derived signaling molecules
such as 4-HNE has great potential for controlling oxidative stress and cellular damage.
Consequently, when these three (GSK-383, HO-1, and GSH) are considered together, they
function as a “line of defense” at the cellular level: GSK-3 is a negative regulator, while HO-
1 and GSH form the active defense layers. If this system is disrupted, the cell can become
vulnerable to processes such as oxidative stress, inflammation, and apoptosis. Therefore,
a thorough understanding of these pathways is becoming increasingly important as a
therapeutic target in both neurological and systemic diseases.

This study aims to investigate serum levels of the Nrf2-Keap1 signaling pathway
in patients with acute cerebral ischemic stroke, to examine its association with ischemic
process-related biomarkers, and to elucidate its role in the oxidative stress response. Specif-
ically, this study aims to evaluate the potential regulatory effects of GSK-33 levels on Nrf2
activity, determine the levels of antioxidant molecules regulated by Nrf2, such as HO-1 and
GSH, and analyze 4-HNE, a toxic product of lipid peroxidation, in terms of both its role as
an oxidative stress indicator and its potential interactions with Nrf2. In light of this infor-
mation, we aimed to investigate the role of the Nrf2—Keap1 axis in stroke pathophysiology
and to explore this pathway as a potential diagnostic and therapeutic target.

2. Methods
2.1. Ethical Approval

This study was approved by the Clinical Research Ethics Committee of Gaziantep
University on 14 February 2024, with decision number 2024/15. Before enrollment, all
participants were informed in detail about the study protocol, and written informed consent
was obtained from each participant.
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2.2. Participants

A total of 88 patients who were examined by a neurologist, diagnosed with ischemic
stroke, evaluated within the first 24 h following the onset of neurological deficits, and
met the inclusion criteria were enrolled in the study. In addition, 72 healthy individuals
without a history of acute ischemic stroke were included as the control group. Patients
aged between 18 and 80 years who were diagnosed with acute ischemic stroke within the
first 24 h of symptom onset were included in the study. Pregnant women, breastfeeding
mothers, and patients with hemorrhagic stroke were excluded from the study.

2.3. Measurement of Biochemical Parameters

10 mL of venous blood sample was collected from each participant in anticoagulant-
free tubes. After the collected blood samples were kept at room temperature for approxi-
mately 30 min, they were centrifuged at 4000 g for 5 min. The obtained sera were stored
in Eppendorf tubes at —80 °C until analysis.

In this study, the levels of Nrf2, Keap1, GSK-33, HO-1, GSH, and 4-HNE were exam-
ined in serum samples obtained from patients. Measurements were performed using an
enzyme-linked immunosorbent assay (ELISA) specific to human proteins. All analyses
were performed using commercial kits manufactured by Bioassay Technology Laboratory
(BT Lab, Shanghai, China), according to the manufacturer’s recommended protocols. The
catalog numbers of the kits used were recorded as follows: E3244Hu for Nrf2, E5534Hu
for Keap1, E3196Hu for GSK-3§3, E0932Hu for HO-1, EA0142Hu for GSH, and EA0066Hu
for 4-HNE.

Before initiating the analyses, all reagents, standard solutions, and serum samples
were equilibrated by bringing them to room temperature. For each test, standard curves
were generated using the standard solutions provided with the kits. Specified volumes
(approximately 40-50 uL) of serum samples were transferred to the wells on the plate.
Then, biotin-labeled antibodies and streptavidin-HRP conjugates were added. The mixtures
were incubated at 37 °C for approximately one hour. Following incubation, the plates
were washed five times with a washing buffer containing PBS to remove free reagents.
Subsequently, Substrate Solutions A and B were added to each well, respectively, and
the plates were incubated at 37 °C for 10 min in a light-free environment. After the color
reaction was complete, the blue color turned yellow when 50 uL of stop solution was added.
This color change indicated that the reaction was successfully completed. In the final step,
the color intensity in each well was measured using a microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA). Results were expressed in ng/mL for Nrf2, HO-1 and GSH,
and in ng/L for Keap1, GSK-3f3 and 4-HNE.

3. Statistical Analyses

The data obtained in this study were evaluated comparatively between patients with
acute ischemic stroke and a healthy control group. The distribution of continuous variables
was examined using the Kolmogorov—Smirnov test, and since the data did not show
normal distribution, the Mann-Whitney U test was used for comparisons between groups.
Findings were presented as mean =+ standard deviation (SD). The optimum cutoff value for
all variables was determined using ROC analysis. All statistical analyses were performed
using the SPSS 27.0 (IBM Corp., Armonk, NY, USA) program, and a p < 0.05 value was
considered significant.

