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Background: High-fat diet (HFD) induces neuroinflammation and oxidative stress, leading to cerebral injury and cognitive de-
cline. Propofol, an intravenous anesthetic, exhibits anti-inflammatory and antioxidant effects. The present study aimed to evalu-
ate its neuroprotective role in HFD-induced brain injury and to explore whether these effects may be associated with regulation
of the AMP-activated protein kinase (AMPK)/mammalian target of rapamycin (mTOR) signaling pathway.
Methods: Rats were assigned to normal diet (ND), HFD, HFD+low-dose propofol, andHFD+high-dose propofol groups. After in-
tervention, cognitive function was tested using the Morris water maze. Brain histopathology, apoptosis, inflammatory cytokines,
oxidative stress markers, and protein expression related to apoptosis, autophagy, and AMPK/mTOR signaling were analyzed.
Results: HFD-fed rats exhibited impaired learning and memory performance, neuronal damage and apoptosis, increased levels
of interleukin-1β (IL-1β), tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and malondialdehyde (MDA), as well as
reduced superoxide dismutase (SOD) activity and glutathione (GSH) levels (all p < 0.05), accompanied by autophagy dysregu-
lation characterized by LC3-II accumulation and p62 upregulation, along with suppression of AMPK with activation of mTOR
(p < 0.05). Propofol treatment, particularly at the higher dose, significantly improved cognitive function, attenuated neuronal
injury and apoptosis, reduced inflammatory and oxidative stress markers, restored autophagy-related alterations, which were
accompanied by enhanced AMPK activation and inhibited mTOR signaling (p < 0.05).
Conclusion: Propofol alleviates HFD-induced neuroinflammation, oxidative stress, apoptosis, and autophagy-related alterations,
which may be associated with modulation of the AMPK/mTOR signaling pathway, supporting its potential as a therapeutic
strategy for metabolic-associated neurological disorders.
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Introduction

Obesity, driven largely by the widespread adoption of
high-fat diets (HFD), has emerged as a significant global
health concern, contributing not only to metabolic syn-
dromes but also to central nervous system (CNS) dys-
function [1]. Accumulating evidence demonstrates that
chronic HFD exposure induces neuroinflammation and ox-
idative stress, which are closely linked to cognitive dete-
rioration and the pathogenesis of neurodegenerative disor-
ders [2]. AMP-activated protein kinase (AMPK), along
with the mammalian target of rapamycin (mTOR) signaling
network, has been proven to be the core hub for the regu-
lation of energy metabolism, inflammation and autophagy
[3]. HFD-induced cerebral injury is increasingly recog-
nized; however, the underlying mechanisms involving the
AMPK/mTOR pathway remain poorly understood, and the
feasibility of drug-based targeting of this pathway contin-
ues to pose significant challenges in current research.

HFD disrupts brain homeostasis through multiple
pathways, involving key pathological processes such as
oxidative stress, neuroinflammation, and programmed cell
death disorder [4,5]. Excess lipid accumulation triggers the
generation of reactive oxygen species (ROS) and upregu-
lation of proinflammatory cytokines, leading to mitochon-
drial dysfunction and neuronal loss [6]. Dysregulated au-
tophagy, a critical process for maintaining neuronal home-
ostasis, is commonly observed under metabolic stress con-
ditions, which in turn exacerbates neurodegeneration [7].

Propofol, a widely used intravenous anesthetic, has
gained attention for its potent anti-inflammatory and antiox-
idant properties in various models of brain injury [8,9]. Re-
cent studies suggest that propofol can modulate autophagy
and inhibit neuroinflammation, potentially through regula-
tion of the AMPK/mTOR signaling cascade [10]. However,
the precise mechanisms by which propofol ameliorates
HFD-induced neuroinflammation and oxidative stress, par-
ticularly in relation to the AMPK/mTOR pathway, remain
to be fully clarified.
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This study explored the neuroprotective mechanisms
of propofol and its regulatory effects on the AMPK/mTOR
signaling pathway using an HFD-induced rat model, pro-
viding new insights into the therapeutic strategies for
metabolism-linked neurodegenerative disorders.

