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Background: Sepsis often leads to cardiomyopathy, contributing to increased mortality rates. 2,6-Diisopropylphenol (propofol),
an anesthetic, has demonstrated efficacy in protecting cardiomyocytes from cell death caused by hypoxia and reoxygenation.
This study examined the effects of propofol on sepsis-associated myocardial dysfunction and explored the underlying mechanism
of action.

Methods: Mice and rat cardiomyocytes (H9C2 cell line) were used to establish a sepsis-induced myocardial dysfunction model.
Lipopolysaccharides (LPS)-treated mice and HIC2 cells were treated with propofol, with rapamycin used for mechanistic studies
in HIC?2 cells. Cardiac function was evaluated by echocardiographic measurements. Heart tissues were stained with hematoxylin
and eosin, and heart weight/body weight ratio along with the levels of cardiac biomarkers were measured using Enzyme Linked
Immunosorbent Assay (ELISA). Activation of the mammalian target of rapamycin (mTOR) pathway was assessed by western
blotting. Apoptosis in heart tissues and H9C2 cells was evaluated using Terminal deoxynucleotidyl transferase (TdT) dUTP nick
end labeling (TUNEL) assay, and cell viability was quantified using Cell Counting Kit (CCK)-8 assay. Oxidative stress in H9C2
cells was assessed by measuring reactive oxygen species (ROS) levels through immunofluorescence staining and malondialdehyde
(MDA) and superoxide dismutase (SOD) levels using ELISA.

Results: Propofol reversed LPS-induced myocardial changes and cardiac dysfunction (p < 0.05). In mouse tissues and H9C2 cells,
propofol reversed LPS-induced mTOR pathway inhibition and apoptosis (p < 0.001). Moreover, propofol alleviated oxidative
stress in LPS-treated cells. The activation of the mTOR pathway by propofol, along with its inhibitory effects on oxidative stress
and apoptosis in cardiomyocytes, was negated by rapamycin (p < 0.001).

Conclusion: Propofol ameliorates sepsis-induced myocardial dysfunction triggered by LPS through the mTOR pathway, thereby
promoting antioxidative stress and reducing cell apoptosis.
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Introduction times, minimal residual effects, and lack of respiratory irri-
tation [6]. Besides its anesthetic effects, propofol mitigates
Sepsis, a life-threatening dysfunction of organs result- myocardial ischemic reperfusion injury [7,8], inhibits tu-

ing from a dysregulated host response, is a major cause of ~ mor growth and metastasis [9-12], and protects against car-
mortality [1]. Cardiomyopathy, characterized by decreased diomyocyte injury induced by hypoxia and reoxygenation
left ventricular (LV) contractility, is common during sepsis as well as lipopolysaccharides (LPS) [13,14]. It also miti-
and is associated with mitochondrial dysfunction, oxidative ~ gates acute kidney injury induced by sepsis [15]. Therefore,
stress, inflammation, and cell death [2,3]. Sepsis-induced ~ Propofol may provide protective benefits to patients with
cardiomyopathy is a leading cause of death, despite efforts sepsis, reducing myocardial injury and dysfunction. How-

to prevent and manage the condition [4]. Therefore, an un- ever, its precise impact on sepsis-induced myocardial dys-
derstanding of its underlying mechanisms is crucial for the ~ function is not fully understood.
development of safe and effective treatments. In the present study, we used mice and H9C2 cells and

treated them with LPS to induce myocardial dysfunction.
We investigated the impact of propofol in mitigating septic-
induced cardiomyopathy and further explored the underly-
ing mechanisms.

