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Cardiopulmonary Bypass Induces Differential Neuroregenerative,
Inflammatory, and Oxidative Stress Responses
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Background: Cardiopulmonary bypass (CPB) is a fundamental technique in cardiac surgery; however, it is associated with systemic
inflammation, oxidative stress, and adverse postoperative outcomes, including cognitive dysfunction. The pathophysiological
mechanisms underlying these complications are not fully understood. Although both traditional and newly identified inflammatory
markers have been studied,data on perioperative changes in neuronal plasticity and regeneration markers,such as growth-associated
protein 43 (GAP43) and neuregulin-1 (NRG1), remain limited. This study aimed to evaluate preoperative and postoperative levels
of GAP43 and NRG1 in patients undergoing CPB and to compare them with markers of oxidative stress, systemic inflammation, and
neurological inflammation.

Materials and Methods: A total of 41 patients (32 males, 9 females) undergoing elective cardiac surgery with CPB were enrolled.
Peripheral blood samples were collected pre- and postoperatively. Serum levels of GAP43, NRG1, brain-derived neurotrophic
factor, and osteoprotegerin (OPG) were measured by enzyme-linked immunosorbent assay. Oxidative stress was assessed using
total oxidant status (TOS) and total antioxidant status (TAS). Protein expression of sirtuin 2 (SIRT2) and C-X3-chemokine ligand 1
(CX3CL1) was analyzed by Western blotting. Data normality was evaluated with the Shapiro-Wilk test,and appropriate parametric or
non-parametric tests were used for paired comparisons.

ABSTRACT

Results: Postoperative GAP43 levels decreased (p < 0.05),and the decrease was more pronounced in males. NRG1 showed no overall
change but exhibited sex-specific trends, decreasing in females and increasing in males. OPG increased only in males, while TOS
increased and TAS remained unchanged in both groups. Western blot analysis showed a loss of SIRT2 expression and an induction
of CX3CL1.

Conclusion: CPB induces oxidative stress, neuroinflammation, and disruption of neuroregenerative processes. GAP43, a marker of
neuronal plasticity, decreases postoperatively, particularly in males, whereas NRG1 shows a sex-dependent response. Combined
assessment of GAP43,NRG1,and inflammatory and oxidative-stress markers may help predict postoperative neurological dysfunction
and guide future protective strategies.
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Biomarker Changes After Cardiopulmonary Bypass

Amagc: Kardiyopulmoner baypas (KPB),kalp cerrahisinde yaygin olarak kullanilmakla birlikte, oksidatif stres,enflamasyon ve norolojik
komplikasyonlarla iliskilidir. Bu calismada, noronal plastisite ile iligkili buyume ile iliskili protein 43 (GAP43) ve neuregulin-1 (NRG1)
duzeylerindeki perioperatif degisimlerin, oksidatif stres ve inflamatuvar belirteclerle birlikte degerlendirilmesi amaglandi.

Gerec ve Yontemler: KPB uygulanan 41 hasta (32 erkek, 9 kadin) calismaya dahil edildi. Ameliyat oncesi ve sonrasi alinan kan
orneklerinde GAP43,NRG1, beyin kaynakli norotrofik faktor (BDNF) ve osteoprotegerin (OPG) duzeyleri enzime bagli immunosorbent
analiz ile olglldu. Toplam oksidan durum (TOS) ve toplam antioksidan durum (TAS) degerleri spektrofotometrik yontemlerle
degerlendirildi.Sirtuin 2 (SIRT2) ve C-X3-C motifli kemokin ligand 1 (CX3CL1) ekspresyonlari Western blot ile analiz edildi. istatistiksel
degerlendirmede uygun parametrik ve non-parametrik testler kullanildi.

Bulgular: GAP43 diizeylerinde ameliyat sonrasi anlamli azalma saptandi (p < 0,05) ve bu degisimin erkek hastalarda daha belirgin
oldugu goriildi. NRG1 diizeylerinde genel olarak anlamli fark izlenmezken, kadinlarda azalma, erkeklerde artis egilimi dikkat cekti.
Erkek hastalarda OPG diizeyleri artig gosterdi. TOS diizeyleri her iki cinsiyette artarken, TAS diizeylerinde degisiklik gozlenmedi.
Western blot analizinde SIRT2 ekspresyonunun kayboldugu, CX3CL1'in ise ameliyat sonrasi belirgin olarak arttigi saptandi. Bu
bulgular, KPB'nin oksidatif stres ve enflamasyonla birlikte néronal yanitlari da etkiledigini gostermektedir.