Materials and Methods

Animal Modeling and Grouping
All experimental procedures were approved by the

Institutional Animal Care and Use Committee of the
Guangdong Provincial Medical Experimental Animal Cen-
ter (IACUCApproval No. D202509-3) andwere conducted
in accordance with the ARRIVE guidelines. Twenty male
Sprague–Dawley rats (6–8 weeks old, 250–300 g) were ob-
tained from the Guangdong Provincial Medical Experimen-
tal Animal Center. Animals were housed under specific-
pathogen-free (SPF) conditions in standard polycarbonate
cages (3–5 rats per cage) at 22± 2 °C and 55± 10% relative
humidity, with a 12/12 h light–dark cycle, and were pro-
vided food and water ad libitum. Following a 3–7-day ac-
climatization period, animals were randomly allocated into
a normal diet control group (ND, n = 5) and a HFD model-
ing cohort (n = 15).

The HFD formula consists of 12% lard, 10% soybean
oil, 20% sucrose, 15% egg yolk powder, 1% cholesterol,
0.5% sodium cholate, and 41.5% standard diet. Rats in the
HFD and HFD+P groups were fed an HFD to induce obe-
sity, while the ND group received a standard chow diet.
Rats were fed the HFD for 8 weeks, after successful es-
tablishment of the HFD-induced obesity model was vali-
dated by body-weight assessment; rats exhibiting a ≥20%
increase in body weight compared with age-matched ND
controls were considered obese [2,11].

After confirmation of successful modeling, the HFD-
fed rats were further randomly divided into three groups (n
= 5 per group): HFD group, HFD plus low-dose propofol
group (HFD+P-L), and HFD plus high-dose propofol group
(HFD+P-H). Rats in the HFD+P-L and HFD+P-H groups
were administered intraperitoneal injections of propofol
(2078-54-8, MedChemExpress) at doses of 30 mg/kg and
60 mg/kg, respectively, for 8 weeks. The selected doses
of propofol (30 and 60 mg/kg) were based on previous in
vivo studies demonstrating their neuroprotective and anti-
inflammatory effects without inducing excessive sedation
or toxicity in rodent models [12,13]. The lower dose was
chosen as a minimally effective concentration, whereas the
higher dose was used to evaluate whether potential en-
hanced protective effects could be achieved within a safe
pharmacological range. Rats in the ND and HFD groups
received equivalent volumes of normal saline via intraperi-
toneal injection.

Cognitive Function Assessment
At the end of the intervention, cognitive function was

evaluated using the Morris water maze test. Three days
prior to the formal experiment, rats underwent environmen-
tal adaptation to the water maze, involving two daily 90-
second habituation swims without platform placement, to
familiarize them with the pool environment and swimming
procedure. Water temperature was rigorously maintained
consistent with laboratory ambient conditions. The formal
protocol consisted of five consecutive days of place naviga-
tion trials, followed by a spatial probe test on day 6. During
the place-navigation phase, each rat underwent four training
trials daily for five consecutive days. Escape latency (s) was
recorded in each trial to measure spatial learning. Rats were
released from randomly chosen start points and allowed up
to 90 seconds to locate the hidden platform. If a rat failed
to find the platform within this time, it was guided to the
platform and remained there for 15 seconds. For the spatial
probe, the test was performed by removing the platform and
introducing the rat into the pool from a random quadrant.
The number of platform crossings and the time spent in the
target quadrant were recorded as indices of memory reten-
tion. Animal movement trajectories and behavioral param-
eters were recorded and analyzed using an automated video
tracking system (ANY-maze Video Tracking System, ver-
sion 6.33, Stoelting Co., Wood Dale, IL, USA).