Additionally, we used MetaboAnalyst 6.0 software to examine the differences in
biomarkers between the two groups at the multivariate level. To control for potential
multiple-comparison bias arising from the simultaneous evaluation of multiple biomark-
ers, false discovery rate-adjusted values automatically generated by MetaboAnalyst 6.0
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were also taken into consideration. The FDR-adjusted results were reviewed, and the
biomarkers reported as statistically significant in the manuscript remained significant after
FDR correction.

Multivariate statistical analyses were performed using MetaboAnalyst. Before PCA
and PLS-DA analyses, the dataset was checked for missing values. Since the variables
were measured as absolute concentration values, no additional sample normalization was
applied. To reduce data skewness and minimize the influence of different measurement
ranges, the data were log-transformed and Pareto-scaled prior to multivariate analysis.
PCA was used as an unsupervised method to explore the overall variance structure of
the dataset and to visualize the natural distribution of acute ischemic stroke patients
and healthy controls. PLS-DA was performed as a supervised method to evaluate group
separation and to determine the variables contributing most strongly to the discrimination
between the groups.

4. Results

Our statistical analyses revealed some significant biochemical differences between the
patient and control groups. Specifically, the significantly lower levels of Nrf2 (p < 0.001)
and higher levels of Keap1 (p < 0.001) in the patient group indicate suppressed antioxidant
responses. Significant changes in HO-1 and GSH levels suggest the body is attempting to
mount a response to oxidative stress.

One of the most striking findings was the significantly higher levels of 4-HNE in the
patient group (p < 0.001), indicating increased lipid peroxidation. GSK-33 levels, however,
did not show a significant difference between the two groups (p = 0.952). In general,
the results indicate increased oxidative stress in the patient group and that the relevant
molecular mechanisms are regulated differently than in the control group.

ROC analysis clearly demonstrated the diagnostic power of the biomarkers in the
study to differentiate the patient group from the control group. Examining the graph, it
is particularly noticeable that the 4-HNE curve (dark blue) deviates the most from the
reference line and rises most significantly to the left. This behavior suggests that 4-HNE
operates with high sensitivity and specificity and exhibits strong diagnostic performance.
Similarly, Nrf2 (orange curve) also shows a very successful performance; the more stable
upward progression of its curve supports the possibility that this parameter may be valuable
in differentiating the patient group (Figure 1).

— 4-HNE (ng/L)

= Glutathione (ng/mL)

= GSK3B (ng/L)

—'~*Heme oxygenase-1 (ng/mL
""" Keapl (ng/L)

= Nrf2 (ng/mL)

100
80 |

60 |
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a0}
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Figure 1. ROC analysis for all biochemical variables.
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In addition, we see that the GSH, Keap1, and HO-1 curves deviate significantly from
the reference line, meaning these parameters also have a diagnostic contribution. However,
looking at the overall slope of the curves, they do not seem to be as strong as 4-HNE and
Nrf2. GSK-3f3, on the other hand, follows a course closer to the reference line compared to
the others, suggesting that it does not show a very significant discriminatory effect from
a diagnostic point of view. Looking at the overall picture, we can say that 4-HNE stands
out as the strongest biomarker, followed by Nrf2, and the other parameters offer moderate
diagnostic value.

Figure 2 shows that the AUC value for Nrf2 is quite high (AUC = 0.970; 95% CI:
0.944-0.988). This suggests that Nrf2 demonstrates a strong distinguishing performance in
differentiating the patient group from the control group. The boxplot also supports this
differentiation, showing higher Nrf2 levels in the control group and lower levels in the
patient group. The optimal cutoff value for 4-HNE was —0.285, with 90% sensitivity and
90% specificity. In other words, both the ROC curve and the boxplot suggest that 4-HNE
may serve as a biomarker indicating the presence of the disease.

Nrf2

Nrf2 4-HNE

4-HNE
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AUC: 0.97
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Figure 2. ROC analysis of NRF-2 and 4 HNE values. Evaluation of ROC analysis.

