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Background: Innovative therapies are urgently required for treating insomnia, a prevalent neurological disorder associated with
multisystem comorbidities. This study aims to explore the neuroprotective potential of right-sided stellate ganglion block (SGB)
against insomnia-induced neuronal damage and cognitive dysfunction, focusing on ferroptosis modulation through the nuclear
factor-erythroid 2-related factor 2 (NRF2)/glutathione peroxidase 4 (GPX4) pathway.
Methods: A rat model of insomnia was established through para-chlorophenylalanine (PCPA) induction. Interventions tested
in this study included right-sided SGB (1% lidocaine), ferroptosis modulators (RAS-Selective Lethal 3 (RSL3), ferrostatin-1
(Fer-1)), and an NRF2 inhibitor (ML385). Cognitive performance of the rats was evaluated using the Morris water maze.
Neuronal integrity was examined through histopathologic assessments (HE/Nissl staining), evaluation of synaptic markers
(synuclein (SYN)/postsynaptic density protein 95 (PSD-95) immunohistochemistry), and detection of glial activation (ion-
ized calcium-binding adaptor molecule 1 (Iba-1)/glial fibrillary acidic protein (GFAP) immunofluorescence). Neurotrans-
mitters (serotonin (5-HT)/γ-aminobutyric acid (GABA)/dopamine (DA)/noradrenaline (NE)), brain redox status (malondi-
aldehyde (MDA)/glutathione (GSH)/reactive oxygen species (ROS)), and neuroinflammation (tumor necrosis factor-α (TNF-
α)/interleukin-1β (IL-1β)/interleukin-6 (IL-6)) were assessed by means of ELISA. Western blotting was used to analyze the
expression of proteins related to iron metabolism (ferritin heavy chain (FTH1)/ferritin light chain (FTL)/transferrin receptor
1 (TFR1)) and the NRF2/GPX4 pathway.
Results: SGB treatment reversed PCPA-induced cognitive deficits, as evidenced by reduced escape latency and increased target
quadrant dwell time (p< 0.05). Histologic staining revealed that SGB rescued synaptic density and attenuated neuronal loss (p<
0.05). Mechanistically, SGB suppressed ferroptosis by normalizing iron homeostasis, suppressing lipid peroxidation, and inhibit-
ing ROS overproduction, while mitigating neuroinflammation (both p < 0.05). Treatment with ML385 negated SGB’s benefits,
indicating that these effects can be mediated by NRF2/GPX4 pathway activation, whereas Fer-1 restored the neuroprotective
effects of SGB (p < 0.05).
Conclusion: Right-sided SGB alleviates cognitive deficits and neuronal injury in insomniac rats by activating the NRF2/GPX4
pathway to inhibit ferroptosis and neuroinflammation, offering a novel neuromodulatory therapy for insomnia-related neurode-
generation.
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Introduction

Insomnia, a neurological disorder impacting over 30%
of adults worldwide [1], is characterized by difficulty
falling or staying asleep [2]. It has a multifactorial etiol-
ogy and is associated with substantial personal and soci-
etal burdens [3]. Beyond its severe impact on sleep qual-
ity, accumulating evidence links insomnia to a range of
negative health consequences, including cognitive impair-
ments, mood disorders, weakened immune function, gas-

tric ulcers, diabetes, and an increased risk of cardiovascular
diseases [4–6]. Current treatments for insomnia, predomi-
nantly cognitive-behavioral therapies and pharmacological
interventions, are limited by suboptimal efficacy, low pa-
tient adherence, and adverse side effects [7], underscoring
the need to discover or develop novel and effective thera-
peutic approaches.

The stellate ganglion is a critical hub of the sympa-
thetic nervous system, located at the junction of the seventh
cervical vertebra and the first thoracic vertebra. It plays
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an important role in regulating various physiological func-
tions, including circulation, respiration, nociceptive trans-
mission, and neuroendocrine activity [8]. Clinically, stel-
late ganglion block (SGB), aminimally invasive neuromod-
ulation technique targeting the cervicothoracic sympathetic
chain, has become a promising intervention for neuropsy-
chiatric disorders. By blocking sympathetic nerve con-
duction and reducing sympathetic tone, SGB has demon-
strated efficacy in conditions such as post-traumatic stress
disorder (PTSD), depression, anxiety, and insomnia [9–
11]. However, the potential neuroprotective role of SGB in
insomnia-related neurodegeneration remains insufficiently
investigated.

Ferroptosis, as a programmed iron-dependent cell
death process triggered by iron metabolic imbalance and
lipid peroxidation [12], has emerged as a key mediator of
sleep deprivation-induced neuronal injury [13]. Central
to ferroptosis regulation is the nuclear factor-erythroid 2-
related factor 2 (NRF2)/glutathione peroxidase 4 (GPX4)
pathway, where NRF2 transcriptionally activates antioxi-
dant genes, such as GPX4 and glutathione (GSH), to main-
tain redox balance and iron homeostasis [14,15]. No-
tably, GPX4, the sole selenoprotein that reduces phospho-
lipid hydroperoxides, is critical for ferroptosis resistance
[16]. While insomnia is linked to oxidative stress and
neuroinflammation [17,18], the interplay between SGB,
NRF2/GPX4 signaling, and ferroptosis in this context re-
mains unknown.