Sonug: Bu bulgular, kardiyopulmoner baypasin nororejeneratif ve enflamatuvar suregler arasindaki dengeyi bozabilecegini ve bunun
postoperatif norokognitif disfonksiyona katkida bulunabilecegini dustindlirmektedir. Gozlenen biyobelirte¢ degisimleri, erken risk

degerlendirmesi ve hedefe yonelik ndroprotektif stratejilerin gelistirilmesi icin potansiyel bir temel sunmaktadir.

Anahtar Kelimeler: Kardiyopulmoner baypas, GAP43,NRG1, oksidatif stres, nérorejenerasyon, biyobelirtegler

Introduction

Cardiopulmonary bypass (CPB) is a critical component of
most heart surgery procedures, allowing surgeons to work
on a “still heart” While essential for the surgical treatment
of heart disease, postoperative complications such as
systemic inflammation, oxidative stress,and neurocognitive
dysfunction can occur in patients undergoing CPB (1-3).
The clinical manifestations of neurocognitive disturbance
after cardiac surgery include persistent decline in cognitive
function, stroke, as well as more subtle neuropsychological
changes that can affect a patient’s quality of life after
discharge from the hospital and impact postoperative
outcome (4,5).

The biological response to CPB includes an inflammatory
response, endothelial damage and increased production of
reactive oxygen species (1-3).Levels of several inflammatory
markers have been studied, but changes in neurobiological
parameters are not completely understood, especially early
changes (6,7). This is especially true for markers of neuronal
plasticity or regeneration (8).

Growth-associated protein 43 (GAP43) is known to be
associated with neuronal growth and plasticity, thus may
serve as a marker of neuronal plasticity (9,10). Neuregulin-1
(NRG1) has been demonstrated to modulate neuronal
survival, calcium signaling, neurovascular and autonomic
nervous system interactions, and modulate cardiovascular
functions (11,12). An understanding of the neurovascular
modifications occurring during CPB and of the perioperative
variations in these proteins in adult CPB patients has not
been well elucidated.

In addition to affecting neuroregenerative factors, CPB
alters oxidative-antioxidative balance and the inflammatory

response (2,13,14). We therefore determined the following
biomarkers as indicators of vascular inflammation,
neurovascular regulation, immune cell recruitment, and
oxidative stress defense: osteoprotegerin (OPG), brain-
derived neurotrophic factor (BDNF), (-X3-chemokine Ligand
1 (CX3CL1)/fractalkine,and the sirtuins, particularly sirtuin 2
(SIRT2),which are part of cellular defense against oxidative
stress (15-18).

Beyond experimental measurements, integrating
biomarker data with in silico approaches may help
contextualize molecular interactions and functional
pathways associated with CPB-related neurovascular
alterations (19,20).

The aim of this study was to determine GAP43 and NRG1
levels in patients undergoing CPB and to compare them with
markers of oxidative stress and inflammation. An in silico
analysis of the obtained results was performed to predict
potential interactions among the studied biomarkers and to
identify relevant biological pathways. The goal of this work
was to combine experimental data with in silico analysis
to provide a systems-level view of neurovascular changes
caused by CPB at the molecular level.

Materials and Methods

Study Population and Sample Collection

A total of 41 patients (32 males and 9 females)
undergoing elective cardiac surgery with CPB were included
in this study. Peripheral blood samples were collected
preoperatively and postoperatively. Serum samples were
obtained by centrifugation and stored at -80 °Cuntil further
analysis.
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The study was approved by the University of Health
Sciences Tirkiye, Hamidiye Faculty of Medicine Ethics
Committee (approval number: 24/727; decision number:
14/16, date: 28.11.2024). All procedures were conducted
in accordance with the Declaration of Helsinki. Written
informed consent was obtained from all participants prior
to enrollment in the study.

