Access this article online
Quick Response Code:

Website:

www.scie.online

DOI:
10.14744/scie.2026.47354

"University of Health
Sciences, Hamidiye Health
Sciences Institute, Istanbul,

Tirkiye

2University of Health
Sciences, Sultan .
Abdulhamid Training and
Research Hospital General
Surgery Clinic, Istanbul,
Tirkiye

SDepartment of Histology
and Embryology, University
of Health Sciences,
Hamidiye International
Faculty of Medicine,
Istanbul, Ttrkiye
“Department of
Pharmacology, Istanbul
University-Cerrahpasa,
Faculty of Pharmacy,
Istanbul, Ttrkiye

SUniversity of Health

Sciences, Hamidiye Faculty
of Medicine, Department

of Biochemistry, Istanbul,
Tirkiye

Cumaali Demirtas,
University of Health
Sciences, Hamidiye Health
Sciences Institute, Istanbul,
Tarkiye

E-mail:
cumaali.demirtas@sbu.
edu.tr

29.04.2026
17.05.2026
29.09.2026

Liver ischemia-reperfusion (I/R) injury

Effects of Transauricular Vagus Nerve
Stimulation on Cardiac and Pulmonary
Injury in a Rat Hepatic Ischemia—
Reperfusion Model

Cumaali Demirtas," @@ Mahmut Salih Geng,? @@ Pelin Erguven,®
Mustafa Gokce,* (@ Eray Metin Guler,® © Hakan Beyaztas,®
Ahmet Furkan Mazlum,? @ Biilent Giileg?

Kubra Sevgin,®

Abstract

Objective: Liver ischemia—reperfusion (I/R) injury, commonly occurring in trauma, organ trans-
plantation, major hepatic surgery, and shock, not only impairs hepatic function but also induces
dysfunction in distant organs such as the kidneys, lungs, and heart, leading to increased mor-
bidity and mortality. This study investigated whether non-invasive transauricular vagus nerve
stimulation (tVNS) could mitigate cardiac and pulmonary injury in a rat hepatic I/R model.

Methods: Twenty-one male Sprague—Dawley rats were randomly assigned to three groups
(n=7 each): Control (laparotomy only), I/R (1 h hepatic ischemia + 3 h reperfusion), and I/
R+tVNS (1 h ischemia + 3 h reperfusion with concurrent tVNS). At the end of reperfusion,
cardiac and pulmonary tissues were harvested for biochemical analysis.

Results: tVNS reduced oxidative stress and inflammatory responses in both organs. In cardiac
tissue, the I/R+tVNS group demonstrated significantly higher total antioxidant status (TAS) and
lower total oxidant status (TOS), oxidative stress index (OSI), interleukin-1p3 (IL-1B), and hy-
poxia-inducible factor-1a (HIF-1a) compared with the I/R group. In pulmonary tissue, OSI and
IL-1B levels were significantly decreased by tVNS, while HIF-1a showed a downward trend
without statistical significance.

Conclusions: Non-invasive tVNS effectively alleviated oxidative stress and enhanced antiox-
idant capacity in the heart and lungs following hepatic I/R. These results suggest that tVNS
confers cardiopulmonary protection against hepatic I/R injury, likely through modulation of in-
flammatory cytokine responses and reinforcement of antioxidant defences.

Keywords: Ischemia—reperfusion injury; vagus nerve stimulation; oxidative stress; inflamma-
tion; heart; lung; rat.

Introduction dition encountered in trauma, liver trans-
plantation, major hepatic resections, and
haemorrhagic shock, all of which carry

is a common pathophysiological con- high morbidity and mortality risks. Inter-
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ruption or reduction of hepatic blood flow results in hy-
poxia and nutrient deprivation, leading to hepatocellular
damage. Restoration of circulation (reperfusion) para-
doxically exacerbates the injury by inducing an excessive
inflammatory response and a burst of reactive oxygen
species (ROS). ! As a result, hepatic I/R not only impairs
liver function but can also trigger secondary injury in
distant organs such as the kidney, lung, and heart, con-
tributing to multi-organ dysfunction.®! Both ischemia
itself and the reperfusion-induced oxidative burst play
central roles in this pathogenesis.