On this basis, this study examines the effects of right-
sided SGB on neuronal damage and cognitive function
(learning/memory) in insomniac rats, and explores the un-
derlying mechanisms involved. We hypothesize that right-
sided SGB may improve neuronal damage in insomniac
rats by regulating the NRF2/GPX4 pathway, thus enhanc-
ing learning and memory function. By thoroughly inves-
tigating this mechanism, the study aims to offer new the-
oretical insights and experimental evidence for the use of
right-sided SGB in treating insomnia.

Materials and Methods

Animal Handling and Grouping
Sixty 5-week-old specific pathogen-free Sprague–

Dawley rats (each weighing 160–200 g) were obtained
from Hunan SJA Laboratory Animal Co., Ltd. (Changsha,
China) and acclimatized in an appropriate environment for
3 days.

The rats were randomly assigned to 10 experimen-
tal groups (n = 6/group): Control (normal saline), Model
(para-chlorophenylalanine [PCPA]), Sham (PCPA + sham
SGB), SGB (PCPA + SGB), SGB + NS (PCPA + SGB
+ normal saline), SGB + RAS-Selective Lethal 3 (RSL3)
(PCPA + SGB + RSL3), SGB + ML385 (PCPA + SGB +
ML385), SGB +ML385 + Fer-1 (PCPA + SGB +ML385 +
ferrostatin-1 [Fer-1]), SGB + sh-NC (PCPA + SGB + ade-

novirus carrying control shRNA [Ad-shNC]), and SGB +
sh-NRF2 (PCPA + SGB + adenovirus carrying sh-NRF2
[Ad-shNRF2]).

All groups except the Control group were intraperi-
toneally injected with PCPA (300 mg/kg/day, C6506,
Merck, Darmstadt, Germany) for 3 consecutive days to
induce insomnia. The Control group received equivalent
volumes of normal saline [19]. SGB groups were sub-
jected to daily right-sided SGB starting 6 days prior to
model induction and continuing throughout the experimen-
tal period. The procedure was performed using a profes-
sional veterinary anesthesia inhalation system Matrx VIP
3000 (91305430 Isoflurane VIP 3000® - Well-Fill, Mid-
mark, Versailles, OH, USA) equipped with a precision va-
porizer and a dedicated rodent circuit. Under 3% isoflu-
rane anesthesia (792632, Merck, Darmstadt, Germany) de-
livered via the inhalation system, the rats were positioned
prone on the surgical table with the neck extended. Us-
ing palpation-guided anatomical landmarks, the operator
inserted a 1-mL syringe along the right sagittal plane of
the seventh cervical vertebra until contacting the transverse
process. After 0.5-mm retraction and negative aspiration
for blood/cerebrospinal fluid confirmed by plunger with-
drawal, 0.3 mL of 1% lidocaine (PHR1034, Merck, Darm-
stadt, Germany) was administered [20]. The Sham group
received saline injections at the same site, while the Con-
trol and Model groups received no treatment. Upon wak-
ing from anesthesia, the SGB rats exhibited typical Horner’s
syndrome, including ptosis, narrowed palpebral fissure, and
pupil constriction on the blocked side, which are signs of
successful SGB. Otherwise, SGB was considered unsuc-
cessful, and those rats without these signs were excluded
from subsequent analyses. No exclusions occurred in any of
the experimental groups, and all animals initially assigned
were included in the final analysis.

ML385 (B8300, APEXBIO, Houston, TX, USA) was
intraperitoneally injected at 30 mg/kg 30 minutes prior to
each SGB procedure. Post-surgery, RSL3 (5 mg/kg/day,
HY-100218A, MedChemExpress, NJ, USA) and Fer-1
(10 mg/kg/day, HY-100579, MedChemExpress, NJ, USA)
were intraperitoneally administered for 3 consecutive days.
As a negative control, the SGB + NS group received equiv-
alent saline injections. Morris water maze testing com-
menced after insomnia modeling with PCPA. NRF2 knock-
down was achieved by intracerebroventricular injection
of Ad-shNRF2 or Ad-shNC (VectorBuilder, Guangzhou,
China; serotype Ad5, ≥1 × 1010 PFU/mL). A 5-µL viral
suspension was injected into the right lateral ventricle (co-
ordinates: anteroposterior +0.8 mm, mediolateral +1.2 mm,
dorsoventral –2.0 mm relative to bregma) at 0.2 µL/minute.
The needle was retained for 1 minute post-injection to pre-
vent reflux. To coincide with peak adenoviral expression,
injections were administered 3 days prior to PCPA induc-
tion, with knockdown efficiency confirmed by quantitative
polymerase chain reaction (qPCR) at day 7 post-injection.
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On day 15, the rats were euthanized by intraperitoneal
injection of pentobarbital sodium (140 mg/kg, P3761,
Merck, Darmstadt, Germany). Brains were immediately
extracted and bisected midsagittally. Right hippocampi
were sectioned coronally (5 µm) from bregma –2.8 to –
3.8 mm, while left hippocampi were immersion-fixed in
4% paraformaldehyde for validation. Every 10th sec-
tion was kept for hematoxylin and eosin (HE)/Nissl stain-
ing. Sections were selected based on: (1) intact dorsoven-
tral hippocampal continuity, (2) uniform staining quality
across groups, and (3) blinded assessment using randomly
assigned codes. Serum was concurrently collected for
biomarker analysis.