Biochemical Analysis

Serum levels of GAP43, BDNF, OPG, and NRG1 were
measured using commercially available enzyme-linked
immunosorbent assay (ELISA) kits according to the
manufacturers’ instructions. GAP43 levels were measured
using an ELISA kit (Catalog No: YLA2806HU, YL Biont,
Shanghai, China). NRG1 levels were determined using a
human Neuregulin-1 ELISA kit (Catalog No: YLA1122HU, YL
Biont, Shanghai, China). BDNF levels were measured using a
commercial ELISA kit (Catalog No: E1302Hu, BT Lab, China).
OPG levels were measured using a commercially available
ELISA kit (Catalog No. E1558Hu; BT Lab, China).

Serum total antioxidant status (TAS) and total oxidant
status (TOS) levels were quantified using fully automated
colorimetric assays as described in previously published
method (21,22). The TAS method relies on the capacity of
antioxidants in the sample to neutralize the ABTS* radical
cation, resulting in reduced color intensity. In contrast, TOS
measurement is based on the oxidation of the ferrous
ion-o-dianisidine complex by oxidant molecules in the
sample. The results were reported as pmol H,0, equivalents
per liter. All measurements were performed in duplicate to
ensure accuracy.

Western Blot Analysis

Serum samples stored at —80 °C were processed prior to
analysis. High-abundance proteins were depleted using a
Top14 depletion resin (Thermo Scientific, USA) according to
the manufacturer’s instructions. Total protein concentrations
were determined using the Bradford assay.

Equal amounts of protein (50 pg) were denatured,
separated by SDS-PAGE, and transferred to PVDF
membranes. Membranes were blocked with 3% bovine
serum albumin and incubated overnight at 4 °C with
primary antibodies against SIRT2 (1:1000,ABclonal,A-0273,
USA) and fractalkine (CX3CL1) (1:1000, Abcam, ab25088,
UK). After washing, membranes were incubated with HRP-
conjugated anti-rabbit secondary antibody (1:5000, Cell
Signaling Technology, 7074, USA).

Protein bands were visualized using chemiluminescence
and imaged with a ChemiDoc imaging system (Bio-Rad,USA).
Band intensities were quantified using Imagel software
(NIH, USA). Uniform contrast adjustments were applied to
entire blots without altering individual bands.

In Silico Network and Functional Enrichment Analysis

To explore potential functional relationships among
the studied biomarkers, an in silico analysis was conducted
using GAP43, NRG1, BDNF, TNFRSF11B (OPG), CX3CL1, and
SIRT2 as input genes. Protein-protein interaction networks
were constructed using the STRING database (version 12.0),
incorporating both experimentally validated and predicted
interactions.

Functional enrichment analysis was performed using
g:Profiler to identify significantly overrepresented Gene
Ontology terms and Kyoto Encyclopedia of Genes and
Genomes pathways. Multiple testing correction was applied
using the false discovery rate,and pathways with an adjusted
p-value < 0.05 were considered statistically significant.

Statistical Analysis

Statistical analyses were performed using IBM SPSS
Statistics, version 26.0 (IBM Corp., Armonk, NY, USA). Data
normality was assessed using the Shapiro-Wilk test. Because
most variables did not meet the criteria for a normal
distribution, analyses were primarily conducted using non-
parametric approaches.

Paired comparisons between preoperative and
postoperative values were conducted using the Wilcoxon
signed-rank test. For normally distributed variables, paired
t-tests were applied when appropriate. Differences between
independent groups were assessed using the Mann-Whitney
U test or the independent samples t-test, as appropriate.
Data were presented as median with interquartile range
or mean * standard error/standard deviation, depending on
distribution characteristics.A p-value < 0.05 was considered
statistically significant.

Results

Study Population

A total of 41 patients undergoing CPB were included in
the study, comprising 32 males and 9 females. Biochemical
analyses were performed on the entire cohort, whereas
Western blot analyses were performed on a subgroup of
patients. Preoperative and postoperative measurements
were obtained for all evaluated parameters. Detailed
descriptive data for all biomarkers are presented in Table 1.

Serum GAP43 levels decreased significantly following
CPB in the overall cohort (p = 0.046). Sex-stratified analysis
demonstrated that this reduction was more pronounced in
male patients, whereas no significant change was observed
in females (Table 1, Figure 1).
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Table 1. Perioperative changes in the evaluated serum biomarkers.

