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Introduction
Based on the Third International Consensus Definitions 
for Sepsis and Septic Shock published in 2016, sepsis is 
defined as “a life-threatening organ dysfunction caused 
by dysregulated host response to infection” [1]. Sepsis-
induced myocardial dysfunction (SIMD) is one of the 
most common and serious complications of sepsis with 
a high mortality [2–4]. SIMD is a reversible myocardial 
dysfunction characterized by decreased myocardial con-
tractility and impaired myocardial compliance, including 
ventricular dilation and decreased ejection fraction. It is 
reported that SIMD are responsible for the complicated 
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Abstract
Background  Sepsis-induced myocardial dysfunction (SIMD) may contribute to the poor prognosis of septic patients. 
Carvacrol (2-methyl-5-isopropyl phenol), a phenolic monoterpene compound extracted from various aromatic plants 
and fragrance essential oils, has multiple beneficial effects such as antibacterial, anti-inflammatory, and antioxidant 
properties. These attributes make it potentially useful for treating many diseases. This study aims to investigate the 
effects of CAR on LPS-induced myocardial dysfunction and explore the underlying mechanism.

Results  H9c2 cells were stimulated with 10 µg/ml LPS for 12 h, and c57BL/6 mice were intraperitoneally injected 
with 10 mg/kg LPS to establish a septic-myocardial injury model. Our results showed that CAR could improve 
cardiac function, significantly reduce serum levels of inflammatory cytokines (including TNF-α, IL-1β, and IL-6), 
decrease oxidative stress, and inhibit cardiomyocyte apoptosis in LPS-injured mice. Additionally, CAR significantly 
downregulated the expression of TLR4, MyD88, and NF-κB in LPS-injured mice and H9c2 cells. It also inhibited the 
upregulation of inflammasome components (such as NLRP3, GSDMD, and IL-1β) in H9c2 cells triggered by LPS.

Conclusion  Taken together, CAR exhibited potential cardioprotective effects against sepsis, which may be mainly 
attributed to the TLR4/MyD88/NF-κB pathway and the NLRP3 inflammasome.
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mechanisms, including inflammatory responses, oxida-
tive stress, calcium disturbances, autophagy, apopto-
sis, and mitochondrial dysfunction [2, 4, 5]. Despite of 
numerous pharmacologic and non-pharmacologic treat-
ments that have been applied clinically, there are cur-
rently no effective treatments for SIMD, and antibiotic 
therapy remains the primary treatment approach for 
managing sepsis in clinical settings [2]. In addition, imi-
penem exhibits optimal efficacy in control systemic and 
local inflammation, thereby maintaining all T-lympho-
cyte populations, reducing liver injury, and ultimately 
improving survival rates, it represents a promising ther-
apeutic strategy in the management of sepsis [6]. In our 
study, imipenem was used as a positive drug. Therefore, it 
is an imperious demand to develop more effective drugs 
for myocardial dysfunction.

The lipopolysaccharide (LPS), also known as endotoxin, 
is the main component of the cell wall of Gram-negative 
bacteria. LPS depresses intrinsic myocardial contractil-
ity and is an important factor contributing to myocardial 
dysfunction during sepsis [7]. LPS binds to the pattern 
recognition receptors (PRRs) of innate immune cells, 
which causes the activation of associated downstream 
signaling pathways and the release of inflammatory 
mediators (cytokines, such as chemokines, etc.) [8, 9]. 
Inflammatory cytokine production is regulated by several 
mechanisms, including TLR4 and its downstream sig-
naling pathways, namely the mitogen-activated protein 
kinase (MAPK) and nuclear factor κB(NF-κB) pathways. 
Toll-like receptors of cardiomyocytes, especially TLR4, is 
the key molecule of myocardial dysfunction in sepsis, and 
myocardial inhibitory factors represented by TNF-α, IL-6 
are also involved in the occurrence and development of 
SIMD [10]. The NLRP3 inflammasome, as an important 
component of innate immunity, plays a key role in sepsis 
and septic myocardial injury, and NLRP3 inflammasome 
can be activated by a variety of pathogen-associated 
molecular patterns (PAMPs) [11]. Excessive activation of 
the NLRP3 inflammasome leads to excessive release of 
pro-inflammatory factors and massive cell death, result-
ing in sepsis and multiple organ damage, including myo-
cardial depression, while NLRP3 inhibitor or NLRP3 
knock out reduces the systemic inflammatory response 
and relieves and organ dysfunction [12, 13].

