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Background: Sepsis-induced myocardial dysfunction (SIMD) confers substantial morbidity and mortality. Semaglutide treat-
ment has demonstrated efficacy in ameliorating sepsis-related organ damage via attenuation of inflammation, oxidative stress,
and apoptotic cell death. In this study, we constructed a mouse SIMD model using cecal ligation and puncture (CLP) to explore
whether semaglutide preconditioning can modulate autophagy levels and attenuate myocardial injury.
Methods: C57BL/6 mice were randomly divided into six groups: sham, CLP (including CLP-6 h, CLP-12 h and CLP-24 h
subgroups), semaglutide, and semaglutide+Compound-C, with five mice in each group. The latter two groups were given daily
intraperitoneal injections of semaglutide for 14 days. The semaglutide+Compound-C group was given the autophagy inhibitor
Compound-C intraperitoneally 1-hour before CLP surgery. After the last injection of semaglutide, SIMD mouse models were
constructed by CLP surgery, while the sham group underwent a sham operation. All mice were sacrificed after surgery, and
blood and myocardial specimens were collected. Enzyme-linked immunosorbent assay (ELISA) was used to measure the levels
of inflammatory factors and myocardial injury markers in the serum, while quantitative real-time polymerase chain reaction
(qRT-PCR) and western blot was used to detect the expression of autophagic markers [microtubule-associated protein 1A/1B-
light chain 3B (LC3B), Beclin-1, p62] and AMP-activated protein kinase (AMPK) in myocardial tissue. Hematoxylin and eosin
(H&E) staining was used to observe pathological changes in myocardial tissue.
Results: The myocardial fibers in the sham group were normal, while those in the CLP group showed disordered arrangement,
interstitial edema, and a large number of infiltrating inflammatory cells. A few vacuolar changes were observed locally in the
semaglutide group, andmore vacuolar changes were observed in the semaglutide+Compound-C group. Autophagy was inhibited
in the CLP group mice. Compared with the CLP group, the semaglutide group showed a decreased levels of inflammatory
factors (tumor necrosis factor-α, interleukin-1β) and myocardial injury markers (creatine kinase isoenzyme, cardiac troponin
T) in the serum, a reduced expression of autophgic substrate p62, and an increased expression of LC3II (the lipidated form
of LC3I)/LC3I (microtubule-associated protein 1A/1B-light chain 3), Beclin-1, and p-AMPK (phosphorylated AMP-activated
protein kinase)/AMPK in the injured myocardial tissues of mice (p < 0.05). And the protective effects of semaglutide against
SIMD were partially reversed by the treatment of AMPK inhibitor Compound-C (p < 0.05).
Conclusions: Taken together, these data indicate that semaglutide provides protection against CLP-triggered myocardial in-
flammation and injury, potentially by reactivating myocardial autophagy pathways via activation of AMPK signaling. Further
mechanistic studies are needed to definitively elucidate the functional significance of AMPK signaling in mediating the beneficial
cardiac effects of semaglutide during sepsis.
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Introduction

Sepsis refers to life-threatening organ dysfunction
caused by a dysregulated immune response to infection.
The heart is commonly affected, as 40–50% of septic pa-
tients develop myocardial injury and dysfunction. Sepsis-
induced myocardial dysfunction (SIMD) carries a mortality
rate as high as 70–90%, underscoring the need for effective
therapies [1–3]. The pathogenesis of SIMD remains incom-
pletely understood but likely involves microcirculatory dis-
turbances, inflammation, autophagy impairment, oxidative
stress, and mitochondrial dysfunction.

Autophagy constitutes a homeostatic mechanism by
which cells engulf and degrade damaged constituents via
lysosomal machinery, thereby maintaining cellular in-
tegrity [4]. Optimal levels of autophagic flux are consid-
ered cytoprotective in sepsis pathogenesis. However, au-
tophagic processes are notably impaired in septic organ-
isms. Therefore, restoring physiological autophagy may
represent a promising strategy to mitigate SIMD [5–7].