2,6-Diisopropylphenol (propofol) is widely used as an
anesthetic for its sedative and general-anesthesia proper-
ties [5]. Propofol offers many advantages in clinical set-
tings, including ideal pharmacokinetic and pharmacody-
namic profiles, along with quick induction and recovery
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Materials and Methods

Animal Treatments

All experimental procedures complied with ethical
standards for the care and use of animals and were ap-
proved by the Ethics Committee of Zibo Central Hospital
(Approval No. 2024054). Thirty C57BL/6J mice (male, 22
+ 2 g; age, 8 weeks) were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China)
and given food and water. Mice were housed in a specific-
pathogen-free environment, with a temperature of 24 + 2
°C, a humidity of 50-60%, and 12-hour light/dark cycles.
Mice were randomly divided into three groups: (1) Control;
(2) Model, myocardial dysfunction was induced by sepsis
through intraperitoneal injections of 10 mg/kg LPS (BS904,
Biosharp Life Science, Hefei, Anhui, China) [16]; and (3)
Model+propofol, mice were intraperitoneally injected with
50 mg/kg propofol (MedChemExpress) 2 h before being
treated with LPS (10 mg/kg) as described above [15]. Each
group consisted of ten mice (n = 10). Cardiac function was
evaluated 12 h post-treatment, followed by euthanasia (50%
CO>) to collect serum and heart tissues. The efficacy of
the myocardial dysfunction model was confirmed through
echocardiographic assessments. The myocardial dysfunc-
tion model proved to be effective, with no animals excluded
from the analysis.

Echocardiography and Sample Collection

At 24 h post-LPS injection, the mice were mildly se-
dated using 3% isoflurane and subjected to echocardio-
graphic assessments, which were performed using the Vevo
3100 instrument (VisualSonics Inc., Tokyo, Japan). Next,
mice were euthanized, body weight and heart weight were
obtained, and heart tissues were collected and stored at —80
°C for subsequent assays.

Hematoxylin and Eosin Staining

Heart tissues were retrieved from —80 °C and fixed in
4% paraformaldehyde (P0099, Beyotime, Shanghai, China)
for 2 h. Next, the tissues were embedded in paraffin and cut
into 4-um thick sections, followed by staining with hema-
toxylin for 10 min and eosin (C0105, Beyotime, Shanghai,
China) for 3 min. The stained sections were examined un-
der a CK31 light microscope (CKX31, Olympus, Tokyo,
Japan).

Cell Treatments

Rat cardiomyocytes (H9C2 cell line, iCell-r012, iCell
Bioscience Inc., Shanghai, China) were cultured in Dul-
becco’s Modified Eagle Medium (DMEM) (iCell-0001,
iCell Bioscience Inc., Shanghai, China) supplemented with
10% fetal bovine serum (FBS; C0226, Beyotime, Shang-
hai, China) and penicillin-streptomycin (iCell-15140-122,
iCell Bioscience, Inc.) and incubated at 37 °C in a 5%
COs environment. Cell authenticity was ensured by short
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tandem repeat profiling, and mycoplasma tests were per-
formed. Cells were divided into 4 groups as follows: (1)
NC, where cells were cultured normally with no treatments
as the negative control; (2) LPS, where cells were treated
with 10 pg/mL LPS for 12 h to establish a model of car-
diac cell injury [16]; (3) LPS+propofol, where cells were
treated with 50 uM propofol (24 h) and then with 12-h of
10 pg/mL LPS [14]; and (4) LPS+propofol+rapamycin and
LPS+propofol, where cells were treated with 50 pM propo-
fol and 10 nM rapamycin (HY-10219, MedChemExpress,
Monmouth Junction, NJ, USA) for 24 h and then with 12 h
of 10 pg/mL LPS [17].

Enzyme Linked Immunosorbent Assay (ELISA)

Heart tissue samples were processed with a homog-
enizer (CN-41056-98, Cole-Parmer Instrument Company,
LLC., Shanghai, China) using lysis buffer (P0013, Be-
yotime, Shanghai, China). Levels of cardiac troponin-
I (cTnl; SEKR-0048, Solarbio, Beijing, China), cardiac
troponin-T (cTnT; SEKR-0047, Solarbio, Beijing, China),
and creatine kinase MB (CK-MB; ab285231, Abcam, Cam-
bridge, MA, USA) were measured using Enzyme Linked
Immunosorbent Assay (ELISA) Kits (ab285231, Abcam,
Cambridge, MA, USA). The cells were centrifuged at
1000 g for 10 min, and the concentrations of superox-
ide dismutase (SOD; A001-1, Jiancheng, Nanjing, China)
and malondialdehyde (MDA; A003-1, Jiancheng, Nanjing,
China) were measured. The optical density (OD value) was
recorded at 450 nm using a Varioskan Lux microplate reader
(VL0000DO, Thermo Fisher Scientific, Shanghai, China).