Traditional Chinese medicines have been widely used 
in the treatment of various diseases. Carvacrol (CAR), 
also known as 2-methyl-5-isopropylphenol, is a natu-
ral polyphenol that is commonly found in the essential 
oils of aromatic plants such as oregano (Origanum vul-
gare), thyme (Thymus vulgaris), pepperwort (Lepidium 
flavum), wild bergamot (Citrus aurantium bergamia) 
and fruits of Ajwain (Carum copticum) [14, 15]. CAR 
has a wide range of pharmacological properties, includ-
ing antibacterial, antioxidant, anti-inflammatory and 

analgesic, anti-apoptosis, etc [14, 16–21]. In addition, 
studies have shown that CAR can protect against a vari-
ety of cardiovascular diseases. Previous studies inves-
tigating the possible protective effects of CAR against 
endothelial inflammation in db/db mice. Zhao et al. [22] 
reported that CAR significantly reduced serum levels of 
insulin signaling molecules, insulin, total cholesterol, and 
inflammatory cytokine expression in db/db mice. Sev-
eral studies have confirmed that CAR had a protective 
effect against ischemia-reperfusion, protecting cardiac 
function, reducing infarct size, increasing SOD and CAT 
levels, decreasing MDA levels, and especially decreasing 
cardiomyocyte apoptosis [23, 24]. Moreover, Jafarinezhad 
et al. [25] and El-Sayed et al. [26] demonstrated that CAR 
mitigates doxorubicin-induced cardiotoxicity by reduc-
ing lipid peroxidation, inhibiting TNF-α production, 
and attenuating apoptotic effects. In particular, the role 
of CAR in alleviating inflammatory injury through the 
TLR4 pathway has been validated in several pathological 
scenarios [19, 27]. However, whether CAR protects mice 
from LPS-induced septic myocardial injury through the 
TLR4 pathway has not been reported. In this study, we 
aim to evaluate the potential effect and mechanism of 
CAR in SIMD in vivo and in vitro.

Methods
Animals
Adult male C57BL/6 mice (8 to 10 weeks) were obtained 
from the Experimental Animal Center of the Air Force 
Medical University (Xi’an, China). All animals were 
housed in 60% ± 10% relative humidity and 23℃ ± 2℃ 
temperature room, with 12/12  h light/dark cycle, and 
were free access to water and food. All the animal experi-
ments procedures were performed with the approval 
of the Air Force Military Medical University (No. 
20191206).

Materials
CAR was obtained from Jishui Junda Natural Flavor 
Oil Factory (Jiangxi, China). LPS (From Escherichia 
coli 055:B5) was purchased from Beijing Solarbio Sci-
ence & Technology Co., Ltd. (Beijing, China). Kits for 
the detection of creatine kinase MB (CK-MB), lactate 
dehydrogenase (LDH), cardiac troponin I (cTnI), tumor 
necrosis factor (TNF-α), interleukin-1β (IL-1β), inter-
leukin-6(IL-6), superoxide dismutase (SOD) and malo-
ndialdehyde (MDA) were obtained from Elabscience 
Biotechnology Co., Ltd (Wuhan, China). Dihydroethid-
ium (DHE) were purchased from Invitrogen (Carlsbad, 
USA). Primary antibodies against TLR4 (WL00196), 
MyD88 (WL02494) were purchased from Wanlei Life 
Sciences Co., Ltd (Shenyang, China). Primary antibodies 
against JNK (#9252), phospho-JNK (#4668), phospho-p38 
(#4092), phospho-NF-κB (#3033), phosphor-IκB (#2859), 
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IκB (#76041) and GSDMD (#46451) were purchased from 
Cell Signaling Technology (Boston, USA). Primary anti-
bodies against p-38 (ab170099), NF-κB (ab32536), IL-1β 
(ab283818), TNF-α (ab215188), Bax (ab32503), Bcl-2 
(ab182858), Caspase-3 (ab184787) and GAPDH (ab8245) 
were purchased from Abcam (Cambridge, USA). Primary 
antibodies against NLRP3 (27458-1-AP), β-actin (66009-
1-Ig), Caspase-1(22915-1-AP), IL-18(60070-1-Ig) were 
purchased from Proteintech Group (Chicago, USA). The 
rabbit anti-goat and goat anti-mouse secondary antibod-
ies were obtained from the Zhongshan Company (Bei-
jing, China).