Semaglutide, an anti-diabetic glucagon-like peptide-1
analog, has shown protective effects against organ injury
in sepsis models by reducing inflammation and oxidative
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stress [8]. Stimulation of AMP-activated protein kinase
(AMPK) has been implicated as an underlying mechanism
for semaglutide’s therapeutic effects [9]. Semaglutide can
phosphorylate and activate AMPK, which directly stimu-
lates autophagosome formation via Unc-51-like kinase 1
(ULK1) phosphorylation [10,11]. While semaglutide miti-
gates obesity-induced myocardial injury [12], its effects on
sepsis-induced cardiac damage remain unknown.

In this study, we constructed a mouse SIMD model
using cecal ligation and puncture (CLP) [13] to explore
whether semaglutide preconditioning can modulate au-
tophagy levels and attenuate myocardial injury. This may
provide insight into semaglutide’s therapeutic potential for
SIMD by elucidating underlying mechanisms. Understand-
ing semaglutide’s cardioprotective actions will facilitate
its development as a novel pharmacologic strategy against
SIMD and associated mortality in sepsis.

Materials and Methods

Antibodies, Drugs and Reagents
Semaglutide was obtained from Novo Nordisk (Cat

#NDC 0169-4524-14, Bagsværd, Denmark). Compound-
C (Cat #171260) was obtained from SigmaAldrich (Shang-
hai, China). The assay kits detecting cardiac troponin T
(cTnT; Cat #EEL112), creatine kinase isoenzyme (CK-
MB; Cat #NBP275312), tumor necrosis factor-α (TNF-
α; Cat #88-7324-88) and interleukin-1β (IL-1β; Cat #88-
7013-22) were purchased from ThermoFisher Scientific
(Waltham, MA, USA). The antibodies against microtubule-
associated protein 1A/1B-light chain 3B (LC3B; Cat #PA5-
32254), Beclin-1 (Cat #PA1-16857), p62 (Cat #PA5-
27800), AMPK threonine 172 (Thr172) phosphorylation
(p-AMPK; Cat #PA5-37821), AMPK (Cat #PA5-105297),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Cat
#PA1-988), and horseradish peroxidase (HRP)-conjugated
goat anti-rabbit secondary antibody (Cat #31460) were
purchased from ThermoFisher Scientific (Waltham, MA,
USA).

Establishment of SIMD Mice
This study was approved by the Animal Committee of

Shandong University (No. 2022-1288). The study utilized
male C57BL/6 mice of SPF grade, aged 6–8 weeks, with
a body weight of (20 ± 3) g. The mice were housed in
the animal facility of Shandong Provincial Third Hospital,
under a 12-hour light/dark cycle and with ad libitum access
to food and water. The mice were randomly divided into
six groups: sham, CLP-6 h (6-hour), CLP-12 h, CLP-24 h,
semaglutide and semaglutide+Compound-C, with fivemice
in each group.

The sham and CLP (including CLP-6 h, CLP-12 h
and CLP-24 h) groups received intraperitoneal injections
of saline. In contrast, the semaglutide group received
semaglutide (30 nmol/kg [8,12], which was suggested by

previous research) via intraperitoneal injection at a fixed
time daily (4:00 PM) for 14 consecutive days. CLP model-
ing (CLP-24 h) was performed on themice 24-hour after the
last injection of metformin. The semaglutide+Compound-
C group received an intraperitoneal injection of Compound-
C (10 mg/kg, which was suggested by previous research
[14]) 1-hour prior to CLP surgery (CLP-24 h), while the
remaining groups received injections of saline.

The SIMD mouse model was established following
the cecal ligation and puncture (CLP) procedure reported in
prior studies [13]. Prior to the CLP surgery, all mice were
fasted for 12-hour and water was withheld for 6-hour. Each
mouse was given an intraperitoneal injection of 2% sodium
pentobarbital (50 mg/kg) in the lower right abdomen. Once
satisfactory anesthesia was achieved, the mice were fixed
in the supine position. The surgical site was prepared with
routine skin preparation, sterilization, and draping. A verti-
cal incision about 1cm long was made 0.5 cm to the left of
the midline of the abdomen. The peritoneum was bluntly
separated to locate the cecum. The length of the cecum was
measured with a ruler, and the middle portion of the cecum,
located halfway from the blind end, was tied off. Avoid-
ing the blood vessels, a 22-gauge needle was used to punc-
ture the tied-off section twice, gently squeezing out a small
amount of intestinal content. The cecum was then returned
to the abdomen and the incision was sutured layer by layer.
Postoperatively, 1 mL of warm (37 °C) saline was injected
subcutaneously in the nape of the neck for fluid resusci-
tation. The mice were then returned to separate cages in
the animal room and allowed free access to food and water
once they had recovered from anesthesia. The sham group
underwent the same procedure, except for the cecal liga-
tion and puncture. Blood samples were collected from the
sham group-24-hour postoperatively and from the CLP (in-
cluding CLP-6 h, CLP-12 h and CLP-24 h), semaglutide
and semaglutide+Compound-C groups at the correspond-
ing postoperative times using the eye removal method, af-
ter anesthetizing the mice. Once blood collection was com-
plete, the mice were euthanized using cervical dislocation,
and the hearts were harvested immediately for subsequent
experiments.