Western Blotting

Proteins were extracted using radioimmunoprecipi-
tation assay buffer (P0013, Beyotime, Shanghai, China)
supplemented with protease inhibitors (ST2573, Beyotime,
Shanghai, China). Protein concentration was quantified
using a protein assay kit (PO010S, Beyotime, Shang-
hai, China), and proteins were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE; P0012A, Beyotime, Shanghai, China). After
transferring proteins to polyvinylidene difluoride mem-
branes (IPVH00010, Millipore, Billerica, MA, USA), they
were blocked with 5% nonfat milk at room temperature
for 15 min, and membranes were incubated overnight
at 4 °C with primary antibodies for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (1:1000 dilution; TA-
08, ZSGB Biotechnology, Beijing, China), mammalian
target of rapamycin (mTOR) (1:1000 dilution; ab32028,
Abcam, Cambridge, MA, USA), phosphorylated mTOR
(p-mTOR) (ab109268, Abcam, Cambridge, MA, USA),
B-cell lymphoma 2 (Bcl-2) (1:1000 dilution; ab182858,
Abcam, Cambridge, MA, USA), and cleaved caspase-3
(1:1000 dilution; ab2302, Abcam, Cambridge, MA, USA).
This was followed by a 2-h room temperature incubation
with horseradish peroxidase-linked anti-rabbit secondary
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Fig. 1. 2,6-Diisopropylphenol (propofol) enhances cardiac function in a mouse model of sepsis-induced myocardial dysfunction.
(A—QG) Heart rate (A), fractional shortening (B), ejection fraction (C), left ventricular internal dimension systole (LVIDs, D), left ven-
tricular internal dimension diastole (LVIDd, E), left ventricular internal dimension diastole (LVPWs, F), and left ventricular posterior
wall systolic dimension (LVPWd, G) of mice models. N =10. ***p < 0.001. Control values were used as a baseline to normalize the

treatment group values. Ctrl, Control.

antibody (1:2000, ZB-2305, ZSGB Biotechnology, Bei-
jing, China) and detection chemiluminescence with the en-
hanced chemiluminescence (ECL; 34075, Thermo Scien-
tific, Shanghai, China) detection reagents. Grayscale analy-
sis was conducted using ImageJ version 1.48 software (Na-
tional Institutes of Health, Bethesda, MD, USA).

Reactive Oxygen Species (ROS) Detection

Cells were plated in 6-well plates at 5 x 106 cells/mL
and grown under specified conditions. To measure the
reactive oxygen species (ROS) levels, cells were treated
with 2-7" dichlorodihydrofluorescein diacetate (DCFH-
DA; S0033S, Beyotime, Shanghai, China) for 20 min
in darkness and then stained with 2-(4-amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI; C1002, Bey-
otime, Shanghai, China) at room temperature for 15 min.
The fluorescence signal from DCFH-DA was used to assess
the ROS levels, which were visualized with a CKX53 flu-

orescent microscope (OLYMPUS, Tokyo, Japan) and ana-
lyzed using ImagelJ software (version 1.48, NIH, Rockville,
MD, USA).

Cell Counting Kit (CCK)-8 Assay

Cells were seeded into 96-well plates at a concentra-
tion of 2 x 103 cells/mL. After 24 h of incubation, 10 uL of
CCK-8 solution (G4103-5ML, Servicebio, Wuhan, China)
was added to each well, and after an additional 2 h, the ab-
sorbance at 450 nm was measured using a DR-200Bs mi-
croplate reader (Diatek, Jiangsu, China).