Morris Water Maze Experiment
One day before the experiment, all rats were accli-

matized to the testing environment with a 5-minute free-
swimming session in the Morris water maze. Afterward,
the rats were trained over 4 consecutive days to locate a
fixed, submerged platform from different quadrants within
the pool. On the 5th day, a spatial navigation task was per-
formed by placing the rats in the first quadrant of the pool
and recording the time to locate the platform within 60 sec-
onds. On the 6th day, the rats were given a spatial probe
test in which the submerged platform was removed and the
animals were placed in the first quadrant. The time spent
swimming in the quadrant where the platform was previ-
ously located was recorded during the 60-second probe.

ELISA
Fresh brain tissues were collected for preparing 10%

(w/v) tissue homogenate. The levels of neurotransmitters
serotonin (5-HT), γ-aminobutyric acid (GABA), dopamine
(DA) and noradrenaline (NE), as well as oxidative stress-
related factors such as malondialdehyde (MDA) and GSH,
in rat brain tissues were assessed using ELISA kits (5-HT,
RK09044, ABclonal, Wuhan, China; GABA, RK09121,
ABclonal, Wuhan, China; DA, RK00642, ABclonal,
Wuhan, China; NE, RK00694, ABclonal, Wuhan, China;
MDA, J23786, Gilead, Wuhan, China; GSH, CB10393-Ra,
Coibo, Shanghai, China) according to the manufacturer’s
instructions. Additionally, rat serumwas collected to evalu-
ate the levels of inflammatory cytokines like tumor necrosis
factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-
6 (IL-6) using ELISA kits (TNF-α, RK00029, ABclonal,
Wuhan, China; IL-1β, RK00009, ABclonal,Wuhan, China;
IL-6, RK00020, ABclonal, Wuhan, China) following the
manufacturer’s instructions. All assays were conducted us-
ing a BioTek Synergy H1 microplate reader (Agilent Tech-
nologies, USA) at specified wavelengths, in accordance
with the manufacturer’s protocols.

HE Staining
After fixation in 10% neutral-buffered formalin

(MM1521, Maokangbio, Shanghai, China), the rat brain tis-

sues were dehydrated using a graded ethanol series, cleared
with xylene (534056, Merck, Darmstadt, Germany), em-
bedded in paraffin, and then cut into sections. Prior to stain-
ing, the paraffin-embedded sections were deparaffinized
with xylene and rehydrated in a descending ethanol gra-
dient. Staining was performed using a HE staining kit
(C0105S, Beyotime, Shanghai, China). Post-staining, the
sections were subjected to dehydration using a graded
ethanol series, clearing in xylene, and mounting with neu-
tral resin. Histomorphological observation was conducted
under a Nikon Eclipse E200 light microscope (Nikon Cor-
poration, Tokyo, Japan), with representative fields cap-
tured.

Nissl Staining
The frozen brain tissue sections were stained with

Nissl staining solution (C0117, Beyotime, Shanghai,
China) for 5 minutes. After mounting, the sections were
observed and photographed under an optical microscope
(DM8000 M, Leica, Wetzlar, Germany). Nissl bodies were
counted using ImageJ software (V1.8.0.112, NIH,Madison,
WI, USA).

Immunohistochemistry
Paraffinized rat brain sections were dewaxed for heat-

induced antigen retrieval. Endogenous peroxidase activ-
ity was eliminated using a 3% hydrogen peroxide solu-
tion. The sections were then blocked in phosphate-buffered
saline (PBS) containing 10% bovine serum albumin (BSA;
V900933, Merck, Darmstadt, Germany) for 1 hour. Sub-
sequently, the sections were incubated overnight at 4 °C
with primary antibodies against synapsin (SYN; A6344,
1:100, ABclonal, Wuhan, China) and postsynaptic density
protein 95 (PSD-95; A7889PM, 1:500, ABclonal, Wuhan,
China). Afterward, the sections were incubated at room
temperature for 30 minutes with horseradish peroxidase
(HRP)-conjugated secondary antibody (AS014, 1:50, AB-
clonal, Wuhan, China). Color development was performed
using diaminobenzidine (DAB; D5905, Merck, Shang-
hai, China), followed by counterstaining with hematoxylin.
Imaging was captured using a digital ZEISS LSM 900 con-
focal microscope (Carl Zeiss, Germany).