Histopathological and Histological Analysis
Following behavioral testing, rats were deeply anes-

thetized using 5% isoflurane inhalation and euthanized by
cervical dislocation under deep anesthesia, in accordance
with institutional and ARRIVE guidelines. Death was con-
firmed by the absence of heartbeat, respiration, corneal re-
flex, and response to toe pinch, after which their brain
tissues were collected. Part of the tissue samples was
rapidly cryopreserved in liquid nitrogen at –80 °C for fur-
ther analysis, while the remaining samples were fixed in
4% paraformaldehyde and preserved at 4 °C. Subsequently,
the fixed samples underwent a series of dehydration proce-
dures and were embedded in paraffin to prepare histological
sections. All histological and immunohistochemical eval-
uations, including hematoxylin and eosin (H&E) staining,
Nissl staining, TUNEL staining, and immunohistochemi-
cal staining, were performed on sections obtained from the
hippocampal region of the rat brain.

Paraffin sections were routinely processed for H&E
staining using a HE Staining Kit (G1005, Service-
bio, Wuhan, China) to evaluate general histopathological
changes under light microscopy. Nissl staining using cre-
syl violet was performed with a Nissl Staining Kit (G1036,
Servicebio, Wuhan, China) to assess neuronal survival and
morphological integrity. TUNEL staining was conducted
using a TUNELApoptosis Detection Kit (C1088, Beyotime
Biotechnology, Shanghai, China) to detect apoptotic cells,
with nuclei counterstained by DAPI (C1002, Beyotime
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Biotechnology, Shanghai, China). In addition, immuno-
histochemical staining was performed to examine the ex-
pression and distribution of AMPK, p-AMPK, mTOR, and
p-mTOR using the following primary antibodies: AMPK
(rabbit polyclonal, ab32047, 1:200, Abcam, Cambridge,
UK), p-AMPK (rabbit monoclonal, #2535, 1:200, Cell
Signaling Technology, Danvers, MA, USA), mTOR (rab-
bit monoclonal, #2983, 1:200, Cell Signaling Technology,
Danvers, MA, USA), and p-mTOR (rabbit monoclonal,
#2976, 1:100, Cell Signaling Technology, Danvers, MA,
USA). Immunoreactivity was visualized using diaminoben-
zidine (DAB), and quantitative analysis was conducted by
measuring the integrated optical density (IOD) per area us-
ing ImageJ software (version 1.53, National Institutes of
Health, Bethesda, MD, USA).

Biochemical Analysis
Brain tissue homogenates were prepared for enzyme-

linked immunosorbent assay (ELISA) to quantify inflam-
matory cytokines interleukin-1β (IL-1β), tumor necrosis
factor-alpha (TNF-α), and interleukin-6 (IL-6) using com-
mercial ELISA kits (IL-1β: E-EL-R0012; TNF-α: E-EL-
R2856; IL-6: E-EL-R0015, Elabscience Biotechnology
Co., Ltd., Wuhan, China). Briefly, frozen brain tissues
were homogenized in ice-cold phosphate-buffered saline
and centrifuged at 12,000 ×g for 10 min at 4 °C, and
the supernatants were collected for analysis. ELISA mea-
surements were performed using a microplate reader (Syn-
ergy™ H1, BioTek Instruments, Winooski, VT, USA) at a
wavelength of 450 nm. Cytokine concentrations were cal-
culated from standard curves and normalized to total protein
content.

Oxidative stress markers, including superoxide dis-
mutase (SOD) activity, malondialdehyde (MDA) content,
and glutathione (GSH) levels, were also assessed using
commercial assay kits (SOD: S0101M, MDA: S0131M;
GSH: S0052, Beyotime Biotechnology, Shanghai, China)
according to themanufacturers’ protocols. Absorbance val-
ues were measured using the same microplate reader at
the recommended wavelengths, and results were quantified
based on standard curves or calculation formulas provided
by the manufacturers.