Terminal Deoxynucleotidyl Transferase (TdT) dUTP
Nick End Labeling (TUNEL)

Cells were grown in 12-well plates, fixed for 30 min
with 4% paraformaldehyde, and permeabilized with 0.3%
Triton X-100 (P0096, Beyotime, Shanghai, China) for 5
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Fig. 2. Propofol mitigates myocardial injury and reduces apoptosis in heart tissues from mice with sepsis-induced myocardial
dysfunction. (A) Hematoxylin and eosin staining (H&E staining) of heart tissues from mice (scale bar: 50 pm; red arrows indicate
histological injury). (B) Heart weight/body weight ratio. (C) Ratio of cardiac troponin-I (cTnl)/cardiac troponin-T (cTnT) in heart tissue
extract. (D) Creatine kinase MB (CM-KB) level in heart tissue extract. (E,F) Terminal deoxynucleotidyl transferase (TdT) dUTP nick
end labeling (TUNEL) staining of heart tissues from mice (scale bar: 100 pm). Some DNA was degraded upon myocardial injury, leading
to 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI) staining. (G) Levels of cleaved caspase 3 and B-cell lymphoma 2
(Bcl-2) protein, as detected by western blotting. N =10. *p < 0.05, **p < 0.01, ***p < 0.001. Control values were used as a baseline
to normalize the treatment group values. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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min. Similarly, heart tissue sections (4-um thick) were
fixed in 4% paraformaldehyde for 2 h and then permeabi-
lized using proteinase K (P9460, Solarbio, Beijing, China)
for 20 min. Next, Terminal deoxynucleotidyl transferase
(TdT) dUTP nick end labeling (TUNEL) kits (40306ES60,
Yeasen, Shanghai, China) of C1090 or C1088 (either red
or green fluorescence) were used to stain cells or tissues,
respectively, according to the manufacturer’s instructions.
Cells and tissue sections were observed using a CKX53 flu-
orescence microscope (OLYMPUS, Tokyo, Japan) at 450—
550 nm. Apoptotic cells in four random fields of view were
counted, and the cell apoptosis rate was determined as a ra-
tio of the TUNEL-labeled cell number to the DAPI-labeled
cell number.

Statistical Analyses

Data were expressed as mean + standard deviation.
Before comparing groups, the normality of all datasets was
assessed using the Shapiro-Wilk test. Upon establishing a
normal distribution, group comparisons were conducted us-
ing one-way analysis of variance with Tukey’s post hoc test
for multiple comparisons. All statistical evaluations were
carried out using GraphPad Prism version 8.0.2 software
(GraphPad Software, La Jolla, CA, USA), and a p-value
less than 0.05 was deemed statistically significant.

Results

Propofol Improves the Cardiac Function in Mice
with Sepsis-Induced Myocardial Dysfunction

Echocardiography  results revealed significant
changes in heart function between LPS-treated mice
(model group) and controls.  Specifically, heart rate
(Fig. 1A), fractional shortening (Fig. 1B), ejection fraction
(Fig. 1C), and left ventricular posterior wall diastolic
dimension (LVPDs, Fig. 1F) were significantly reduced (p
< 0.001). Conversely, left ventricular internal dimension
systole (LVIDs, Fig. 1D) was significantly increased (p
< 0.001). Left ventricular internal dimension diastole
(LVIDd, Fig. 1E) decreased significantly after Propofol
treatment (p < 0.001). Left ventricular post-systolic diam-
eter (LVPWd, Fig. 1G) did not differ significantly between
treatments. These results indicate the sepsis-induced my-
ocardial dysfunction model was successfully established.
Moreover, propofol reversed the echocardiography results,
indicating propofol ameliorates cardiac dysfunction in the
LPS mouse model.

Propofol Mitigates Myocardial Injury and Reduces
Apoptosis in Heart Tissues from Mice with
Sepsis-Induced Myocardial Dysfunction

Hematoxylin and eosin staining results (Fig. 2A)
showed histological alterations in heart tissues of LPS-
treated mice, including ruptured myocardial fibers and in-
terstitial edema. However, these changes were mitigated

by propofol treatment. The heart weight/body weight ra-
tio (Fig. 2B), cTnl/cTnT ratio (Fig. 2C) and CK-MB level
(Fig. 2D) were increased in model mice by subsequently de-
creased after administration of propofol (p < 0.05). These
results demonstrate the efficacy of propofol in alleviating
sepsis-induced myocardial dysfunction. Moreover, the per-
centage of TUNEL-positive cells (Fig. 2E,F) and the level
of cleaved caspase-3 protein (Fig. 2G) increased, while the
Bcl-2 protein level (Fig. 2G) decreased in the model mice,
and these changes were reversed by propofol (p < 0.001),
indicating propofol inhibits apoptosis in the heart of model
mice.