Immunofluorescence
The frozen sections of rat brain were blocked with

PBS solution containing 10% BSA (V900933, Merck,
Darmstadt, Germany) for 1 hour. The tissues were then
incubated with primary antibodies against ionized calcium-
binding adaptor molecule 1 (IBA-1; A19776, 1:100, AB-
clonal, Wuhan, China) and glial fibrillary acidic pro-
tein (GFAP; A19058, 1:100, ABclonal, Wuhan, China)
at 4 °C for 24 hours. Afterward, the sections were in-
cubated with fluorescence-labeled secondary antibodies:
FITC-conjugated goat anti-rabbit IgG (AP132F, Merck,
Darmstadt, Germany) and ABflo® 647-conjugated goat
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anti-rabbit IgG (AS060, ABclonal, Wuhan, China) at
room temperature for 1 hour. Later, the sections were
stainedwith 4′,6-diamidino-2-phenylindole (DAPI; D1306,
Thermo Fisher, Waltham, MA, USA) working solution at
room temperature, protected from the light, for 20 minutes.
Images were observed and captured using a fluorescence
microscope (DM2500, Leica, Wetzlar, Germany). Fluores-
cence intensity was assessed using ImageJ software.

Iron Content Determination
Brain tissue homogenates were prepared, and ferrous

ion contents in the brain tissues were measured using a fer-
rous ion detection kit (M1217B, Gelatin, Shanghai, China)
according to the manufacturer’s instructions.

Fluorescent Staining for Reactive Oxygen Species
(ROS) Detection

Frozen brain tissue sections were incubated with 10
µM 2′,7′- dichlorodihydrofluorescein diacetate (DCFH-
DA; HY-D0940, MedChemExpress, NJ, USA) in the dark
for 30 minutes. After removal of unreacted probes, the sec-
tions were mounted with an anti-fade mounting medium.
The sections were then observed under a fluorescence mi-
croscope, and images were captured. Fluorescence inten-
sity was assessed using ImageJ software.

Western Blotting
Total protein was extracted from the rat brain tis-

sues using radioimmunoprecipitation assay (RIPA) buffer
(P0013B, Beyotime, Shanghai, China), and protein con-
centration was determined using the bicinchoninic acid
(BCA) protein assay kit (P0009, Beyotime, Shanghai,
China). The protein samples were then loaded onto a
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) system (NP0007, ThermoFisher, Waltham,
MA, USA) for electrophoretic separation. After be-
ing transferred to polyvinylidene fluoride (PVDF) mem-
branes (FFP70, Beyotime, Shanghai, China), the pro-
teins were blocked with 5% skim milk and incubated
with primary antibodies against NRF2 (ab313825, 68 kDa,
1:1000, Abcam, Cambridge, UK), GPX4 (30388-1-AP, 23
kDa, 1:1000, Proteintech, Wuhan, China), ferritin heavy
chain 1 (FTH1; 11682-1-AP, 21 kDa, 1:2000, Protein-
tech, Wuhan, China), ferritin light chain (FTL; ab69090,
21 kDa, 1:1000, Abcam, Cambridge, UK), transferrin re-
ceptor 1 (TFR1; ab214039, 85 kDa, 1:1000, Abcam, Cam-
bridge, UK), and glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH; A19056, 36 kDa, 1:50,000, ABclonal,
Wuhan, China) overnight at 4 °C. Next, the membranes
were incubated with HRP-conjugated secondary antibody
(ab205718, 1:2000, Abcam, Cambridge, UK) at room tem-
perature for 2 hours. Detection was performed using the
BeyoECL Star (P0018S, Beyotime, Shanghai, China) for
30 seconds. Band density was analyzed using ImageJ soft-
ware.

Statistical Analysis
Statistical analyses were conducted using Prism 9 soft-

ware (National Institutes of Health, USA), and the results
are expressed as mean± standard deviation (SD). The t-test
was employed for comparisons between two groups. For
datasets involving three or more groups, either one-way or
two-way analysis of variance (ANOVA) was applied, fol-
lowed by Tukey’s post-hoc test. A p-value of less than 0.05
was deemed statistically significant.

Results

Right-sided SGB Improves Cognitive Impairment in
Insomniac Rats

To evaluate the effects of right-sided SGB on cogni-
tive function, an insomnia model was first established in
rats using PCPA. ELISA results (Fig. 1A) revealed that,
compared to the Control group, rats in the Model group
exhibited significantly elevated excitatory neurotransmit-
ters (DA and NE) and reduced inhibitory neurotransmitters
(5-HT and GABA), confirming successful model establish-
ment (p< 0.05). Interestingly, the SGB-treated rats demon-
strated a significant reduction in excitatory neurotransmitter
levels and an increase in inhibitory neurotransmitter levels
relative to the Sham group (p < 0.05). Spatial learning and
memory were subsequently assessed using the Morris wa-
ter maze to determine the cognitive effects of right-sided
SGB. On day 5, Model group rats took significantly longer
to reach the target platform than those in the Control group.
During the probe trial on day 6, they also spent notably less
time in the target quadrant containing the original platform.
In contrast, the SGB group showed improved performance,
reaching the target platform faster than the Sham group on
day 5 and spending significantly more time in the original
platform quadrant on day 6, as displayed in Fig. 1B,C (p
< 0.05). These results demonstrate that right-sided SGB
alleviates insomnia-induced cognitive dysfunction and ex-
hibits therapeutic potential, with additional neuroprotective
benefits.