Figure 3 presents the log2-fold change values of the evaluated biomarkers between the
patient and control groups. The horizontal black line indicates a log2FC = 0 level. Positive
values above this line indicate parameters that are at higher levels in the patient group
compared to the control group, while negative values below the line indicate parameters
that are at lower levels in the patient group. The most significant positive change in the
graph was observed in 4-HNE. Keap1 also showed a significant increase in the log2FC
value in the patient group. HO-1 and glutathione parameters were also found to be at
higher levels in the patient group with positive log2FC values; however, the magnitude
of these changes was more limited compared to 4-HNE and Keapl. In contrast, Nrf2 was
the only parameter observed to be at a lower level in the patient group compared to the
control group with a negative log2FC value. Overall, this graph visually supports the group
comparisons given in Table 1. 4-HNE, Keapl, HO-1, and glutathione are higher in the
patient group; Nrf2 is lower in the patient group. In GSK-3f3, no significant fold change was
observed, which is consistent with the lack of statistically significant differences between
the groups shown in Table 1.

Figure 4 shows the two-dimensional and three-dimensional score distribution graphs
for the patient and control groups. Red dots represent the control group, and green dots
represent the patient group. Each dot shows the overall profile of a participant based
on the measured biomarkers. In the two-dimensional score graph, the first component
explains 42.2% of the total variation, and the second component explains 21.5%. When
these two components are considered together, they provide a general visual distinction
in the distribution of samples belonging to the patient and control groups. In the three-
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dimensional score graph, the distribution of the groups is shown in more detail with the
addition of the third component, which represents 13.3% of the total variation. Colored
ellipses show the general distribution areas of the groups. Although there is partial overlap
between the groups in the graphs, it is observed that the patient and control samples show
a tendency to be distributed in different regions. This visual distribution shows that the
groups differ in terms of their multivariate biomarker profiles.
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Figure 3. Log?2 fold-change levels of oxidative stress-related parameters.

Table 1. Statistical Analysis of Measured Parameters.

Patient Group Control Group
Mean + SD Mean £ SD p?
Nrf2 (ng/mL) 10.1 £+ 3.38 16.31 £ 4.32 0.001 **
Keap 1 (ng/L) 504.01 + 246.01 345.87 +130.23 0.001 **
GSK-33 (ng/L) 328.87 £128.15 298.84 + 67.34 0.952
HO-1 (ng/mL) 2.49 +1.58 2.08+1 0.038 *
GSH (ng/mL) 11.58 +4.39 9.82 £3.73 0.006 *
4-HNE (ng/L) 350.06 + 96.32 187.64 & 59.44 0.001 **

4 Mann-Whitney U Test, * p < 0.05, ** p < 0.001, Patient Group (n = 88), Control Group (n = 72).
Yy p P p p
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Figure 4. Two-Dimensional and Three-Dimensional Distribution of Groups.
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Figure 5 shows the VIP scores obtained from the PLS-DA model. The VIP score indi-
cates the relative contribution of each biomarker to explaining the multivariate distinction
between patient and control groups. In general, a VIP score above 1 indicates that the
variable in question contributes more significantly to group differentiation in the model.

N2 o HBE
GSK3-Beta ® Bl Hign

4-HNE e [ |
Hem Oks1 ® [ | ]
Glutatyon e [ |
Keapl @ ..
T T T
0.5 1.0 1.5
VIP scores

Figure 5. VIP Score.

In this graph, the variables with VIP scores above 1 are identified as 4-HNE and Keap1.
4-HNE is the parameter with the highest VIP score and was observed to be the variable that
most strongly contributed to the differentiation between patient and control groups. Keap1
also showed a significant differentiating contribution in the model as the other parameter
with a VIP score above 1.

The color boxes on the right side of the graph show the relative level of each biomarker
in the control and patient groups. In the boxes, red indicates a higher relative level, and
blue indicates a lower relative level. According to this color distribution, 4-HNE and Keap1
are at higher levels in the patient group and lower levels in the control group. The opposite
is observed in Nrf2; Higher relative levels were observed in the control group and lower
levels in the patient group. Since the VIP scores of GSK-3f3, Nrf2, glutathione, and HO-1
parameters remained below 1, these variables were not considered among the parameters
that primarily contribute to group differentiation in the PLS-DA model.