Enzyme-Linked Immunosorbent Assay (ELISA)
The whole blood collected from each group of mice

were centrifuged at 4 °C and 3000 rpm for 20-minute to
obtain serum. The serum samples were then subjected to
ELISA by adding reagents (cTnT, CK-MB, TNF-α and IL-
1β) according to the instructions of the assay kit, and the
corresponding absorbance (450 nm) was measured using
ultraviolet-visible spectroscopy (UV-1900i, Shimadzu, Ky-
oto, Japan).

Hematoxylin and Eosin (H&E) Staining
After euthanizing the mice, the myocardial tissue col-

lected from each group of mice with the largest transverse
diameter in the coronal plane of the left ventricle was ex-
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Table 1. Primers used for qRT-PCR.
Gene symbol Forward primer (5′ → 3′) Reverse primer (5′ → 3′)

18s rRNA GATGGGAAGTACAGCCAGGT TTTCTTCAGCCTCTCCAGGT
microtubule-associated protein 1A/1B-light chain
3B (LC3B)

CAGGCTTTCGTCTCTTCCACCATC CCAGGACAAGCAGGCAGATGAAG

Fig. 1. Expression of serum inflammatory cytokines and my-
ocardial injury markers in sham versus CLP (cecal ligation
and puncture) mice. (A) Serum levels of the inflammatory fac-
tors TNF-α (tumor necrosis factor-α) and IL-1β (interleukin-1β)
in sham, CLP-6 h, CLP-12 h, and CLP-24 h groups. (B) Serum
levels of the myocardial injury markers CK-MB (creatine kinase
isoenzyme) and cTnT (cardiac troponin T) in sham, CLP-6 h,
CLP-12 h, and CLP-24 h groups. *p < 0.05, **p < 0.01, ***p
< 0.001.

tracted and fixed in 10% neutral buffered formalin solu-
tion at a volume ratio of 1:10 for preservation. Follow-
ing embedding, tissue sections with a thickness of 0.5 µm
were prepared. The sections were then stained with H&E
staining and evaluated for histopathological evaluation of
myocardial tissue alterations under the BX61 microscope
(BX61, Olympus, Tokyo, Japan) in three randomly selected
fields by two pathologists in a blinded manner.

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR)

Total RNA was extracted from the myocardial tis-
sues from each group of mice using TRIzol reagent (Cat
#15596026, ThermoFisher, Waltham, MA, USA). The
cDNA was synthesized from 1 µg of total RNA using
the TaKaRa RNA PCR Kit (Cat #RR019, Takara, Shiga,
Japan). The qRT-PCR was performed with the TaqMan flu-

orogenic PCR system (Cat #TP950, Takara, Shiga, Japan).
qRT-PCR was performed using 18S ribosomal RNA (18S
rRNA) as an internal reference gene for normalization.
After amplification, the Ct values of each group were
recorded, and the relative gene expression was evaluated
using the 2−∆∆Ct method. The primer sequences were
listed in Table 1.