Experimental protocol
To investigate the protective effect of CAR in myocardial 
injury mice by LPS injection. All experimental animals 
were randomly divided into six groups Fig. 1(A): normal 
control (NC) group; LPS group; imipenem (IPM)-treated 
group (120 mg/kg); low-dose CAR-treated group (25 mg/
kg); medium-dose CAR-treated group (50  mg/kg) and 
high-dose CAR-treated group (100  mg/kg). NC group 
was no treatments, mice in the CAR groups were gavaged 
with CAR 25, 50, 100  mg/kg for seven days. Then mice 
in both the model and CAR groups were intraperitone-
ally injected with LPS (10 mg/kg) on the seventh day to 
induced myocardial injury.

Blood samples were collected 12  h after LPS treat-
ment. The serum samples were centrifuged for 15  min 
at 4000×g centrifugation and stored at -80℃ for further 
biochemical evaluation. Then, the mice were anesthe-
tized and euthanasia. Heart tissues were perfused with 
PBS and rapidly dissected stored at -80℃.

Cell culture and treatment
H9c2 cardiomyocyte lines were purchased from 
Tiancheng Technology (Shanghai, China). Normal con-
trol cells were cultured in high-glucose Dulbecco’s 
modified medium (DMEM) (HyClone, Logan, UT, USA) 
supplemented with 10% fetal bovine serum and 1% peni-
cillin/streptomycin at 37℃ in a humidified atmosphere 
(5% CO2). The cell culture medium was replaced with 
fresh medium containing LPS (10 µg/ml) to induce car-
diomyocyte injury model in vitro when the cell density 
reached about 70%. In addition, the NC group cells were 
cultured without any treatment, while the LPS-treated 
cells constituted the model group. Different concen-
trations of CAR (0.75、1.5、3µM) were added to the 
culture medium for 6 h, after which the cells were stim-
ulated with LPS. The cells were collected 12 h after LPS 
stimulation for Western blot analysis.

Echocardiographic assessment
After 12 h of LPS injury, animals were anesthetized with 
Isoflurane (3% for induction; 1.5–2.5% for maintenance), 

cardiac function was assessed by Visual-Sonics high res-
olution Veve 2100 system. All the results were averaged 
from five consecutive cardiac cycles measuring from 
the M-mode images. Left ventricular ejection fraction 
(LVEF) and left ventricular fraction shortening (LVFS) 
were calculated by computer algorithms.

Detection of myocardial zymogram
The LDH was detected through an automated biochemi-
cal analyzer. Serum levels of CK-MB and cTnI (Elab-
science Biotechnology Co., Ltd., Wuhan, China) were 
determined using colorimetric assay, respectively. The 
assay of LDH, CK-MB and cTnI were performed accord-
ing to the manufacturer instructions.

Hematoxylin-eosin staining
A standard histological hematoxylin and eosin (HE) 
staining method was performed. The heart tissue was 
fixed with 4% paraformaldehyde overnight at 4℃ and 
embedded in paraffin and sliced into 5 mm for HE stain-
ing. The tissue samples were observed under a light 
microscope.

Determination of cytokine levels
The serum levels of TNF-α, IL-1β and IL-6 was esti-
mated using mouse TNF-α, IL-1β and IL-6 ELISA kit 
(Elabscience Biotechnology Co., Ltd, Wuhan, China) 
according to the manufacturer instructions. This is a 
double-antibody sandwich ELISA method. Samples were 
diluted and 100 µL of each dilution of standard, blank, 
and samples was added to the pre-coated 96-well plate. 
Then 100 µL biotinylated specific antibody immediately 
added to each well and incubated for 1  h at 37℃. Each 
well was washed with 350 µL of Wash Solution, followed 
by the addition of 100 µL HRP Conjugate and incubation 
for 30 min at 37℃. The wash process was repeated and 
then 90 µL substrate reagent was added to each well and 
incubated for10-20 min at 37℃, followed by the addition 
of 50 µL stop solution and measurement by a microplate 
reader at 450 nm.