GAP43 b TAS NRG1 BDNF
OPG (pg/mL) (pa/mL) (umol H,0, (mmol Trolox el /s
P9 equiv./L) equiv./L) P9 9
Female preop (n = 9) 109.44 10065.0 0.67 3.22 19.86 0.31
preop (182.18) (41.25) (0.13) (0.45) (34.35) (0.45)
Female postop (n = 9) 117.58 8100.0 0.9350 3.17 19.0 0.55
postop (235.71) (4068.53) 0.31) (0.15) (20.67) (0.84)
Male preop (n = 32) 101.68 6639.56 0.62 3.17 3.57 0.68
preop (289.76) (5302.0) (0.11) (0.38) (11.02) (1.54)
Male postop (n = 32) 126.25 6723.9 1.14 3.15 5.00 1.14
postop (344.47y (4564.03) 0.61) (0.48) 4.61) 1.77)
Perioperative changes in serum levels of OPG (pg/mL), GAP43 (pg/mL), TOS (umol H,0, equiv./L), TAS (mmol Trolox equiv./L), NRG1 (pg/mL), and BDNF (ng/mL)
in female and male patients undergoing CPB. Data are presented as median (IQR). Preoperative and postoperative values are shown separately for each sex. *p <
0.05 compared with preoperative values. IQR, interquartile range; GAP43, growth-associated protein 43; OPG, osteoprotegerin; TOS, total oxidant status; TAS, total
antioxidant status; NRG1, neuregulin-1; BDNF, brain-derived neurotrophic factor; CPB, cardiopulmonary bypass.

Figure 1. Perioperative alterations in serum GAP43 and NRG1
levels following CPB. (A) GAP43 levels were significantly reduced
postoperatively compared to preoperative values. (B) NRG1 levels
did not exhibit a statistically significant overall change, although
distribution patterns differed between pre- and postoperative
measurements. Data are presented as median (IQR) for the
overall cohort (n = 41). *p < 0.05. Paired statistical analyses were
performed to assess perioperative differences. IQR, interquartile
range; GAP43,growth-associated protein 43; CPB,cardiopulmonary
bypass; NRG1, neuregulin-1.

In the overall cohort, NRG1 levels did not differ
significantly between preoperative and postoperative
measurements (p = 0.438). However, after surgery, distinct
sex-specific patterns were observed: NRG1 levels decreased
in female patients and increased in male patients (Table 1).

Inflammatory and Neurotrophic Markers

Serum OPG levels increased postoperatively in male
patients (p = 0.04), whereas no significant change was
observed in female patients (Figure 2A). BDNF levels did

Figure 2. Perioperative alterations in inflammatory and neurotrophic
biomarkers following CPB. (A) OPG levels did not differ significantly
between preoperative and postoperative measurements in the
overall cohort, although a significant postoperative increase was
observed in male patients in the sex-stratified analysis. (B) BDNF
levels did not differ significantly between pre- and postoperative
measurements; however,opposite directional trends were observed
between the sexes. Data are presented as median (IQR) for the
overall cohort (n = 41). Paired statistical analyses were used for
comparisons. CPB, cardiopulmonary bypass; OPG, osteoprotegerin;
BDNF, brain-derived neurotrophic factor; IQR, interquartile range.

not show statistically significant differences between pre-
and postoperative measurements in either sex; however,
opposite trends were observed, with an increase in females
and a decrease in males (Figure 2B).

Oxidative Stress Parameters

TOS levels increased significantly after CPB in both
female and male patients (p = 0.0088 and p = 0.0009,
respectively), indicating elevated oxidative stress. In
contrast, TAS levels remained unchanged in both groups
(female: p = 0.36; male: p = 0.35) (Figure 3, Table 1).
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Western Blot Findings

Westernblotanalysisdemonstrated that SIRT2 expression
was present in preoperative samples but undetectable
postoperatively. In contrast, CX3CL1 expression was absent
before surgery and became clearly detectable following
CPB (Figure 4).

Figure 3. Perioperative changes in oxidative stress parameters
following CPB. (A) TAS levels did not differ significantly between
preoperative and postoperative measurements. (B) TOS levels
increased significantly in the postoperative period compared with
preoperative values. Data are presented as median (IOR) for the
overall cohort (n = 41). *p < 0.05. Paired statistical analyses were
used to evaluate perioperative differences. CPB, cardiopulmonary
bypass; TOS, total oxidant status; TAS, total antioxidant status; IOR,
interquartile range.