Right-sided SGB Improves Neuronal Loss in
Insomniac Rats

We further investigated the effects of right-sided SGB
on neuronal loss in insomniac rats. HE staining showed
that, compared to the Control group, rats in theModel group
exhibited significant neuronal damage, including disrupted
cellular architecture, nuclear shrinkage, cytoplasmic con-
densation with intense staining, and an increased intercellu-
lar gap. Notably, SGB treatment reduced brain tissue dam-
age in the rats with insomnia (Fig. 2A, p < 0.05). Addi-
tionally, Nissl staining revealed a substantial decrease in
Nissl body count in the Model group compared to the Con-
trol group, while the SGB group demonstrated a marked in-
crease in Nissl bodies relative to the Sham group (Fig. 2B,
p < 0.05). Immunohistochemistry analysis of presynap-
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Fig. 1. Right-sided SGB improves cognitive impairment in insomniac rats. (A) Measurements of neurotransmitter levels (5-HT,
GABA, DA, NE) using ELISA. (B) Assessment of the rats’ navigation ability using the Morris water maze test. (C) Assessment of the
rats’ spatial exploration ability using the Morris water maze test. Data are presented as mean ± SD. Data analysis was performed using
one-way ANOVA, *p < 0.05, ****p < 0.0001. n = 6. Abbreviations: DA, dopamine; GABA, γ-aminobutyric acid; 5-HT, serotonin;
NE, noradrenaline; SGB, stellate ganglion block.

tic (synuclein (SYN)) and postsynaptic (PSD-95) mark-
ers in brain tissues showed that, compared to the Control
group, the Model group had significantly reduced expres-
sion levels of both SYN and PSD-95. In contrast, the
SGB group exhibited much higher expression of SYN and
PSD-95 compared to the Sham group (Fig. 2C, p < 0.05).
These findings indicate that right-sided SGB helps preserve
synaptic integrity and reduce neuronal loss in rats with in-
somnia.

Right-sided SGB Mitigates Ferroptosis in Insomniac
Rats

Previous studies have highlighted the role of ferropto-
sis in neurodegenerative diseases associated with cognitive
impairments [21]. To explore the effects of right-sided SGB
on ferroptosis in brain neurons of insomniac rats, we first
assessed the expression of key iron metabolism-related pro-
teins in brain tissues through Western blotting. The results
revealed that, compared to the Control group, the insom-
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Fig. 2. Right-sided SGB improves neuronal loss in insomniac rats. (A) Assessment of brain tissue damage using HE staining. (B)
Evaluation of Nissl bodies using Nissl staining and quantitative analysis. (C) Immunohistochemical staining of SYN and PSD-95, and
quantitative analyses. Data are presented as mean ± SD. Data were analyzed using one-way ANOVA, *p < 0.05. n = 6. Abbreviation:
PSD-95, postsynaptic density protein 95.
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niac rats exhibited significantly higher expression levels of
FTH1, FTL, and TFR1. However, in the SGB group, these
proteins showed a significant reduction in expression rela-
tive to the Sham group (Fig. 3A, p < 0.05). We also mea-
sured iron concentrations in the brain tissues, and a notable
increase was observed in iron levels in the insomniac rats
compared to the Control group. Treatment with right-sided
SGB, however, led to a marked reduction in iron content in
the hippocampus of the insomniac rats (Fig. 3B, p < 0.05).

Lipid peroxidation is a hallmark of ferroptosis. ELISA
analysis showed a significant rise in the lipid peroxidation
marker MDA in insomniac rats compared to controls, while
levels of the antioxidant GSH were significantly reduced.
After right-sided SGB treatment, MDA levels decreased,
andGSH levels were restored in the insomniac rats (Fig. 3B,
p < 0.05). Furthermore, fluorescent staining revealed ele-
vated ROS levels in the hippocampus of insomniac rats, rel-
ative to the Control group. However, right-sided SGB treat-
ment significantly reduced ROS levels in the brain tissues
of these rats (Fig. 3C, p < 0.05). These findings indicate
that the right-sided SGB effectively mitigates ferroptosis in
the brain tissues of rats suffering from insomnia.