Vagus nerve stimulation (VNS) is an established therapy
for refractory epilepsy, severe depression, and certain
headache disorders. In recent years, increasing evidence
has shown that VNS provides benefits in cardiovascular
and inflammatory diseases, including heart failure, obe-
sity, and sepsis.*”! These effects are mediated through
the vagus nerve’s ability to regulate immune responses,
a mechanism known as the “inflammatory reflex” or
cholinergic anti-inflammatory pathway. Activation of
vagal afferents initiates central reflexes that suppress
pro-inflammatory cytokine release via efferent signalling
to immune cells. Consequently, VNS has been shown to
significantly reduce pro-inflammatory cytokines such as
interleukin-1B (IL-1p), interleukin-6 (IL-6), and tumour
necrosis factor-a (TNF-a), restoring immune balance in
both preclinical and clinical studies.® This neuroim-
mune modulation has demonstrated protective effects
in various I/R models, improving outcomes in affected
organs.””!

Previous studies have reported that VNS can attenuate
I/R injury in several organs. In hepatic I/R, invasive
VNS delivered through surgically implanted electrodes
on the cervical or abdominal vagus nerve was shown
to protect the liver and reduce remote organ injury.*"
However, invasive methods may lead to complications
such as cardiac arrhythmias, asystole, hematoma, infec-
tion, vocal cord paralysis, and respiratory distress.!*
These risks have accelerated the search for non-invasive
alternatives.

One such approach is transcutaneous auricular vagus
nerve stimulation (tVNS), which targets the auricular
branch of the vagus nerve accessible at the ear. This
branch projects to the nucleus tractus solitarius in the
brainstem, enabling modulation of autonomic activity.
tVNS increases parasympathetic tone while suppressing
sympathetic output, exerting effects through sympa-
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tho-inhibitory mechanisms. Owing to its non-invasive
nature, tVNS has gained considerable attention as a po-
tential therapy for neurological, cardiovascular, and in-
flammatory disorders. Early clinical studies suggest that
tVNS is safe, well tolerated, and effective in modulating
autonomic and immune functions. 557

Despite these promising findings, most research on vagal
stimulation in I/R has involved invasive techniques or
has focused primarily on the ischemic organ itself. There
is limited evidence on whether non-invasive vagal stim-
ulation can mitigate secondary organ injury induced by
hepatic I/R. In particular, its impact on cardiac and pul-
monary injury remains unexplored.

We hypothesized that augmenting vagal activity via
tVNS during hepatic reperfusion would reduce systemic
inflammation and oxidative stress, thereby protecting
the heart and lungs. To test this, we established a rat
model of partial hepatic I/R and evaluated the effects
of concurrent tVNS on biochemical markers of oxidative
stress, inflammation, and cellular hypoxia in cardiac and
pulmonary tissues. The aim of this study was to assess
tVNS as a novel, non-invasive approach for limiting he-
patic I/R-associated remote organ injury.

To date, most research on vagal stimulation in I/R in-
jury has involved invasive stimulation methods or has
focused on protection of the primary ischemic organ.
There is a paucity of data on whether non-invasive vagus
nerve stimulation can mitigate I/R-induced remote or-
gan injury. In particular, the effect of tVNS on secondary
cardiac and pulmonary damage resulting from hepatic
I/R has not been previously examined. We hypothesized
that augmenting vagal activity via tVNS during hepatic
reperfusion would dampen systemic inflammation and
oxidative stress, thereby protecting the heart and lungs
from I/R-induced injury. In this study, we established a
rat model of partial hepatic ischemia—reperfusion and in-
vestigated the impact of concurrent tVNS on biochemical
markers of oxidative stress, inflammation, and cellular
hypoxia in the heart and lungs. Our aim was to evaluate
tVNS as a novel, non-invasive strategy to reduce hepatic
I/R-mediated secondary organ damage.

Materials and Methods

Animal Model and Ethical Approval
Experiments were conducted on adult male Sprague-
Dawley rats (200-230 g). Animals were housed under
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standard laboratory conditions (12-h light/dark cycle,
ambient temperature 20-22 °C) with free access to chow
and water. All animals were acclimatized prior to the
study. Experimental procedures complied with the Euro-
pean Parliament Directive 2010/63/EU on the Protection
of Animals Used for Scientific Purposes (22 September
2010). The protocol was approved by the Local Ethics
Committee for Animal Experiments of the University of
Health Sciences (Approval date: 16.10.2024; No. 06/02).