Measurement of oxidative stress
The levels of SOD activity and MDA were determined 
using SOD and MDA assay kits according to the manu-
facturer’s instructions. For heart tissues, DHE fluorescent 
probe was used for detecting ROS generation. Frozen 
sections were fixed with iced acetone at 4℃ for 1 h. The 
sections were washed with PBS and incubated with 10 
µM DHE fluorescent probe for h at 37℃. For H9c2 cells, 
after 24  h of CAR intervention, DCFH-DA was diluted 
with serum-free culture medium at 1:1,000 to reach a 
final concentration of 10 µmol/L, and incubated with 
the cells for 20 min. The DCFH-DA that had not entered 
the cells was sufficiently removed. Tissue images were 
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Fig. 1  CAR improved myocardial injury in LPS-injured mice. (A) Experimental design of this study. a: normal group, b: LPS-treated group, c: CAR-treated 
groups (25 mg/kg, 50 mg/kg and 100 mg/kg). (B) Cardiac function of M-mode echocardiography. (C) Left ventricular ejection fraction (LVEF). (D) Left ven-
tricular fractional shortening (LVFS). Data are presented as mean ± SEM, n = 5 for each group. (E) Serum LDH level. (F) Serum CK-MB level. (G) Serum cTnI 
level. Data are presented as mean ± SEM, n = 8 for each group. (H) Representative HE-stained histological images. Arrows indicate cardiac tissues exhibited 
myofibril disorder. **P < 0.01, compared with the NC group; #P < 0.05, ##P < 0.01 compared with the LPS group. CAR, carvacrol; LPS, Lipopolysaccharide; 
LDH, lactate dehydrogenase; CK-MB, creatine kinase MB; cTnI, cardiac troponin I; NC, normal control
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Fig. 2 (See legend on next page.)
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visualized by a fluorescent microscope (Olympus, Tokyo, 
Japan).

TUNEL assay
Extensive DNA degradation is the signature of the late 
stage of apoptosis. TUNEL staining (horseradish per-
oxidase method) was conducted to detect apoptotic 
myocardial cells. All procedures were conducted in 
strict accordance with the manufacturer’s instructions 
of the Wanlei Life Sciences Co., Ltd (Shenyang, China). 
Figures were immediately acquired at 400× magnifica-
tion by a light microscope (Nikon, Tokyo, Japan). The 
proportion of TUNEL-positive cells was counted using 
Image-Pro Plus software (Version 6.0, Media Cybernet-
ics, USA). Five different fields of each section were ran-
domly selected for analysis, and the average value was 
taken as the final value of the sample. The apoptotic ratio 
was expressed as the percentage of the TUNEL-positive 
apoptotic myocytes to the total number of myocytes.

Western blot analysis
Samples of collected homogenized heart tissue or H9c2 
cells were lysed and protein was extracted. Protein were 
transferred to nitrocellulose membranes (Bio-Rad Labo-
ratories) after SDS/PAGE and blocked with 5% skim milk 
in 0.1% Tween 20/Tris Buffered Saline (TBST), the differ-
ent bands of cell membrane were incubated by primary 
antibody against caspase-3 (1:1000), Bax (1:1000), Bcl-2 
(1:1000), NF-κB (1:1000), phospho-NF-κB (1:1000), IκB 
(1:1000), phospho-IκB (1:1000), p38 (1:1000), phospho-
p38 (1:1000), JNK (1:1000), phospho-JNK (1:1000), TLR4 
(1:1000), MyD88 (1:1000), NLRP3 (1:1000), GSDMD 
(1:1000), Caspase-1 (1:1000), IL-1β (1:1000), IL-18 
(1:1000), β-actin (1:2000) and GAPDH (1:2000) overnight 
at 4  °C. The membrane was then washed three times 
with TBST and incubated with a Horseradish peroxidase 
antibody. The band density of the films was detected by 
Imaging Lab system and images were analyzed using 
Image Lab software.