Figure 6 presents the correlation relationships between the evaluated biomarkers in
the form of a heat map. In the map, red tones indicate positive correlation, and blue
tones indicate negative correlation. As the color intensity increases, the strength of the
correlation also increases. In addition, the dendrograms located at the top and left show
the clustering of parameters showing similar correlation characteristics. While positive
correlation trends are observed between some biomarkers in the graph, negative correlation
trends are noticeable between some parameters. In particular, 4-HNE shows an inverse
correlation relationship with Nrf2, GSK-33, and HO-1. In contrast, more pronounced
positive correlation trends are observed between Nrf2, GSK-3(3, and HO-1. Keapl and
glutathione show varying levels of correlation with different parameters. The correlation
map visually summarizes the relationships between the measured biomarkers and shows
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that the correlation patterns between the parameters are not homogeneous. This analysis
complements group comparisons and shows the direction and relative strength of the
relationships between variables.

i | 1
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TSHO Wan
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Figure 6. Correlation Map.

5. Discussion

The findings of this study reveal a significant imbalance in key regulators of the Nrf2
signaling pathway and indicators of oxidative stress in the patient group. The significantly
higher plasma levels of Keapl and 4-HNE, together with the significantly lower levels of
Nrf2 in the patient group compared with the control group, are consistent with an altered
oxidative stress response and are associated with changes in antioxidant defense-related
pathways. The increase in 4-HNE, a strong indicator of lipid peroxidation, suggests that
oxidative damage is more pronounced at the systemic level. In contrast, the significant
increase in HO-1 and GSH levels indicates the involvement of compensatory antioxidant
responses at the cellular level. The lack of a significant difference in GSK-3f3 levels between
the groups suggests that this molecule may play a secondary or indirect role in this patho-
logical process. Overall, these results demonstrate an increased oxidative stress load during
disease, impaired regulation of the Nrf2-Keap1 axis, and an inability of accompanying an-
tioxidant responses to maintain adequate balance, supporting the idea that components of
this pathway may be critically important in pathophysiological processes. In general, these
results demonstrate an increase in oxidative stress during disease, impaired regulation of
the Nrf2-Keap1 axis, and an inability of accompanying antioxidant responses to maintain
adequate balance, supporting the hypothesis that components of this pathway may be
critically important in pathophysiological processes.

Acute cerebral ischemic stroke is a complex neurovascular disease resulting from a
sudden and critical decrease in cerebral blood flow, characterized by high mortality and
morbidity [33]. The reperfusion process following ischemia creates a significant oxida-
tive stress environment characterized by excessive production of ROS, lipid peroxidation,
mitochondrial dysfunction, and deficiency of cellular antioxidant defense systems [34].
In this process, oxidative stress is considered one of the fundamental pathogenic mech-
anisms in the progression of neuronal damage and the development of secondary brain
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damage [35,36]. The Nrf2-Keap1 signaling pathway, one of the main defense mechanisms
developed by cells against oxidative stress, activates antioxidant response elements and
regulates the expression of HO-1, glutathione metabolism, and phase II detoxification
enzymes [37,38]. Experimental and clinical studies have shown that Nrf2 activation during
cerebral ischemia supports neuronal survival, limits the inflammatory response, and re-
duces cellular damage due to lipid peroxidation [39]. In contrast, it has been reported that
continued Keapl-mediated Nrf2 suppression deepens oxidative damage and increases cell
death in ischemic brain tissue [40]. These findings suggest that the Nrf2-Keap1 axis plays a
central role in maintaining redox balance in acute cerebral ischemia and that this pathway
could be considered among potential diagnostic and therapeutic targets [12,41].

Recent studies have revealed that inflammation and oxidative stress are intertwined
fundamental mechanisms in the early and late pathophysiology of acute cerebral is-
chemia [42]. Pro-inflammatory cytokines released by microglia and endothelial cells acti-
vated after an ischemic event disrupt the integrity of the blood-brain barrier, deepening the
neuroinflammatory response and increasing neuronal damage [43]. Simultaneously with
this inflammatory process, increased ROS lead to cellular disorders such as lipid peroxida-
tion, protein oxidation, and DNA damage in cerebral tissue, significantly increasing the
oxidative stress burden [44]. In acute cerebral ischemia, the severity of oxidative stress is
further aggravated by the deficiency of antioxidant defense systems, leading to a disruption
of cellular redox balance [45]. Clinical and experimental studies show that antioxidant
capacity is decreased in patients with ischemic stroke, while oxidant markers and lipid
peroxidation products are significantly increased [46]. For this reason, the bidirectional
interaction between inflammation and oxidative stress plays a critical role in shaping sec-
ondary brain damage in acute cerebral ischemia, further highlighting the importance of
redox-sensitive signaling pathways [47].