Experimental Groups and Surgical Procedure
Following a 12-h overnight fast, rats were anesthetized
via intraperitoneal injection of ketamine hydrochloride
(80 mg/kg) and xylazine (10 mg/kg). Under general
anaesthesia, a midline laparotomy was performed to in-
duce partial hepatic ischemia. Rats were randomly allo-
cated into three groups (n=7 each):

* Control group: Sham laparotomy only, without he-
patic ischemia-reperfusion (I/R) or vagus nerve stimu-
lation. Heart and lung tissues were harvested after the
equivalent operative duration.

* I/R group: Partial hepatic ischemia was induced by
occlusion of the portal triad (hepatic artery, portal vein,
bile duct) supplying the left lateral and median lobes
(~70% of liver mass) using a non-traumatic microvascu-
lar clamp. The right and caudate lobes were left perfused
to prevent mesenteric congestion. Ischemia lasted 1 h,
followed by 3 h of reperfusion. At the end of reperfusion,
heart and lung tissues were collected, and rats were eu-
thanized by cardiac puncture exsanguination.

* I/R + tVNS group: The ischemia protocol was identi-
cal to the I/R group. During the entire 3-h reperfusion
period, transauricular vagus nerve stimulation (tVNS)
was applied. At the end of reperfusion, tissues were har-
vested and animals were sacrificed.

All procedures were performed under aseptic condi-
tions. Depth of anaesthesia was continuously monitored,
and supplemental doses were administered if required.
Body temperature was maintained using a warming pad.
At study termination, humane euthanasia was achieved
with deep anaesthesia followed by cardiac puncture.

Figure 1. Experimental design. The control group underwent only laparotomy, without ischemia and reperfusion (I/R). The I/R group underwent
laparotomy followed by 1 hour of ischemia and 3 hours of reperfusion. In both the control and I/R groups, Vagostim device electrodes were placed
on the ears of the animals, but no vagal stimulation was applied. In the I/R+tVNS group, laparotomy and 1 hour of ischemia were performed.
Following ischemia, vagal stimulation was applied using the Vagostim device simultaneously with 3 hours of reperfusion.
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Transauricular Vagus Nerve Stimulation Protocol
tVNS was applied using the Vagustim® device (Tervigua,
Istanbul, Tiirkiye), a CE-certified stimulator for small
animals. Clip electrodes were positioned on the tragus
region of both ears, targeting the auricular branch of the
vagus nerve. Stimulation parameters were: 30-s ON /
30-s OFF cycles for 3 h, 1 mA current, 500 us pulse width,
20 Hz frequency, and 5 V output. These parameters were
selected based on previous rodent tVNS studies to en-
sure effective vagal activation without tissue damage.
No stimulation was delivered to the Control or I/R
groups (Fig. 1).

Tissue Collection and Biochemical Analyses

After reperfusion, cardiac and pulmonary tissues were
immediately excised and placed on ice. Samples from
the left ventricular myocardium (heart) and right lung
were rinsed in cold phosphate-buffered saline (PBS) to
remove blood. Each sample (~100 mg) was homogenized
(1:10 w/v) in ice-cold PBS using a bead-based homog-
enizer and centrifuged at 10,000 x g for 30 min at +4
°C. Supernatants were collected for biochemical assays.
Protein concentrations were determined by the Bradford
method, and all measurements were normalized to total
protein.

* Total Antioxidant Status (TAS) and Total Oxidant
Status (TOS): assessed spectrophotometrically by au-
tomated methods.[®°1 The Oxidative Stress Index (OSI)
was calculated as the ratio of TOS to TAS (umol H20:

equivalent/L for TOS; pumol Trolox equivalent/L for
TAS).

* Interleukin-101 (IL-17) and Hypoxia-Inducible Fac-
tor-101 (HIF-1[1): quantified using commercial ELISA kits
(BTLab, China; Elabscience, USA). Absorbance was read
using a microplate reader (Synergy-HTX, Biotek, USA).

Statistical Analysis

Data were analysed with SPSS v22 (IBM, Armonk, NY,
USA). Results are expressed as mean * standard de-
viation (SD). Data distribution was evaluated by the
Shapiro-Wilk test. Since several parameters showed
non-normal distribution, non-parametric methods were

applied.
* Overall group comparisons: Kruskal-Wallis test

* Pairwise comparisons: Mann-Whitney U test (Control
vs I/R; I/R vs I/R+tVNS)

A Bonferroni correction was applied to adjust for mul-
tiple testing. A two-tailed p<0.05 was considered statis-
tically significant. Graphs were generated to illustrate
group differences, with error bars representing SD.