Western Blot Analysis
The myocardial tissues collected from each group of

mice were lysed with NE-PER™ nuclear and cytoplas-
mic extraction reagents (Cat #78833, ThermoFisher Sci-
entific, Waltham, MA, USA) and complete protease in-
hibitor (Cat #11697498001, Roche, Basel, Switzerland)
on ice. The protein concentrations were tested using the
Bicinchoninic Acid Protein Assay Kit (Cat #23225, Ther-
moFisher Scientific, Waltham, MA, USA). For western
blot analysis, 30 µg of protein from each sample was ap-
plied for sodium dodecyl-sulfate polyacrylamide gel elec-
trophoresis. After separation, the proteins were transferred
into polyvinylidene difluoride (PVDF) membranes (Cat
#88518, ThermoFisher Scientific, Waltham, MA, USA).
The PVDF membranes were blocked with 5% nonfat dry
milk for nearly 1-hour and then incubated with the pri-
mary antibodies at 4 °C for about 24-hour. The follow-
ing primary antibodies were used: anti-LC3B (1:200), anti-
Beclin-1 (1:400), anti-p62 (1:500), anti-p-AMPK (1:200),
anti-AMPK (1:500), anti-GAPDH (1:10,000). This was
followed by the incubation with the HRP-conjugated goat
anti-rabbit secondary antibody (1:5000) at room tempera-
ture for nearly 1-hour. Protein bands were visualized us-
ing BeyoECL Moon (Cat #P0018FS, Beyotime, Shanghai,
China). The band densities of western blot analysis were
quantified by the ImageJ V2.0.0 software (National Insti-
tutes of Health, Bethesda, MD, USA), and the relative pro-
tein levels were calculated based on GAPDH as the loading
control.

Statistical Analysis
Statistical analysis was performed using GraphPad

Prism 8.0 software (GraphPad Software, San Diego, CA,
USA). Data normality was determined by using Shapiro-
Wilkes test. Differences (p < 0.05 considered significant)
between two independent samples with normal distribution
were determined by using Student’s t-test, while Mann-
Whitney test was used to compare non-normal data (p <

0.05 considered significant). For more than two normally
distributed samples, statistical comparisons were made by
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Fig. 2. Autophagy marker expression in myocardial tissue of sham versus CLP mice. (A) LC3B mRNA levels in sham, CLP-6
h, CLP-12 h, and CLP-24 h groups measured by quantitative RT-PCR. (B) Representative western blots showing LC3I (microtubule-
associated protein 1A/1B-light chain 3), LC3II (the lipidated form of LC3I), Beclin-1, and p62 protein levels in sham and CLP groups.
GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as loading control. (C) Densitometric quantification of LC3II/LC3I
ratio, Beclin-1, and p62 protein expression normalized to GAPDH. Data represent mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.

one-way analysis of variance (ANOVA)with Tukey’s range
test. An adjusted p < 0.05 was considered significant af-
ter Tukey’s or Benjamini-Hochberg corrections for multiple
comparisons.

Results

The Construction of SIMD Mice

Serum levels of the inflammatory cytokines TNF-α
and IL-1β, as well as the myocardial injury markers CK-
MB and cTnT [15,16], were quantified by ELISA in sham
and CLP groups (Fig. 1A,B). Compared to sham, all CLP
groups displayed significantly elevated TNF-α and IL-1β
levels, with levels highest in the CLP-24 h group. CK-MB
and cTnT were markedly higher in the CLP-12 h and CLP-
24 h groups versus sham, with levels again highest in CLP-
24 h. No significant differences were observed between
CLP-6 h and sham, indicating successful establishment of
myocardial injury beginning at 12-hour post-CLP, with in-
jury further exacerbated by 24-hour.

Myocardial mRNA and protein levels of autophagy
markers were assessed by quantitative real-time PCR (qRT-
PCR) and western blotting, respectively (Fig. 2). LC3B
mRNA expression and the LC3II (the lipidated form of
LC3I)/LC3I (microtubule-associated protein 1A/1B-light

chain 3) ratio and Beclin-1 protein levels were significantly
higher in the CLP-6 h group compared to sham, but gradu-
ally declined to baseline levels by 24-hour post-CLP. Con-
versely, the autophagic substrate p62 protein was markedly
lower at 6-hour before recovering to sham levels by 24-
hour. No significant differences in autophagy markers were
detected between the CLP-24 h and sham groups. Collec-
tively, these data demonstrate initial autophagy induction
at early sepsis stages followed by inhibition upon develop-
ment of myocardial injury.

Given that autophagy was maximally suppressed at
24-hour post-CLP, when myocardial damage peaked com-
pared to 12-hour (Figs. 1,2), this time point (24-hour post-
CLP) was selected for subsequent mechanistic analyses.