Western Blotting
Protein extracts from brain tissues were subjected

to Western blotting to determine the expression levels of
apoptosis-related proteins (Bax, Bcl-2, cleaved caspase-3),
autophagy markers (LC3-II/LC3-I ratio, p62), and key pro-
teins in the AMPK/mTOR signaling pathway (phospho-
rylated AMPK [p-AMPK], total AMPK, phosphorylated
mTOR [p-mTOR], and total mTOR). Briefly, total protein
was extracted using RIPA lysis buffer supplemented with
protease and phosphatase inhibitors, and protein concentra-
tions were determined using a BCA assay. Equal amounts
of protein (30 µg) were separated by SDS–PAGE and trans-

ferred onto PVDF membranes. Membranes were blocked
with 5% non-fat milk in TBST for 1 h at room temper-
ature and incubated with primary antibodies overnight at
4 °C. The following primary antibodies were used: Bax
(ab32503, rabbit, 1:1000, Abcam, Cambridge, UK), Bcl-
2 (ab194583, rabbit, 1:1000, Abcam, Cambridge, UK),
cleaved caspase-3 (9661, rabbit, 1:1000, Cell Signaling
Technology, Danvers, MA, USA), LC3B (2775, rabbit,
1:1000, Cell Signaling Technology, Danvers, MA, USA),
p62 (5114, rabbit, 1:1000, Cell Signaling Technology, Dan-
vers, MA, USA), p-AMPK (Thr172) (2535, rabbit, 1:1000,
Cell Signaling Technology, Danvers, MA, USA), AMPK
(2532, rabbit, 1:1000, Cell Signaling Technology, Danvers,
MA, USA), p-mTOR (Ser2448) (5536, rabbit, 1:1000, Cell
Signaling Technology, Danvers, MA, USA), mTOR (2983,
rabbit, 1:1000, Cell Signaling Technology, Danvers, MA,
USA), and β-actin (8457, rabbit, 1:2000, Cell Signaling
Technology, Danvers, MA, USA). After washing, mem-
branes were incubated with HRP-conjugated secondary an-
tibody (7074, goat anti-rabbit IgG, 1:5000, Cell Signaling
Technology, Danvers, MA, USA) for 1 h at room tem-
perature. Protein bands were visualized using enhanced
chemiluminescence and quantified by densitometry, nor-
malized to β-actin as loading controls. Chemiluminescent
signals were detected using a ChemiDoc XRS+ imaging
system (Bio-Rad, Hercules, CA, USA), and band intensities
were quantified using ImageJ software (National Institutes
of Health, Bethesda, MD, USA).

Statistical Analysis
SPSS v26.0 (version 26.0, IBM Corp., Armonk, NY,

USA) served as the statistical software. Results were ex-
pressed as mean ± standard deviation (SD). Statistical
comparisons across the four groups were performed via
one-way analysis of variance (ANOVA), accompanied by
Tukey’s post hoc for multiple testing. Significance was
set at p < 0.05. For all evaluations, data normality was
examined through the Shapiro–Wilk test, and variance ho-
mogeneity was determined by Levene’s test. If paramet-
ric assumptions were not satisfied, the Kruskal–Wallis non-
parametric test was used, with Dunn’s post hoc procedure
for multiple comparisons.

Results

Propofol Improves Cognitive Function in
HFD-Induced Obese Rats

Using the Morris water maze, we conducted testing to
determine the influence of propofol on spatial cognition in
HFD-fed rats. Fig. 1A illustrates that, relative to the ND
group, rats fed the HFD exhibited markedly prolonged es-
cape latency during the acquisition phase (p < 0.05), indi-
cating impaired learning ability. Treatment with propofol at
both low and high doses (HFD+P-L and HFD+P-H groups)
markedly shortened escape latency compared to the HFD
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Fig. 1. Propofol’s impact on cognitive performance in HFD-fed rats assessed by the Morris water maze. (A) Escape latency during
acquisition across different groups. (B) Target quadrant occupancy. (C) Platform crossing frequency in the probe test. n = 5, ***p <

0.001 vs. ND, ##p < 0.01, ###p < 0.001 vs. HFD, &p < 0.05, &&&p < 0.001 vs. HFD+P-L. HFD, high-fat diet; ND, normal diet.

group (all p < 0.05), with the high-dose group showing
more pronounced improvement (p < 0.05). In the probe
trial (Fig. 1B,C), HFD rats exhibited less occupancy in the
target quadrant and performed fewer crossings of the plat-
form than ND rats (p < 0.05). Propofol administration sig-
nificantly resulted in greater occupancy of the target quad-
rant and more platform crossings relative to HFD rats (p <
0.05), suggesting amelioration of memory deficits.