Nrf2 plays a central role in maintaining cellular redox balance, regulating the levels of
ROS/RNS through multiple mechanisms [48]. Activated during ischemic brain injury, Nrf2
binds to antioxidant response elements, increasing the expression of numerous cytopro-
tective genes such as HO-1, glutathione biosynthesis enzymes, and phase II detoxification
systems [49]. Through this regulatory effect, Nrf2 contributes to the maintenance of cel-
lular homeostasis under oxidative stress conditions and supports the survival capacity of
neuronal cells [50]. Furthermore, the Nrf2 signaling pathway has been shown to influence
multiple cellular processes such as autophagy activation, inflammasome suppression, mod-
ulation of the endoplasmic reticulum stress response, and maintenance of mitochondrial
function [51]. In the context of acute cerebral ischemia, these mechanisms are critical in lim-
iting secondary brain damage and slowing the progression of ischemic tissue damage [52].
Therefore, it is thought that activating Nrf2 through endogenous or pharmacological path-
ways may provide neuroprotective effects against oxidative and inflammatory damage and
constitute a promising target for new treatment strategies for cerebral ischemia [53].

The decrease in Nrf2 levels together with the increase in Keap1 levels observed in
the patient group is associated with alterations in the Nrf2-Keap1 signaling pathway.
It may reflect changes in antioxidant defense-related mechanisms during acute cerebral
ischemia [54]. It should also be considered that circulating Nrf2 and Keap1 concentrations
may not directly reflect intracellular signaling activity. Rather, serum levels are thought
to represent a combination of passive release from injured or dying cells, extracellular
vesicle/exosomal release, and other systemic responses to tissue injury. Consequently,
circulating concentrations are more appropriately interpreted as systemic biochemical
indicators associated with oxidative stress than as direct measures of intracellular Nrf2—-
Keap1 pathway activity within ischemic brain tissue. This distinction should be considered
when interpreting the biological significance of serum biomarker alterations observed
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in the present study [55,56]. It has been reported that the increase in Keapl expression
restricts the nuclear translocation of Nrf2, thus inhibiting the activation of antioxidant
genes and contributing to the disruption of redox balance [57,58]. The decrease in Nrf2
levels is thought to be related to the inadequacy of cellular defense mechanisms in the
face of increased oxidative load under ischemic conditions [59]. This molecular imbalance
is consistent with the significant increase in 4-HNE levels, a strong indicator of lipid
peroxidation detected in our study, showing that oxidative damage is increased at the
systemic level [60]. In contrast, the increase in HO-1 and GSH levels suggests that cells
are trying to develop a compensatory response to oxidative stress, but this response is
not sufficient to balance the increased oxidative load [61]. Taken together, it appears
that the regulation disorder in the Nrf2-Keapl signaling pathway plays a critical role
in the formation and maintenance of oxidant/antioxidant imbalance in acute cerebral
ischemia [62,63]. Studies show that lipid peroxidation is one of the key determinants of
oxidative damage in acute cerebral ischemia and is closely associated with neuronal cell
death [64,65].

The excessive production of ROS during ischemia-reperfusion promotes lipid peroxi-
dation of membrane polyunsaturated fatty acids, thereby generating biologically active
reactive aldehydes [45]. Among these aldehydes, 4-HNE is one of the most toxic end prod-
ucts of lipid peroxidation, disrupting cellular signaling and metabolic balance by forming
covalent bonds with proteins, lipids, and nucleic acids [66]. Clinical and experimental data
reveal that serum 4-HNE levels are significantly increased in patients with acute ischemic
stroke, and this increase correlates with the severity of ischemic damage [67,68]. Ele-
vated 4-HNE levels are reported to impair the integrity of the neurovascular unit through
endothelial dysfunction, mitochondrial damage, and activation of pro-inflammatory path-
ways [69,70]. The high 4-HNE levels detected in the patient group in our study can be
considered as a systemic reflection of increased oxidative stress and lipid peroxidation
in acute cerebral ischemia and support the pathophysiological importance of oxidative
damage [45].

Beyond its diagnostic relevance, the observed decrease in Nrf2 together with increased
Keap1 and 4-HNE levels may have important clinical implications. The Nrf2-Keap1 path-
way is increasingly recognized as a therapeutic target in ischemic stroke because restoration
of Nrf2 activity has been shown to attenuate oxidative stress, neuroinflammation, and
ischemia-reperfusion injury by enhancing endogenous antioxidant defenses. In addition,
impaired Nrf2 signaling has been implicated in ferroptosis, a lipid peroxidation-driven form
of regulated cell death that contributes to neuronal injury after cerebral ischemia. Although
our study does not establish mechanistic or causal relationships, the observed biomarker
profile supports the hypothesis that dysregulation of the Nrf2-Keap1 axis may contribute
to these pathological processes. Further mechanistic and prospective clinical studies are
warranted to determine whether targeting this pathway could provide therapeutic benefit
in ischemic stroke [71].