Right-sided SGB Alleviates Neuroinflammation in
Insomniac Rats by Inhibiting Ferroptosis

This study also explored the potential of right-sided
SGB in reducing neuroinflammation in the brain tissues of
insomniac rats through the inhibition of ferroptosis. To as-
sess this, immunofluorescence staining (Fig. 4A) was used
to measure the expression of the microglial marker IBA-
1 and the astrocyte marker GFAP in brain tissues, while
ELISA (Fig. 4B) was employed to quantify inflammatory
cytokine levels in the serum, including TNF-α, IL-1β, and
IL-6. The results showed that, compared to the Control
group, the Model group exhibited significantly higher lev-
els of IBA-1 and GFAP expression in the hippocampus,
along with increased serum levels of TNF-α, IL-1β, and
IL-6 (p < 0.05). In contrast, rats in the SGB group showed
a significant reduction in both IBA-1 and GFAP expres-
sion in the brain tissue and lower serum concentrations of
TNF-α, IL-1β, and IL-6 compared to the Sham group (p
< 0.05). Further analysis revealed that, compared to the
SGB group, rats treated with the ferroptosis inducer (RSL3)
exhibited significantly increased IBA-1 and GFAP expres-
sion in the hippocampus, along with elevated serum levels
of TNF-α, IL-1β, and IL-6 (p< 0.05). These findings sug-
gest that right-sided SGB reduces neuroinflammation in the
hippocampus of insomniac rats by inhibiting ferroptosis.

Right-sided SGB Inhibits Ferroptosis in Insomniac
Rats via the NRF2/GPX4 Pathway

To explore the underlying mechanism by which right-
sided SGB inhibits ferroptosis, we assessed key proteins in
the NRF2/GPX4 pathway in the brain tissue of rats. The
results showed a marked decrease in NRF2 and GPX4 pro-

tein levels in the hippocampus of the Model group versus
the Control group. Conversely, SGB-treated rats exhibited
markedly increased expression of these proteins compared
to the Sham group (p < 0.05), indicating that right-sided
SGB activates the NRF2/GPX4 pathway in the hippocam-
pus of insomniac rats (Fig. 5A).

Next, we investigated how right-sided SGB influences
ferroptosis in the brain tissue of insomniac rats through the
NRF2/GPX4 pathway. Western blot analysis indicated that,
compared to the SGB + NS group, inhibition of NRF2 by
ML385 led to a significant upregulation of FTH1, FTL, and
TFR1 in the hippocampus. However, when Fer-1 was ad-
ministered, the levels of these proteins were considerably
reduced (Fig. 5B, p < 0.05). Additionally, brain iron con-
tent increased significantly in the SGB +ML385 group ver-
sus the SGB + NS group, while the SGB + ML385 + Fer-
1 group showed reduced iron accumulation (Fig. 5C, p <

0.05). Importantly, treatment with ML385 elevated ROS
and MDA, and depleted GSH, whereas the administration
of Fer-1 attenuated these changes (Fig. 5C,D, p< 0.05). To
validate the role of NRF2 in SGB-mediated neuroprotec-
tion, we generated NRF2-knockdown rats. Knockdown of
NRF2 reduced its hippocampal protein expression and ele-
vated FTH1/FTL/TFR1 levels (Fig. 5E, p < 0.05). It also
increased brain iron content and oxidative stress (increased
MDA, decreased GSH) compared to controls (Fig. 5F, p
< 0.05). These genetic and pharmacological interventions
demonstrate that right-sided SGB inhibits ferroptosis in in-
somniac rats by activating the NRF2/GPX4 pathway, con-
ferring neuroprotection.

Right-sided SGB Protects the Brain Tissue of
Insomniac Rats From Damage via the NRF2/GPX4
Pathway

We further explored whether right-sided SGB pro-
tects brain tissue from damage in insomniac rats via the
NRF2/GPX4 pathway. HE staining revealed that, after
treatment with the NRF2 inhibitor ML385, the brain tis-
sue exhibited significantly more damage than the SGB +
NS group. However, this damage was notably reduced
following subsequent treatment with Fer-1 (Fig. 6A, p <

0.05). Additionally, Nissl staining revealed that neuronal
Nissl body counts markedly decreased in the SGB+ML385
group versus the SGB + NS group, but recovered signifi-
cantly after Fer-1 treatment (Fig. 6B, p < 0.05). Immuno-
histochemistry further indicated that synaptic integrity was
compromised in the SGB+ML385 group, showing reduced
expression of presynaptic (SYN) and postsynaptic (PSD-
95) markers. These deficits were reversed in the SGB +
ML385 + Fer-1 group (Fig. 6C, p < 0.05). To geneti-
cally validate the role of NRF2, we conductedNRF2 knock-
down. HE and Nissl staining showed severe neuronal dam-
age in knockdown rats, manifesting as disorganized neu-
ronal alignment and diminished Nissl bodies (Fig. 6D,E,
p < 0.05). Immunohistochemical analysis confirmed sig-
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Fig. 3. Right-sided SGB mitigates ferroptosis in insomniac rats. (A) Expression levels of FTH1, FTL, and TFR1 were detected
using Western blotting. (B) Measurements of ferrous ions, MDA and GSH levels using assay kits. (C) Detection of ROS levels by
means of immunofluorescence staining. Data are presented as mean± SD. Data were analyzed using one-way ANOVA, *p< 0.05. n =
6. Abbreviations: FTH1, ferritin heavy chain 1; FTL, ferritin light chain; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSH,
glutathione; MDA, malondialdehyde; ROS, reactive oxygen species; TFR1, transferrin receptor 1.

nificantly reduced SYN and PSD-95 expression (Fig. 6F, p
< 0.05). These findings establish that SGB prevents neu-
ronal damage and synaptic loss in insomnia by activating
the NRF2/GPX4 pathway, offering direct proof that SGB
exerts its neuroprotective effects through the NRF2 path-
way. Right-sided SGB thus alleviates ferroptosis-mediated
brain injury through NRF2-dependent mechanisms.