Propofol Can Alleviate the Histopathological
Damage and Apoptosis of Brain Tissue

To evaluate the protective role of propofol on brain
histopathology and neuronal apoptosis, H&E staining,
TUNEL assay, and Nissl staining were performed. As
shown in Fig. 2A, H&E staining demonstrated that neu-
rons within the ND group were arranged orderly with
clear nuclei and intact morphology. In contrast, the
HFD group showed disorganized neuronal arrangement,
nuclear pyknosis, and infiltration of inflammatory cells,
indicating neuroinflammation and neuronal injury. Both
propofol-treated groups exhibited significant attenuation of
these pathological changes, with reduced neuronal dam-
age and inflammatory infiltration compared to the HFD
group. TUNEL staining revealed a significantly increased
apoptosis rate among HFD rats compared to ND con-
trols (p < 0.05), whereas propofol administration signif-
icantly reduced neuronal apoptosis, as evidenced by the
lower number of TUNEL-positive cells (Fig. 2B). Notably,
the high-dose propofol group showed a more pronounced
anti-apoptotic effect (p < 0.05). Nissl staining further
demonstrated that the count of Nissl-positive neurons was
markedly decreased within the HFD group (p < 0.05), in-
dicating extensive neuronal loss or damage. Propofol treat-
ment significantly restored the number of Nissl-stained neu-
rons, with greater improvement observed in the HFD+P-H
group (all p < 0.05) (Fig. 2C), suggesting that propofol ef-
fectively attenuates neuronal injury and supports neuronal
survival under HFD-induced stress.

Propofol Reduces Neuroinflammation and Oxidative
Stress Markers

To investigate the effects of propofol on neuroinflam-
mation and oxidative stress in rats subjected to an HFD,
the levels of inflammatory cytokines and oxidative stress
markers in brain tissues were examined. ELISA results
demonstrated that levels of pro-inflammatory cytokines IL-
1β, TNF-α, and IL-6 in brain tissues were notably ele-
vated within the HFD group relative to ND controls (p <

0.05). Propofol administration significantly reduced the
levels of pro-inflammatory cytokines compared with the
HFD group; notably, a significantly greater reduction in
TNF-α and IL-6 levels was observed in the HFD+P-H
group than in the HFD+P-L group (p < 0.05), whereas no
significant difference was detected between the two doses
for IL-1β (Fig. 3A–C). Regarding oxidative stress indica-
tors, as shown in Fig. 3D–F, HFD rats showed a marked
reduction in SOD activity and GSH content, along with in-
creasedMDA levels (all p< 0.05). Propofol administration
reversed these changes, significantly enhancing antioxidant
enzyme activity and reducing lipid peroxidation (p< 0.05).

Propofol Modulates Apoptosis-Related Protein
Expression

To further elucidate the molecular mechanisms under-
lying propofol’s neuroprotective effects, the expression of
apoptosis-related proteins was assessed by Western blot-
ting. Fig. 4A–E demonstrates that the HFD group exhibited
significantly decreased expression of the anti-apoptotic pro-
tein Bcl-2 and markedly increased levels of pro-apoptotic
proteins (Bax, cleaved caspase-3, and cleaved PARP) com-
pared with the ND group (p < 0.05), indicating enhanced
neuronal apoptosis. Treatment with propofol at both
low and high doses significantly reversed these changes.
Specifically, propofol administration upregulated Bcl-2 ex-
pression while downregulating the pro-apoptotic proteins
relative to the HFD group (p< 0.05). The HFD+P-H group
exhibited more pronounced effects (p < 0.05), suggesting
differential effects between the two tested doses.
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Fig. 2. Propofol alleviates histopathological damage and neuronal apoptosis in the brains of HFD-fed rats. (A) Representative
images of H&E-stained brain tissue sections. Black arrows indicate disorganized neuronal arrangement and neuronal loss; red arrow
indicates nuclear pyknosis; yellow arrows indicate inflammatory cell infiltration. (B) TUNEL assay showing apoptotic cells (green)
and DAPI-stained nuclei (blue). Quantitative analysis of the apoptosis rate is shown on the right. (C) Nissl staining of brain sections.
Quantification of Nissl-positive neuron numbers is shown on the right. n = 5, ***p < 0.001 vs. ND; ###p < 0.001 vs. HFD, &&&p <