The Protective Effect of Semaglutide on Septic
Myocardial Injury was Associated with
AMPK-Induced Autophagy in SIMD Mice

Compared to the CLP-24 h group, semaglutide pre-
treatment significantly reduced serum levels of the in-
flammatory cytokines TNF-α and IL-1β, as well as the
myocardial injury markers CK-MB and cTnT, in sep-
tic mice (Fig. 3A,B). Furthermore, the autophagy mark-
ers LC3II/LC3I and Beclin-1 were markedly upregulated,
while p62 was downregulated, in myocardial tissues of
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semaglutide-treated versus CLP-24 h mice (Fig. 4A,B).
These results provide evidence that semaglutide can en-
hance protective autophagy in the myocardial tissue of mice
with SIMD.

Fig. 3. Expression of serum inflammatory cytokines and car-
diac injury markers in sham, CLP-24 h, semaglutide, and
semaglutide+Compound-C groups. (A) Levels of the inflam-
matory factors TNF-α and IL-1β. (B) Levels of the myocardial
injury markers CK-MB and cTnT. SEMA refers to the group of
mice treated with semaglutide (SEMA). SEMA+CC, refers to the
group of mice treated with both semaglutide (SEMA) and Com-
pound C (CC). Data represent mean± SD. *p< 0.05, **p< 0.01,
***p < 0.001.

AMPK coordinates stimulation of autophagy through
multiple mechanisms [10,11]. We found the ratio of phos-
phorylated to total AMPK (p-AMPK/AMPK) was signif-
icantly increased by semaglutide compared to CLP-24 h
controls (Fig. 4C,D), indicating AMPK activation. Fur-
thermore, the AMPK inhibitor Compound-C [14,17,18]
markedly suppressed autophagy induction by semaglutide,
as evidenced by decreased LC3II/LC3I and Beclin-1 lev-
els and increased p62 levels (Fig. 4A,B). Administration of
Compound-C also partially reversed the protective effects
of semaglutide against inflammation and myocardial injury
markers (Fig. 3A,B).

Representative H&E-Stained Myocardial Samples
from Sham, CLP-24 h, Semaglutide, and
Semaglutide+Compound-C Groups were Evaluated
to Assess Histopathology

Histopathological examination of myocardial tis-
sues from sham, CLP-24 h, semaglutide, and semaglu-
tide+Compound C groups was conducted using H&E stain-
ing (Fig. 5). Sham group sections exhibited intact my-
ocardial fibers with no evident damage or immune cell in-
filtration under light microscopy. CLP-24 h group sec-
tions displayed disturbed myofiber arrangement, intersti-
tial edema, erythrocyte extravasation, and abundant infil-
trating inflammatory cells. As anticipated, the semaglu-
tide group sections showed only mild edema and lo-
calized vacuolar changes in myocardial fibers. How-
ever, semaglutide+Compound-C group sections exhibited
slightly disordered fibers and substantially increased vac-
uolization compared to semaglutide alone. These find-
ings suggest semaglutide pretreatment confers some de-
gree of protection against sepsis-induced myocardial tis-
sue injury, which is partially reversed by AMPK inhibi-
tion via Compound-C. Further mechanistic studies are war-
ranted to definitively establish the role of AMPK-mediated
autophagy in semaglutide’s cardioprotective effects during
sepsis.

Discussion

Sepsis remains a significant global health challenge
characterized by substantial morbidity and mortality [1–
3]. Early detection, timely intervention, and preventing
complications are crucial for improving outcomes in sep-
sis patients [1]. Myocardial dysfunction commonly occurs
in sepsis and significantly contributes to mortality [1–3].
However, the pathophysiological mechanisms underlying
SIMD are not fully elucidated.

Current evidence indicates SIMD involves excessive
inflammation, oxidative stress, impaired autophagy, and
other factors triggered by infection [1,3]. Autophagy is a
process whereby cells degrade and recycle damaged com-
ponents to maintain homeostasis [4]. Appropriate au-
tophagy levels reportedly protect against sepsis by eliminat-
ing pathogens and clearing damaged organelles. However,
autophagy is markedly suppressed in later SIMD stages [7].
Inhibiting autophagy exacerbates cardiomyocyte apoptosis
and cardiac injury. Thus, restoring physiological autophagy
may represent a promising therapeutic approach for SIMD.