Results

Oxidative Stress and Antioxidant Status
In both cardiac and pulmonary tissues, Total Oxidant
Status (TOS) levels were significantly elevated in the I/R

(@ ®)
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Figure 2. Cardiac oxidative stress values. (a) TOS levels were significantly higher in the I/R group compared to the control group and were
significantly reduced in the I/R+tVNS group compared to the I/R group. (b) In cardiac tissue samples, TAS levels were significantly decreased in
the I/R group compared to the control group, while TAS levels in the I/R+tVNS group were significantly increased compared to the I/R group. (¢)
OSl levels in the I/R group were significantly higher than in the control group, whereas OSI levels in the I/R+tVNS group were significantly lower
compared to the I/R group. TAS: Total Antioxidant Status; TOS: Total Oxidant Status; OSI: Oxidative Stress Index. Note: Control group (n=7); I/R
group (n=7); I/R+tVNS group (n=7). (**=p<0.01 vs. control group; ##=p<0.01 vs. I/R group).
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group compared with controls (p<0.01), confirming a
pronounced oxidative burden induced by hepaticI/R. In
the I/R+tVNS group, cardiac TOS levels were markedly
reduced compared with the I/R group (p<0.01), indicat-
ing that vagal stimulation effectively limited oxidant ac-
cumulation (Fig. 2; Fig. 3). Although a similar downward
trend was observed in pulmonary tissues, the reduction
did not reach statistical significance (Fig. 2A, Fig. 3A).

Total Antioxidant Status (TAS) levels were significantly
decreased in both cardiac and pulmonary tissues of the
I/R group relative to controls (p<0.01), reflecting com-
promised antioxidant defences during hepatic I/R.
Treatment with tVNS restored TAS levels, with signifi-
cant increases observed in the heart (p<0.01) and lungs
(p<0.05) compared with the I/R group (Fig. 2B; Fig. 3B).

As a result of these opposing changes, the Oxidative
Stress Index (OSI; TOS/TAS ratio) was significantly ele-
vated in cardiac and pulmonary tissues of the I/R group
compared with controls (p<0.01). Administration of
tVNS led to a pronounced reduction in OSI, with statis-
tical significance achieved in both the heart (p<0.01) and
lungs (p<0.05) relative to the I/R group (Fig. 2C; Fig. 3C).
Collectively, these findings demonstrate that tVNS not
only suppressed oxidant generation but also enhanced
antioxidant defence, thereby rebalancing redox home-
ostasis.

Inflammatory Cytokine Response

Interleukin-1p (IL-1pP) levels were markedly elevated in
both cardiac and pulmonary tissues of the I/R group
compared with controls (p<0.01), indicating a strong
pro-inflammatory response triggered by hepatic I/R.
In contrast, the I/R+tVNS group exhibited significantly
lower IL-1B levels, with reductions observed in cardiac
(p<0.05) and pulmonary (p<0.01) tissues relative to the
I/R group (Fig. 4; Fig. 5). This suppression of IL-1f3 sug-
gests that tVNS effectively attenuates systemic inflam-
mation associated with reperfusion injury.

Hypoxia-Related Marker

Hypoxia-Inducible Factor-la (HIF-1at) expression was
significantly elevated in both cardiac and pulmonary tis-
sues of the I/R group compared with controls (p<0.001),
reflecting the hypoxic and inflammatory stress caused by
I/R. In the I/R+tVNS group, HIF-1a levels in the heart
were significantly reduced compared with the I/R group
(p<0.001), suggesting that tVNS ameliorated myocardial
hypoxic stress. Although pulmonary HIF-1a levels also
showed a decreasing trend, the difference was not sta-
tistically significant (Fig. 4; Fig. 5). This organ-specific
effect indicates that the cardioprotective impact of tVNS
on hypoxia may be more pronounced than its effect on
pulmonary tissues within the early reperfusion period.