0.001 vs. HFD+P-L. H&E, hematoxylin and eosin; TUNEL, terminal deoxynucleotidyl transferase–mediated dUTP nick end labeling;
DAPI, 4′,6-diamidino-2-phenylindole.

Impaired Autophagy in HFD-Fed Rats Is Reversed
by Propofol Treatment

To determine whether propofol modulates autophagy
in the context of high-fat diet (HFD)-induced brain dys-
function, the expression levels of autophagy-related mark-
ers LC3 and p62 were assessed by Western blotting. As
shown in Fig. 5, compared with the ND group, rats in
the HFD group exhibited a significantly increased LC3-
II/LC3-I ratio, accompanied by a marked upregulation of

p62 expression (p< 0.05), indicating autophagy dysregula-
tion characterized by LC3-II accumulation and impaired au-
tophagic flux. Treatment with propofol at both low and high
doses significantly attenuated these alterations. Specifi-
cally, propofol administration significantly decreased p62
expression relative to the HFD group, whereas the LC3-
II/LC3-I ratiowas significantly reduced only in theHFD+P-
H group (p < 0.05). These findings suggest a partial alle-
viation of HFD-induced abnormal autophagy status. The
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Fig. 3. Analysis of inflammatory cytokines and oxidative stress markers in brain samples from rats subjected to different dietary
conditions. (A–C) IL-1β, TNF-α, and IL-6 quantified by ELISA. (D) SOD activity in brain tissues for each group. (E) Brain GSH
concentration. (F) MDA levels in brain tissues. n = 5, ***p < 0.001 vs. ND, ###p < 0.001 vs. HFD, &&p < 0.01, &&&p < 0.001
vs. HFD+P-L. IL-1β, interleukin-1β; TNF-α, tumor necrosis factor-alpha; IL-6, interleukin-6; ELISA, enzyme-linked immunosorbent
assay; SOD, superoxide dismutase; GSH, glutathione; MDA, malondialdehyde.

Fig. 4. Propofol modulates the expression of apoptosis-associated proteins within brain tissues from HFD-fed rats. (A) Repre-
sentative Western blotting images. (B–E) quantification of relative protein levels (right) for Bcl-2, Bax, cleaved caspase-3, and cleaved
PARP in brain tissues across ND, HFD, HFD+P-L, and HFD+P-H groups. β-actin was applied as the loading reference. n = 3, ***p <

0.001 vs. ND; ###p < 0.001 vs. HFD, &&p < 0.01, &&&p < 0.001 vs. HFD+P-L. Bcl-2, B-cell lymphoma 2; Bax, Bcl-2–associated X
protein; PARP, poly(ADP-ribose) polymerase.
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Fig. 5. Propofol restores autophagy markers in HFD-fed rat brains. Western blot images (left) and quantification (right) of LC3-
I, LC3-II, and p62 across ND, HFD, HFD+P-L, and HFD+P-H groups. The LC3-II/LC3-I ratio indicated autophagic activity, while
p62 accumulation reflected impairment. n = 3, ***p < 0.001 vs. ND; ###p < 0.001 vs. HFD, &&&p < 0.001 vs. HFD+P-H. LC3,
microtubule-associated protein 1 light chain 3.