Propofol Restores mTOR Pathway Inhibition in
Heart Tissues of Mice with Sepsis-Induced
Myocardial Dysfunction

In heart tissues (Fig. 3A), the ratio of phosphorylated
mTOR to total mMTOR (p-mTOR/mTOR) was reduced in
the Model group compared to the Control group, and this
effect was reversed by propofol (»p < 0.001). Moreover,
the p-mTOR/mTOR ratio was decreased in LPS-treated car-
diomyocytes, but propofol treatment increased it (Fig. 3B).
The enhancing effect of propofol was disrupted by the
mTOR selective inhibitor rapamycin (p < 0.001), reveal-
ing the mTOR pathway was suppressed in LPS-induced
models, while propofol promoted the mTOR pathway. In
the propofol-treated cell model, rapamycin also inhibited
mTOR signaling.

Propofol Increases Cardiomyocyte Viability and
Protects Them from LPS-Induced Apoptosis by
Activating the mTOR Pathway

Cell viability (Fig. 4A) was decreased by LPS treat-
ment (p < 0.001) but propofol reversed it (p < 0001).
However, mTOR pathway inhibition by the addition of ra-
pamycin suppressed cell viability (p < 0.001).

Fig. 4B-D demonstrate that propofol reversed the de-
crease in Bcl-2 and the increase in cleaved caspase-3 in
LPS-treated H9C2 cells. However, these effects were not
observed when the mTOR inhibitor rapamycin was used
(p < 0.001). These results indicate that propofol protected
HO9C2 cells against LPS-induced apoptosis when the mTOR
pathway is not inhibited, consistent with the results of the
TUNEL assay (Fig. 4E,F), demonstrating that propofol mit-
igates the increased apoptosis rate even without the addition
of rapamycin (p < 0.001).

Propofol Safeguards Cardiomyocytes from
LPS-Induced Oxidative Stress by Activating the
mTOR Pathway

Fig. 5A,B shows that the ROS level (represented by
the fluorescent intensity of DCFH-DA) was increased in
LPS-treated H9C2 cells, and this change was reversed by
propofol, while the reversal of the ROS level was disrupted
by rapamycin (p < 0.001). Moreover, propofol reversed
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Fig. 3. Propofol restores mammalian target of rapamycin (mTOR) pathway inhibition in heart tissues of mice with sepsis-induced
myocardial dysfunction. (A,B) Levels of mTOR and phosphorylated mTOR (p-mTOR) protein in mice heart tissues (A, N = 10) and
cardiomyocytes (H9C2) (B, N = 5), as detected by western blotting. ***p < 0.001. Control values were used as baseline to normalize

the treatment group values. NC, negative control; LPS, lipopolysaccharides.

the increased MDA level (Fig. 5C) and the decreased SOD
level (Fig. 5D) in LPS-treated H9C2 cells, while the re-
versing effect of propofol was disrupted by rapamycin (p <
0.001). These findings indicate that propofol protects H9C2
cells from LPS-induced oxidative stress, provided that the
mTOR pathway is not inhibited.

Discussion

This study demonstrated that propofol effectively im-
proves myocardial function and mitigates damage and
apoptosis in cardiomyocytes affected by LPS-induced car-
diomyopathy. Furthermore, propofol reduces ROS produc-
tion and apoptosis in LPS-treated HO9C2 cells by activating
the mTOR pathway.