(@) ®)

Figure 3. Pulmonary oxidative stress values. (a) TOS levels were significantly higher in the I/R group compared to the control group. Although TOS
levels in the I/R+tVNS group were lower than in the I/R group, the difference was not statistically significant. (b) In lung tissue samples, TAS levels
were significantly decreased in the I/R group compared to the control group, while TAS levels in the I/R+tVNS group were significantly increased.
(c) OSl levels in the I/R group were significantly higher than in the control group, whereas OSl levels in the I/R+tVNS group were significantly lower
than in the I/R group. TAS: Total Antioxidant Status; TOS: Total Oxidant Status; OSI: Oxidative Stress Index. Note: Control group (n=7); I/R group
(n=7); I/R+tVNS group (n=7). (**=p<0.01 vs. control group; #=p<0.05 vs. I/R group).
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Figure 4. Cardiac inflammatory cytokine levels and HIF-1a values. (a) IL-1p levels in cardiac tissue samples of the I/R group were significantly
higher than those of the control group. IL-18 levels in the I/R+tVNS group were significantly reduced compared to the I/R group. (b) HIF-1a levels
were significantly increased in the I/R group compared to the control group, while HIF-1a levels in the I/R+tVNS group were significantly decreased
compared to the I/R group. Note: Control group (n=7); I/R group (n=7); I/R+tVNS group (n=7). (**=p<0.01 vs. control group; #=p<0.05, ##=p<0.01

vs. I/R group)

0

®

Figure 5. Pulmonary inflammatory cytokine levels and HIF-1a values. (a) IL-1 levels in the I/R group were significantly higher than in the control
group, while IL-1B levels in the I/R+tVNS group were significantly lower compared to the I/R group. (b) HIF-1a levels were significantly higher in the
I/R group compared to the control group; however, HIF-1a levels in the I/R+tVNS group did not differ significantly from the I/R group. Note: Control
group (n=7); I/R group (n=7); I/R+tVNS group (n=7). (**=p<0.01 vs. control group; ##=p<0.01 vs. I/R group).

Discussion

The findings of this study demonstrate that transauric-
ular vagus nerve stimulation significantly modulated
oxidative stress, inflammation, and hypoxia-related re-
sponses in cardiac and pulmonary tissues during hepatic
ischemia-reperfusion. Hepatic ischemia-reperfusion is
known to cause not only direct hepatic injury but also
severe dysfunction in distant organs. In our study, the
application of transauricular vagus nerve stimulation
reduced total oxidant status, enhanced total antioxidant
status, and consequently lowered the oxidative stress in-
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dex in both heart and lung tissues. This observation is in
agreement with previous reports indicating that vagus
nerve stimulation can restore redox balance toward an-
tioxidation in ischemia-reperfusion injury models.”*"!

From a mechanistic perspective, vagus nerve stimula-
tion has been shown to activate endogenous antioxidant
pathways. Zhang and colleagues reported that invasive
vagus nerve stimulation activated the Nrf2/HO-1 cyto-
protective pathway in a hepatic ischemia-reperfusion
model, thereby reducing hepatic injury.!! Deng and col-
leagues observed increased Nrf2 and HO-1 expression in
the kidney and suppression of oxidative stress following
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vagus nerve stimulation during hepatic ischemia-reper-
fusion."” Similarly, Xin and colleagues demonstrated an
upregulation of SIRT1 in skeletal muscle, which corre-
lated with reduced oxidative damage and apoptosis.?!
In our study, transauricular vagus nerve stimulation ap-
peared to enhance antioxidant defence systems in both
the heart and lungs, possibly through activation of glu-
tathione and superoxide dismutase pathways. A recent
study further supports this mechanism, showing that
vagus nerve stimulation during reperfusion enhanced
myocardial expression of glutathione peroxidase (GPX4)
and SLC7A11, both of which are critical for the preven-
tion of lipid peroxidation and ferroptotic cell death.!!
The increase in total antioxidant status and the decrease
in oxidative stress index observed in our study are con-
sistent with these reports.

Inflammation plays a central role in ischemia-reperfu-
sion injury. Pro-inflammatory cytokines, particularly
interleukin-1 beta, promote leukocyte infiltration and
amplify inflammatory cascades.”” In our study, hepatic
ischemia-reperfusion markedly increased interleukin-1
beta levels in both cardiac and pulmonary tissues,
whereas transauricular vagus nerve stimulation signifi-
cantly reduced this elevation. These results indicate ac-
tivation of the cholinergic anti-inflammatory pathway
by vagal stimulation. Previous experimental and clin-
ical studies have also demonstrated that vagus nerve
stimulation decreases circulating interleukin-1 beta and
tumor necrosis factor alpha.l»*2%l Caravaca and col-
leagues showed that vagus nerve stimulation not only
suppressed pro-inflammatory cytokines but also pro-
moted the resolution of inflammation by enhancing spe-
cialized lipid mediators.? Our results are in line with
these observations, suggesting that transauricular vagus
nerve stimulation mitigates the inflammatory burden in
distant organs.