Fig. 6. Propofol regulates the AMPK/mTOR signaling pathway in HFD-fed rat brains. Western blotting and densitometric analysis
of phosphorylated and total AMPK (top panel) and mTOR (bottom panel) in the ND, HFD, HFD+P-L, and HFD+P-H groups; β-actin was
applied as the loading control. n = 3, ***p< 0.001 vs. ND; ###p< 0.001 vs. HFD, &&&p< 0.001 vs. HFD+P-L. AMPK, AMP-activated
protein kinase; p-AMPK, phosphorylated AMPK; mTOR, mammalian target of rapamycin; p-mTOR, phosphorylated mTOR.

HFD+P-H group showed a more pronounced normalization
of LC3-II/LC3-I and p62 levels compared with the HFD+P-
L group. Collectively, these results indicate that propofol
mitigates HFD-induced autophagy dysregulation and con-
tributes to the restoration of autophagy homeostasis.

Propofol Reverses High-Fat Diet–Induced
Dysregulation of AMPK and mTOR Signaling in
Brain Tissue

To investigate the involvement of AMPK/mTOR sig-
naling in propofol-induced neuroprotection, phosphoryla-
tion changes of AMPK and mTOR in brain tissues were
examined. According to Fig. 6, AMPK phosphorylation
levels (p-AMPK/AMPK ratio) were significantly decreased
in the HFD group compared to the ND group (p < 0.05).
Propofol treatment significantly increased AMPK phos-
phorylation, with a greater effect observed in the high-
dose group (p < 0.05). In contrast, the phosphorylation

of mTOR (p-mTOR/mTOR ratio) was markedly elevated
in the HFD group (p < 0.05), indicating overactivation
of mTOR signaling. Propofol administration significantly
reduced mTOR phosphorylation compared with the HFD
group, with a significantly greater reduction observed in
the HFD+P-H group than in the HFD+P-L group (p <

0.05). These findings suggest that propofol may attenu-
ate neuronal injury and be associated with improvement of
autophagy-related alterations, potentially involving modu-
lation of the AMPK/mTOR signaling pathway.

Propofol Modulates AMPK/mTOR Signaling
Pathway in Brain Tissue of HFD-Fed Rats

To further verify the regulatory effects of propofol
on AMPK/mTOR signaling at the tissue level, immuno-
histochemical staining was performed to detect the expres-
sion and distribution of AMPK, p-AMPK, mTOR, and p-
mTOR in rat brain tissues. As shown in Fig. 7, compared
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Fig. 7. Propofol alters the expression and distribution of AMPK/mTOR signaling proteins in rat brain tissue. (A) Representative
immunohistochemical staining images of AMPK, p-AMPK, mTOR, and p-mTOR in brain tissues from the ND, HFD, HFD+P-L, and
HFD+P-H groups. Red arrows indicate areas with positive immunoreactivity. (B–E) Quantification of integrated optical density (IOD)
per area for AMPK (B), p-AMPK (C), mTOR (D), and p-mTOR (E). n = 5, ***p < 0.001 vs. ND; #p < 0.05, ##p < 0.01, ###p < 0.001
vs. HFD, &&&p < 0.001 vs. HFD+P-L. AMPK, AMP-activated protein kinase; p-AMPK, phosphorylated AMPK; mTOR, mammalian
target of rapamycin; p-mTOR, phosphorylated mTOR.

with the ND group, rats in the HFD group showed notably
reduced immunoreactivity for AMPK and p-AMPK (p <

0.05), indicating suppression of AMPK signaling. In con-
trast, mTOR and p-mTOR expression was markedly ele-
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vated in the HFD group (p < 0.05), suggesting excessive
activation of mTOR signaling. Propofol treatment at both
low and high doses restored the AMPK/p-AMPK levels and
reduced mTOR/p-mTOR levels relative to the HFD group
(p < 0.05), with the HFD+P-H showing more pronounced
effects (p < 0.05). These results further support the role of
AMPK/mTOR signaling in propofol-modulated neuropro-
tection.