Sepsis is a syndrome of physiological, pathological,
and biochemical abnormalities triggered by the body’s re-
sponse to infection [18-20]. In severe cases, septic shock
is characterized by significant circulatory and cellular dys-
function, greatly increasing the risk of death [20]. One
common manifestation of sepsis is myocardial depression
or cardiac dysfunction [21], which are characterized by re-
duced myocardial contraction and ejection fraction, which

can elevate mortality rates [19,21]. However, the precise
molecular mechanisms underlying sepsis-induced myocar-
dial depression remain incompletely understood.

In our study, we established a model of myocardial
dysfunction induced by sepsis and observed that propofol
significantly improved myocardial dysfunction caused by
LPS. This finding is consistent with the research of Han et
al. [22], which showed that propofol can alleviate myocar-
dial dysfunction in mice with endotoxemia. Cardiomyocyte
apoptosis is recognized as a primary factor contributing to
cardiac dysfunction in patients with sepsis [23,24], and our
study revealed that propofol inhibits apoptosis in mice with
sepsis-induced myocardial dysfunction. Similarly, Tang et
al. [25] demonstrated propofol’s efficacy in alleviating my-
ocardial dysfunction in mice with endotoxemia, suggesting
propofol mitigates sepsis-induced cardiac dysfunction by
inhibiting apoptosis.

In our investigation into how propofol mitigates
sepsis-induced cardiac dysfunction by inhibiting apopto-
sis, we discovered a crucial role for the mTOR pathway
in this process. An earlier study indicated that alterations
in myocardial mTOR signaling may contribute to myocar-
dial dysfunction [26]. mTOR is essential in the preven-
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Fig. 4. Propofol increases cardiomyocyte viability and protects them from LPS-induced apoptosis by activating the mTOR path-

way. (A) Cell viability detected by Cell Counting Kit-8 assay. (B—D) Levels of cleaved caspase-3 and Bcl-2 protein in cardiomyocytes
(H9C2) as detected by western blotting (E,F). TUNEL staining results for cardiomyocytes cells HOC2 (scale bar: 50 um). N =5, ***p
< 0.001, Control values were used as a baseline to normalize the treatment group values.

tion of cardiac hypertrophy and cardiac dysfunction in an-
imal models [27]. Our findings showed that inhibiting
mTOR significantly reduced the cardioprotective effects
of propofol on sepsis-induced cardiac dysfunction. Ad-
ditional research revealed that inhibiting mTOR exacer-
bates propofol-induced apoptosis [25]. Wang et al. [27]
reported that activated AMPK (AMP-activated protein ki-
nase), which downregulates mTOR expression, thereby im-
proving cardiac dysfunction following myocardial infarc-
tion. Conversely, Zhang et al. [28] demonstrated that in-

hibiting mTOR promoted apoptosis and exacerbated car-
diac dysfunction. Discrepancies in these results can be at-
tributed to several factors, including differences in mod-
els, dosage and timing of rapamycin administration, and
cell type-specific effects. Moreover, one study has shown
that ROS, and reactive nitrogen species destroy mitochon-
drial membranes and trigger apoptosis in the heart, creat-
ing a vicious cycle of ROS generation that intensifies my-
ocardial injury and dysfunction [29]. Our research demon-
strated that propofol protects H9C2 cells from LPS-induced
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oxidative stress, while mTOR pathway inhibition exacer-
bates ROS production, further worsening myocardial injury
and dysfunction. These findings align with those of other
studies [25,30,31], suggesting propofol alleviates sepsis-
induced myocardial injury and dysfunction by inhibiting
ROS production through the mTOR pathway.

Conclusion

In conclusion, this study demonstrated that propofol
protects against LPS-induced cardiac dysfunction by acti-
vating the mTOR pathway. Moreover, propofol attenuates
oxidative stress and apoptosis, suggesting its potential as a
therapy for sepsis-induced myocardiopathy. However, lim-
itations, such as reliance on animal models that may not
fully replicate human physiological responses, exist. Future
research should validate these findings in clinical trials to
assess its safety and efficacy in patients with sepsis-induced
cardiac dysfunction. Additionally, in-depth investigations
are necessary to decode the intricate molecular mechanisms
by which propofol influences mTOR signaling and to ex-
plore its potential synergistic effects with other pharmaco-
logical interventions.
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