Anti-SIRT2

pu - Anti-CX3CL1

Figure 4. Western blot analysis showing SIRT2 and CX3CL1
protein expression in serum samples before and after CPB. SIRT2
expression was present in preoperative samples but was not
detectable postoperatively. Conversely, CX3CL1 expression was
absent preoperatively and became clearly detectable following
CPB. SIRT2, sirtuin 2; CX3CL1, C-X3-chemokine Ligand 1; CPB,
cardiopulmonary bypass.

In Silico Network and Functional Enrichment Analysis

Protein-protein interaction analysis using the STRING
database (version 12.0) demonstrated that GAP43,
NRG1, BDNF, TNFRSF11B (OPG), CX3CL1, and SIRT2 were
functionally connected in a common interaction network
(Figure 5A).

Subsequent functional enrichment analysis showed that
these proteins were significantly associated with pathways
related to neuronal signaling, inflammatory response, and
oxidative stress, including neurotrophin, TNF, chemokine,
and cyclic adenosine monophosphate (cAMP) signaling
pathways (Figure 5B).

Discussion

Changes in molecular markers of neuroregeneration,
as well as in some inflammatory and oxidative stress
molecules, occur before, during, and after clinical CPB. We
investigated these changes in 41 adult patients undergoing
cardiac surgery with CPB. Blood samples obtained before
and after CPB were analyzed. A decrease in GAP43 levels
was found in all samples, and NRG1 levels showed a sex-
dependent pattern in blood samples. Our results provide
new insights into the neurobiological changes associated
with CPB.

GAP43 is a protein critical for axonal growth, synaptic
plasticity, and neuronal repair, and is therefore a marker
of neuronal plasticity. GAP43 remains a key molecule
associated with axonal growth, regeneration, and injury-
induced neuronal plasticity, supporting its relevance as
a marker of altered neuroplastic responses after CPB
(23). A postoperative reduction in GAP43 suggests an
impairment of neuronal plasticity following CPB. Most
studies investigating CPB-induced inflammation have not
considered markers of neuronal regeneration. Notably, the
decrease in GAP43 was greater in men, suggesting that
the neurobiological response to CPB may be modulated
by sex-related differences in hormonal regulation, vascular
response, and cellular resilience.

NRG1 did not show an overall significant change, but
exhibited different trends in males and females, both of
which are biologically significant. An increase in NRG1 in
males may reflect up-regulation of a protein that helps
cells survive under stress, compensating for the effects
of surgery, whereas a decrease in females may indicate a
different mechanism. NRG1 signals through the ErbB family
of receptor tyrosine kinases and is involved in calcium
homeostasis; thus, these findings support the hypothesis
that sex-specific modulation of neuroprotective signaling
pathways that can impact recovery from surgery.



Biomarker Changes After Cardiopulmonary Bypass

ICX3CL1

. TNFRSF11B

E RECEPTOR

CHEMOKINE SIGNALING PATHWAY

CAMP SIGNALING PATHWAY

Figure 5. Integrated in silico analysis of the studied biomarkers. (A) A protein-protein interaction network was constructed using the
STRING database (version 12.0), demonstrating functional connectivity among GAP43, NRG1, BDNF, TNFRSF11B (OPG), CX3CL1, and SIRT2.
(B) KEGG pathway enrichment analysis identifying pathways associated with neuronal signaling, inflammatory response, and cellular stress
regulation, including neurotrophin, TNF, chemokine, and cAMP signaling pathways. The analysis highlights coordinated interactions linking
neuroregeneration, inflammation, and oxidative stress-related processes. GAP43, growth associated protein 43; NRG1, neuregulin-1; BDNF,
brain-derived neurotrophic factor; TNFRSF11B, tumor necrosis factor receptor superfamily member 11B; OPG, osteoprotegerin; CX3CL1, C-X3-
chemokine Ligand 1; SIRT2, sirtuin 2; STRING, Search Tool for the Retrieval of Interacting Genes/Proteins; KEGG, Kyoto Encyclopedia of Genes
and Genomes; TNF, tumor necrosis factor; cAMP, cyclic adenosine monophosphate.

Elevated OPG levels in the male patients studied suggest
increased vascular inflammation following CPB. OPG has
been shown to be involved in endothelial dysfunction and
vascular remodelling; thus, its elevation could be an early
marker of inflammation related to extracorporeal circulation.
Interestingly, the trends in BDNF levels are opposite to
those of OPG and suggest that neurotrophic support is
complex and highly regulated in this context. Although the
sex differences were not significantly increased, they may
still be important.