Hypoxia-inducible factor-1 alpha is a key transcription
factor in cellular adaptation to hypoxia, but its persis-
tent activation during ischemia-reperfusion contributes
to pathological changes. In our study, hepatic ischemia—
reperfusion significantly increased hypoxia-inducible
factor-1 alpha expression in both the heart and lungs.
Interestingly, transauricular vagus nerve stimulation
significantly reduced hypoxia-inducible factor-1 alpha
levels in the heart but did not show a statistically sig-
nificant effect in the lungs. This discrepancy may reflect
organ-specific pathophysiological responses. The heart
is highly sensitive to oxidative stress and energy de-
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pletion during reperfusion; therefore, vagal stimulation
may improve myocardial oxygen utilization and micro-
circulation, thereby limiting hypoxia-inducible factor-1
alpha stabilization.”>*! In contrast, lung injury following
hepatic ischemia-reperfusion is predominantly medi-
ated by leukocyte sequestration, neutrophil elastase, and
toxic mediator release in the pulmonary vasculature.?”!
Although transauricular vagus nerve stimulation attenu-
ated interleukin-1 beta levels in the lung, it may not have
been sufficient to prevent transient pulmonary hypoxia
during the early reperfusion phase. Moreover, the three-
-hour reperfusion window used in this study may not
have been long enough to detect a measurable decrease
in pulmonary hypoxia-inducible factor-1 alpha protein.
Longer reperfusion periods or different stimulation pro-
tocols might be required to reveal a significant effect.

The clinical implications of our findings are noteworthy.
Invasive vagus nerve stimulation is associated with com-
plications such as arrhythmias, infection, hematoma, and
vocal cord paralysis.'>* In contrast, transauricular va-
gus nerve stimulation is non-invasive, safe, and easy to
apply. Recent clinical studies have reported favourable
effects of transauricular vagus nerve stimulation on both
autonomic nervous system activity and immune param-
eters.">"7] Therefore, this approach may serve as an ad-
junctive protective therapy in clinical settings with high
risk of multi-organ injury, including liver surgery, trans-
plantation, or hypovolemic shock.

This study has several limitations. First, the small sample
size may have reduced statistical power. Second, only one
stimulation protocol was applied; alternative frequen-
cies, intensities, and durations may yield different out-
comes, particularly in the lungs. Third, the biochemical
analyses were limited to total oxidant status, total antiox-
idant status, interleukin-1 beta, and hypoxia-inducible
factor-1 alpha; the addition of other biomarkers such
as malondialdehyde, superoxide dismutase, catalase,
and anti-inflammatory cytokines would provide a more
comprehensive picture. Fourth, histological evaluation
was not performed with blinded scoring and lacked im-
munohistochemical confirmation. Finally, experiments
were carried out in healthy rats, whereas human patients
often have comorbidities such as hepatic steatosis, dia-
betes, or cardiovascular disease, which could influence
the response to vagus nerve stimulation.

Future studies should investigate different stimulation
protocols, broader biomarker panels, histological and

213



Demirtas et al., Vagus Stimulation in Hepatic Ischemia/Reperfusion

immunohistochemical validation, as well as functional
outcomes such as cardiac contractility and pulmonary
gas exchange. Moreover, studies in clinically relevant
models that include comorbid conditions are essential
for translation. Such efforts will help clarify the potential
of transauricular vagus nerve stimulation as a clinically
applicable strategy for multi-organ protection during is-
chemia-reperfusion injury.

Conclusion

This study shows that tVNS protects the heart and lungs
in hepaticI/R by reducing oxidative stress, preserving an-
tioxidant capacity, lowering IL-1p, and modulating HIF-
1a, especially in the myocardium. These findings support
non-invasive neuromodulation as a potential strategy for
multi-organ protection, warranting further research to
optimize protocols and confirm clinical efficacy.
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