Discussion

Earlier research has highlighted the substantial impact
of SGB in relieving neuropsychiatric disorders. For exam-
ple, Capone et al. [22] reported that SGB notably alleviated
symptoms in individuals with PTSD and enhanced their
sleep quality. Additionally, Mulvaney et al. [23] found that
in PTSD patients, SGB could modulate autonomic nervous
system function, reducing sympathetic nervous system ac-
tivity, thereby improving sleep. These studies support the

potential of SGB to regulate the nervous system and im-
prove insomnia. Consistent with these results, our research
showed that SGB notably elevated the levels of inhibitory
neurotransmitters (5-HT and GABA) in the brain tissue of
insomniac rats, while reducing the concentrations of exci-
tatory neurotransmitters (DA and NE), which aligns with
SGB’s sympatholytic nerve-blocking effects. The balance
of neurotransmitters is crucial for maintaining normal neu-
rological function, and conditions like insomnia are often
associated with excessive release of excitatory neurotrans-
mitters, which can lead to neuronal hyperexcitability and
neurotoxicity [24]. By reducing sympathetic hyperactiv-
ity, SGB may rebalance the hypothalamic-pituitary-adrenal
axis, mitigating neuronal hyperexcitability and oxidative
stress, which is a plausible explanation for its neuroprotec-
tive effects [25]. Additionally, the Morris water maze test
demonstrated that SGB notably alleviated cognitive deficits
in insomniac rats, and HE staining and immunohistochem-
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Fig. 4. Right-sided SGB alleviates neuroinflammation in insomniac rats by inhibiting ferroptosis. (A) Evaluation of IBA-1 and
GFAP levels in rat brain tissues using immunofluorescence staining. (B) Detection of TNF-α, IL-1β, and IL-6 levels in rat serum by
means of ELISA. Data are presented as mean ± SD. Data were analyzed using one-way ANOVA, *p < 0.05. n = 6. Abbreviations:
GFAP, glial fibrillary acidic protein; IBA-1, ionized calcium-binding adaptor molecule 1; IL, interleukin; TNF-α, tumor necrosis factor
alpha.

istry confirmed that SGB helped preserve synaptic integrity
and minimize neuronal loss (indicated by SYN and PSD-
95) in the brain tissue. Whilemany studies have highlighted
the potential of SGB in addressing insomnia, the precise
mechanisms underlying its effects still need to be further
explored.

Ferroptosis, a recently discovered type of cell death
driven by iron and the buildup of lipid peroxides, is strongly
associated with cognitive impairments in various neurolog-
ical disorders [26]. This research is the first to investigate
how SGB regulates ferroptosis in the brain tissue of rats
with insomnia. The findings revealed that, in comparison to
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Fig. 5. Right-sided SGB inhibits ferroptosis in insomniac rats via the NRF2/GPX4 pathway. (A) Detection of NRF2 and GPX4
expression levels through Western blotting. (B) Detection of FTH1, FTL, and TFR1 expression levels through Western blotting. (C)
Biochemical measurements of iron content, lipid peroxidation (MDA), and antioxidant capacity (GSH) in brain tissue after treatment
with ML385 and/or Fer-1. (D) Detection of ROS levels by means of immunofluorescence staining. (E) Detection of NRF2, FTH1, FTL,
and TFR1 expression levels. (F) Biochemical measurements of iron content, MDA, and GSH levels in NRF2-knockdown rats. Data are
presented as mean ± SD. The t-test was employed for comparisons between two groups. Data were analyzed using one-way ANOVA,
*p < 0.05. n = 6. Abbreviations: GPX4, glutathione peroxidase 4; NRF2, nuclear factor-erythroid 2-related factor 2.

the control group, the expression levels of proteins involved
in iron metabolism (FTH1, FTL, and TFR1) were notably
reduced, while iron content was substantially increased in
the brain tissue of insomniac rats, which suggests impaired
iron storage and transport, consistent with ferroptosis signa-
tures in neurodegenerative disorders [21]. Treatment with
SGB notably elevated the levels of proteins related to iron
metabolism and decreased iron content, suggesting its po-
tential to mitigate ferroptosis by correcting disturbances in

iron metabolism. Moreover, SGB also decreased the level
of lipid peroxide MDA and increased the level of the an-
tioxidant GSH in the brain tissue of insomniac rats, further
confirming its inhibitory effect on ferroptosis.