Discussion

This investigation demonstrated that propofol treat-
ment significantly ameliorated HFD-induced neuroinflam-
mation and oxidative stress in rat brain tissue. Our find-
ings revealed that propofol exerted protective effects that
were associated with AMPK activation, together with
mTOR suppression. Specifically, propofol treatment re-
versed HFD-induced elevation of inflammatory cytokines,
restored antioxidant capacity, reduced apoptosis markers,
and normalized autophagy-related alterations. These find-
ings indicate that propofol could represent a potential treat-
ment for metabolism-related neurological disorders.

Previous studies have demonstrated that HFD-induced
obesity exerts negative impacts on brain function [14,15],
a finding that is further supported by the present study.
Specifically, the Morris water maze assay, a widely rec-
ognized tool for assessing spatial learning and memory, re-
vealed significant cognitive impairments in rats subjected to
an HFD regimen. The observed decline in cognitive func-
tion is likely to be a consequence of neuroinflammation and
oxidative stress, both of which are known to be triggered
by HFD [16]. In the context of this study, the administra-
tion of propofol treatment led to a marked improvement in
these symptoms. This improvement suggests that propofol
may possess neuroprotective properties, potentially acting
by alleviating the adverse effects of HFD on cognitive per-
formance.

Autophagy is a highly conserved cellular degradation
process involving lysosomal degradation for the renewal of
proteins, protein complexes, and organelles [17]. Impair-
ments in autophagy have been shown to disrupt intercellular
communication and are associated with pathological con-
ditions, including neurodegenerative diseases [18]. It has
been demonstrated that the AMPK/mTOR signaling path-
way can induce autophagy [19,20]. Cheng et al. [21] found
that autophagy mediated by the AMPK/mTOR signaling
pathway exerts neuroprotective effects in mice. Moreover,
as a widely used intravenous anesthetic, propofol has gar-
nered increasing attention for its potential role in modu-
lating autophagy across various disease models [13]. In
our HFD-induced obese rats, histopathological analysis re-
vealed significant neuronal injury accompanied by neuroin-
flammation, along with evidence of autophagy dysregula-
tion and altered AMPK/mTOR pathway activity. Propofol
treatment attenuated HFD-induced autophagy-related alter-
ations, as evidenced by a reduction in the LC3-II/LC3-I

ratio and decreased p62 accumulation, suggesting an al-
leviation of abnormal LC3-II accumulation and a partial
restoration of autophagy homeostasis, rather than direct ac-
tivation of autophagic flux. Moreover, propofol reversed
the alterations in the AMPK/mTOR signaling by enhancing
AMPK phosphorylation while suppressing mTOR activa-
tion. These observations indicate that propofol may deliver
its neuroprotective function at least in part through modula-
tion of the AMPK/mTOR signaling pathway, thereby alle-
viating neuroinflammation, oxidative stress, and apoptosis
[22,23].

The outcomes of this research yield a meaningful un-
derstanding of the neuroprotective mechanisms by which
propofol acts in HFD-induced brain injury. By modulat-
ing the AMPK/mTOR signaling pathway, propofol appears
to mitigate neuroinflammation, oxidative stress, apopto-
sis, and autophagy-related alterations, ultimately improv-
ing cognitive function. These results highlight the promis-
ing clinical application of propofol for metabolism-linked
neurodegenerative conditions.

However, several limitations should be acknowl-
edged. First, the experiments were conducted in animal
models, and translation of these findings to clinical practice
requires further validation. Second, the precise molecular
processes by which propofol modulates the AMPK/mTOR
pathway remain to be fully elucidated. Third, only two
propofol concentrations were evaluated in this study, pro-
viding a preliminary assessment of dose-related effects but
limiting a comprehensive dose–response analysis. Future
studies should explore the long-term effects of propofol
treatment and examine additional dose gradients to further
define the optimal therapeutic window.

Conclusion

In conclusion, our findings demonstrate that propofol
exerts neuroprotective effects against HFD-induced brain
injury by alleviating neuroinflammation, oxidative stress,
apoptosis, and autophagy-related alterations, effects that
may be associated with modulation of the AMPK/mTOR
signaling pathway.
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