The high AUC values obtained in this study, especially for 4-HNE and Nrf2, may be ef-
fective in distinguishing between patient and control groups of these biomarkers. However,
these results should be interpreted cautiously due to the lack of an independent validation
cohort. The AUC values obtained from the ROC analysis reflect the discriminatory perfor-
mance within the current study population and do not directly imply clinical diagnostic
validity. Therefore, further studies with larger sample sizes, multicenters, and independent
validation cohorts are needed to confirm the diagnostic value of these biomarkers.

Glycogen synthase kinase-3f is a key serine/threonine kinase involved in the regula-
tion of inflammation, energy metabolism, apoptosis, and cellular stress responses, and is
considered an important regulator in the pathogenesis of neurological diseases [72]. It has
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been reported that GSK-33 activation in acute cerebral ischemia may be associated with
enhanced pro-inflammatory signaling pathways, increased mitochondrial dysfunction, and
increased neuronal cell death [73]. However, it is also emphasized that the role of GSK-3f3
in ischemic processes can vary depending on time, tissue, and cellular context, and does
not show a consistent increase in all clinical studies [74]. The lack of a significant difference
in GSK-3f levels between patient and control groups in our study suggests that this kinase
may not show a significant change in systemic circulation during the acute phase, or its
effect may be more pronounced at the intracellular level. In fact, the current literature
reports that GSK-33 plays a role as a modulator molecule interacting with Nrf2, NF-«B and
inflammatory pathways rather than a direct biomarker in acute ischemic injury [75]. It is
assessed that GSK-33 may contribute to the pathophysiological process in acute cerebral
ischemia through secondary and indirect effects, but clinical serum levels may be limited
in reflecting disease severity [76].

6. Limitations

The single-center design and relatively small and limited sample size constitute one
of our limitations in terms of generalizability of the findings. Second, biomarker measure-
ments were performed only on serum samples taken within the first 24 h after symptom
onset; therefore, temporal changes in oxidative stress and antioxidant responses during
disease progression could not be assessed. Third, the cross-sectional nature of the study
prevents the establishment of causal relationships between changes in the Nrf2-Keap1 path-
way and ischemic damage. Fourthly, another limitation is that clinical stroke severity scales,
such as the National Institutes of Health Stroke Scale (NIHSS), were not included in the
analysis. Therefore, the relationship between biomarker levels and clinical disease severity
could not be evaluated in detail. In addition, adjustments for comorbidities, concomitant
medications, and acute-phase treatments could not be comprehensively performed. These
factors may influence circulating biomarker concentrations and should be considered as
potential confounders. Furthermore, serum biomarker levels may not fully reflect intra-
cellular or tissue-specific molecular dynamics in the brain. Since the measurements were
performed in peripheral blood samples, the observed changes should be interpreted as
systemic biochemical alterations rather than direct indicators of molecular processes oc-
curring in cerebral tissue. Finally, although high AUC values were observed for some
biomarkers, these findings were not validated in an independent cohort. Therefore, the
ROC-derived diagnostic performance should be interpreted cautiously and considered
exploratory. Larger, multicenter studies with independent validation cohorts are needed to
confirm the clinical utility of these biomarkers.

7. Conclusions

The present study demonstrates significant alterations in oxidative stress- and antioxi-
dant defense-related biomarkers in patients with acute ischemic stroke. Decreased serum
Nrf2 levels together with increased Keap1 levels suggest dysregulation of the Nrf2—-Keapl
antioxidant pathway, while elevated 4-HNE levels are consistent with enhanced lipid
peroxidation during acute cerebral ischemia. Although increased HO-1 and GSH levels
may reflect compensatory antioxidant responses, these changes appear insufficient to fully
counterbalance the increased oxidative burden. The absence of a significant difference in
circulating GSK-3f3 levels suggests that its role may not be adequately reflected in serum
or may depend on temporal or tissue-specific regulation. Overall, these findings support
the presence of altered oxidative stress pathways in acute ischemic stroke. However, the
clinical relevance of these biomarkers should be interpreted cautiously, and larger prospec-
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tive, multicenter studies with independent validation are required before their potential
diagnostic or therapeutic value can be established.
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