Neuroinflammation is one of the key pathological fea-
tures of cognitive impairment associated with insomnia
[27]. In this research, the impact of SGB on neuroin-
flammation in insomniac rats was assessed by measuring
markers of microglial and astrocytic activation (IBA-1 and
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Fig. 6. Right-sided SGB protects the brain tissue of insomniac rats from damage via the NRF2/GPX4 pathway. (A) HE staining
showing neuronal damage in hippocampal tissue after pharmacological treatments (SGB+NS, SGB+ML385, and SGB+ML385+Fer-1).
(B)Nissl staining and quantitative analysis of Nissl bodies (right) in hippocampal neurons under different pharmacological conditions. (C)
Immunohistochemical staining and quantification of presynaptic (SYN) and postsynaptic (PSD-95) protein expression following ML385
and Fer-1 treatment. (D) HE staining showing neuronal damage in the hippocampal tissue of NRF2-knockdown rats and controls. (E)
Nissl staining and quantitative analysis of Nissl bodies in NRF2-knockdown rats. (F) Immunohistochemical staining and quantification
of SYN and PSD-95 expression in NRF2-knockdown rats. Data are presented as mean ± SD. The t-test was employed for comparisons
between two groups. Data were analyzed using one-way ANOVA, *p < 0.05. n = 6. Abbreviations: SYN, synuclein.

GFAP) in the brain tissue and by quantifying the levels of
inflammatory cytokines in the serum. The findings indi-
cated that SGB notably lowered the expression of IBA-1
and GFAP in the brain tissue of rats with insomnia, while
also reducing the serum levels of inflammatory cytokines,
highlighting its anti-neuroinflammatory properties. More-
over, the intervention with RSL3 counteracted the suppres-

sive effect of SGB on inflammatory cytokines, implying
that ferroptosis is a crucial factor in neuroinflammation.
It is possible that SGB helps reduce the inflammatory re-
sponse in insomniac rats by inhibiting ferroptosis.

Given the established role of the NRF2/GPX4 path-
way in mediating antioxidative stress and regulating ferrop-
tosis [4], we investigated its involvement in SGB-mediated
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neuroprotection. Our analysis revealed significantly di-
minished NRF2 and GPX4 expression in the hippocam-
pus of insomniac rats, while SGB significantly restored
their protein levels, suggesting inhibition of ferroptosis via
pathway activation. Pharmacological inhibition of NRF2
with ML385 abrogated this protective effect, confirming
the pathway’s essential contribution to SGB-mediated fer-
roptotic suppression. Critically, co-administration of Fer-1,
a ferroptosis inhibitor, partially reversed ML385-induced
neuronal and synaptic damage, further substantiating the
central role of NRF2/GPX4-dependent ferroptosis suppres-
sion in SGB’s neuroprotective mechanism.

While our preclinical findings are mechanistically
compelling, clinical translation requires careful considera-
tion of human physiological complexity and interindividual
variability. Notably, the insomnia model used in this study,
induced by acute serotonin depletion via PCPA, reflects pri-
marily neurotransmitter dysregulation and may not fully
replicate the chronicity, psychological stressors, and multi-
factorial etiology characteristic of human insomnia. Future
preclinical studies should clarify additional molecular path-
ways modulated by SGB. Clinical research, particularly
double-blind randomized controlled trials, should evaluate
its safety, efficacy, and potential synergy with established
insomnia treatments such as pharmacotherapy or cognitive-
behavioral therapy. Although NRF2/GPX4 activation ap-
pears to alleviate hippocampal ferroptosis, the cell-type-
specific contributions of astrocytes, microglia, and neurons
remain unknown and warrant investigation using lineage-
specific targeting approaches. Furthermore, as insomnia
necessitates sustained management, potential risks associ-
ated with long-term or repeated SGB administration, in-
cluding local tissue fibrosis, nerve injury, or anesthetic tox-
icity, should be prospectively assessed prior to clinical ap-
plication.

Collectively, the findings of this study demonstrate
that right-sided SGB significantly alleviates cognitive im-
pairment and neuronal loss in PCPA-induced insomniac
rats. Mechanistically, SGB activates the NRF2/GPX4 path-
way, rectifies iron dyshomeostasis, reduces lipid peroxi-
dation, and suppresses neuroinflammation, and these ef-
fects are dependent on ferroptosis inhibition. These re-
sults not only support the use of SGB as a potential non-
pharmacological intervention for insomnia-related neu-
rodegeneration but also present a novel approach to un-
derstanding the underlying pathological mechanisms of the
condition.

Conclusion

In conclusion, our findings demonstrate that right-
sided SGB exerts multifaceted neuroprotective effects in
a PCPA-induced insomnia model. Mechanistically, SGB
activates NRF2/GPX4 signaling to suppress ferroptosis by
restoring iron homeostasis, attenuating lipid peroxidation,

and mitigating neuroinflammation. These coordinated ac-
tions preserve synaptic integrity, reduce neuronal loss, and
ultimately rescue cognitive deficits in insomniac rats. Our
study not only elucidates the critical role of ferroptosis
in insomnia-related neurodegeneration but also positions
right-sided SGB as a novel neuromodulatory intervention
with translational potential. Future clinical studies should
validate these findings in human populations and explore
synergistic strategies combining SGB with existing thera-
pies to optimize outcomes in insomnia management.
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