In addition to neuroinflammation, CPB-induced brain
injury likely involves oxidative stress. Recent experimental
studies have further demonstrated that CPB-induced
neuroinflammation contributes to persistent deficits in
neurogenesis and cognitive function (24). The TOS increased
severalfold, whereas the TAS remained unchanged. This
increase in TOS relative to TAS is expected to promote
cellular injury and impair neuroregenerative processes,
consistent with the postoperative decrease observed
in GAP43, a protein involved in neuronal sprouting and
synaptic plasticity.

The brain exhibited signs of a disrupted cellular response
following recovery from CPB.SIRT2 was downregulated post-
CPB, which may suggest a loss of neuroprotective pathways
involved in metabolic and stress responses that enable cells
to resist oxidative stress and maintain cellular homeostasis.
SIRT2 has emerged as an important regulator of oxidative
stress, mitochondrial homeostasis, and neuroinflammatory
signaling, although its functional effects appear to depend
on the specific cellular and pathological context (25).

Conversely, increased expression of CX3CL1 suggests
activation of inflammatory signaling, alteration of neuron-
immune communication,and chemotaxis of immune cells to
the brain, all of which may contribute to neuroinflammation.
CX3CL1 signaling is increasingly recognized as a central
regulator of neuron-microglia communication and a critical
mediator of neuroinflammatory responses (26,27).

The identified molecular changes were incorporated into
an in silico analysis of alterations occurring during recovery
from hypothermic CPB. A protein-protein interaction
network was built using the subset of markers GAP43,NRG1,
BDNF, OPG, CX3CL1, and SIRT2 identified as altered during
recovery from hypothermic CPB (Figure 5). The network
revealed numerous interactions among the identified
markers, including several that potentially play a central
role in recovery from hypothermic CPB, notably GAP43,
which is implicated in neuronal plasticity, inflammation,
and oxidative stress. An in silico pathway enrichment
analysis revealed that major pathways that changed during
recovery from hypothermic CPB included those related to
neurotrophin signaling, TNF signaling, chemokine signaling,
and cAMP signaling. In parallel with the hypothesis, the
results also claim that CPB induces a series of changes that
link neuroregenerative, inflammatory, and stress responses.
However, these results must be confirmed by experimental
analysis.

In addition to inducing oxidative stress and a whole-
body inflammatory response, the surgical stress associated
with CPB could modulate positive neuroregenerative
signals. The loss of GAP43, a marker of enhanced neuronal
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plasticity, might signal a postoperative shift toward
decreased plasticity.

Overall, our results suggest that CPB is accompanied by
integrated alterations in neuroregenerative, inflammatory,
and oxidative stress-related processes. The integration of
GAP43 and NRG1 with conventional biomarkers provides
a more comprehensive framework for understanding CPB-
related neurobiological changes and may contribute to the
identification of novel targets for early intervention and risk
stratification.

Study Limitations

This study has certain limitations. Notably, the
relatively limited sample size—especially within sex-based
subgroups—may have reduced the statistical power and
reliability of subgroup analyses. The lack of long-term
neurological follow-up prevents establishing a direct
correlation between biomarker alterations and clinical
neurocognitive outcomes. Additionally, Western blot
analyses were performed in a subgroup of patients, which
may limit the generalizability of the protein expression
findings. Although in silico analyses provided insights into
potential molecular interactions, these findings require
further experimental validation.

Conclusion

CPB induces a complex biological response
characterized by oxidative stress, inflammation, and altered
neuroregenerative signaling. The postoperative decrease
in GAP43 suggests impaired neuronal plasticity, whereas
the sex-dependent behavior of NRG1 indicates differential
neurobiological adaptation.

The combined evaluation of neuroregenerative,
inflammatory, and oxidative stress markers provides a more
integrated view of CPB-related changes. Additionally, in
silico analyses support the notion that these biomarkers are
functionally interconnected, linking neuronal, immune, and
stress-response pathways.

Overall, GAP43 and NRG1 may serve as promising
candidates for early detection of CPB-associated
neurobiological alterations,although larger and longitudinal
studies are needed to confirm their clinical utility.
These results underscore the potential value of combined
neuroregenerative and inflammatory biomarkers as early
indicators of CPB-associated neurovascular alterations
and may contribute to improved perioperative monitoring
strategies.
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