In this study, we utilized a mouse CLP model to char-
acterize autophagy changes in SIMD. The key autophagy
markers LC3II/LC3I and Beclin-1 [19,20] were signifi-
cantly elevated at 6-hour post-CLP versus sham controls,
but decreased to baseline by 24-hour. Conversely, the au-
tophagy substrate p62 markedly decreased at 6-hour but re-
covered by 24-hour. These results demonstrate autophagy
is initially activated but subsequently inhibited as SIMD
progresses, consistent with previous reports [7].
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Fig. 4. Autophagy and AMPK (AMP-activated protein kinase) marker expression in myocardial tissue of sham, CLP-24 h,
semaglutide, and semaglutide+Compound-C groups. (A) Representative western blots showing LC3I, LC3II, Beclin-1, and p62
protein levels. GAPDH was used as loading control. (B) Densitometric quantification of LC3II/LC3I ratio, Beclin-1, and p62 nor-
malized to GAPDH. (C) Representative western blots showing p-AMPK and total AMPK levels. GAPDH was used as loading con-
trol. (D) Densitometric quantification of p-AMPK/AMPK ratio normalized to GAPDH. SEMA, semaglutide group mice; SEMA+CC,
semaglutide+Compound-C group mice; p-AMPK, AMPK Thr172 (threonine 172) phosphorylation. Data represent mean ± SD. *p <

0.05, ***p < 0.001.

Fig. 5. Representative histopathological changes in myocardial tissues of sham, CLP-24 h, semaglutide, and
semaglutide+Compound-C groups. H&E (hematoxylin and eosin) stained sections of myocardial tissue from each group. Ar-
rowheads indicate ruptured myocardial fibers and interstitial edema. Arrows show infiltrated neutrophils. The large image is shown at
10× magnification (Scale bar: 25 µm), while the inset depicts a 40× (Scale bar: 100 µm) magnified view.

Semaglutide, a front-line type 2 diabetes medication,
also mitigates sepsis-induced organ injury by modulating
inflammation and oxidative stress. Autophagy activation
importantly mediates semaglutide’s pharmacological ef-
fects [21,22]. While semaglutide alleviates cardiomyocyte
injury related to obesity via anti-inflammatory actions [12],
its impacts on septic cardiac damage were previously un-
known. Here, we found LC3II/LC3I and Beclin-1 levels
were higher, while p62 was lower, in semaglutide-treated
CLP mice versus CLP controls. Serum markers of my-
ocardial injury and inflammation were also reduced with
semaglutide treatment. Histology revealed attenuated im-
mune cell infiltration and myofibril disarray. These results
suggest enhanced autophagy may underlie semaglutide’s
cardioprotective effects in sepsis.

AMPK is a key cellular energy sensor that maintains
energy homeostasis during stress [23]. Semaglutide has
been shown to exert cardiovascular benefits partly through
modulating AMPK [8,9]. In this study, we found the ratio
of phosphorylated to total AMPK (p-AMPK/AMPK) was
increased with semaglutide treatment in septic mice, indi-
cating AMPK activation may be involved. AMPK can sup-
press inflammation by inhibiting NF-κB signaling [24,25].
As a classic autophagy regulator, AMPK activates the
ULK1 and Beclin-1 proteins to initiate autophagy [10,11].
Therefore, semaglutide may induce cardioprotective au-
tophagy via AMPK. Supporting this possibility, administra-
tion of the AMPK inhibitor Compound C [14,17,18] atten-
uated semaglutide’s effects on autophagy markers, inflam-
mation, and cardiac injury. Further genetic validation is still
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needed to definitively establish the AMPK-autophagy axis
underlying semaglutide’s cardiac protective actions in this
sepsis model.

Conclusions

In summary, impaired autophagy likely contributes to
the progress of SIMD. Semaglutide pretreatment appears
to activate AMPK, restore autophagy, and mitigate sepsis-
inducedmyocardial inflammation and damage. Elucidating
these mechanisms will facilitate developing semaglutide as
a therapeutic strategy against the high morbidity and mor-
tality associated with SIMD.
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