Statistical analysis
The statistical analysis was based on the ANOVA analy-
sis and the Bonferroni multiple comparison posterior 
test and was performed using GraphPad Prism version 

8.0 Software. All values were expressed as mean ± SEM. 
*P < 0.05 was considered statistically significant.

Result
CAR improved myocardial injury in LPS-injured mice
As depicted in Fig.  1(B-D), the LVEF and LVFS in the 
LPS group were significantly reduced compared to the 
NC group. However, pretreatment with 50  mg/kg CAR 
significantly increased LVEF and LVFS. No significant 
difference was observed in the 25  mg/kg or 100  mg/kg 
CAR + LPS group. Serum cTnI, LDH, CK-MB are well-
established markers used to assess myocardial damage. 
Figure  1(E-G) demonstrates that the levels of serum 
LDH, CK-MB and cTnI were significantly elevated in 
the LPS group compared to the NC group. Interest-
ingly, these effects were effectively reversed by pretreat-
ments with 50 mg/kg and 100 mg/kg CAR. As shown in 
Fig. 1(H), the HE staining of the myocardial tissues from 
NC mice did not reveal any significant histopathological 
changes, edema, or inflammation. However, after 24  h 
of LPS induction, the cardiac tissues exhibited myofibril 
disorder, muscle fiber swelling, necrosis, and infiltration 
of inflammatory cells. Importantly, treatment with CAR 
alleviated the aforementioned effects induced by LPS. 
These finding suggest that CAR treatment effectively mit-
igated LPS-induced myocardial dysfunction in mice.

CAR inhibited myocardial inflammation in LPS-injured cells 
and mice
Inflammatory cytokine production is regulated by mul-
tiple mechanisms, including TLR4 and its downstream 
signaling pathways, mitogen-activated protein kinase 
(MAPK) and nuclear factor κB (NF-κB) pathways [28]. 
LPS induces an inflammatory response, resulting in the 
release of several inflammatory cytokines including TNF-
α, IL-1β and IL-6. As shown in Fig. 2(A-C), the expres-
sion of TNF-α, IL-1β and IL-6 was significantly elevated 
in mice subjected to LPS-induced injury. However, CAR 
treatment effectively suppressed these effects. The TLR4/
MyD88/NF-κB signaling pathway plays a critical role in 
the regulation of the inflammatory response [29]. In this 
study, we analyzed the effects of CAR treatment on the 
TLR4, MyD88 and NF-kB pathway under LPS stimula-
tion. Compared to the NC group, the expression levels 
of TLR4, MyD88, NF-κB, p-NF-κB and p-IκB proteins 

(See figure on previous page.)
Fig. 2  CAR inhibited myocardial inflammation of LPS-induced injury in vivo and in vitro. (A-C) The serum level of TNF-α, IL-1β and IL-6. Data are presented 
as mean ± SEM, n = 8 in each group. (D) Representative Western blots images for TLR4, MyD88, NF-κB, p-NF-κB, IκB and p-IκB expression in heart tissues. 
(E) The quantitative analysis for TLR4, MyD88, NF-κB, p-NF-κB, IκB, p-IκB protein expression in heart tissues. (F) Representative Western blots images for 
p38, p-p38, JNK and p-JNK expression in heart tissues. (G) The quantitative analysis for p38, p-p38, JNK and p-JNK protein expression in heart tissues. (H) 
Representative Western blots images for TLR4, MyD88, NF-κB, p-NF-κB, IκB and p-IκB expression in H9c2 cells. (I) The quantitative analysis for TLR4, MyD88, 
NF-κB, p-NF-κB, IκB and p-IκB protein expression in H9c2 cells, GAPDH was used as the internal control. Data are presented as mean ± SEM, n = 3 for each 
group. *P < 0.05, **P < 0.01, compared with the NC group; #P < 0.05, ##P < 0.01 compared with the LPS group. TNF-α, Tumor necrosis factor alpha; IL-1β, 
Interleukin-1β; IL-6, Interleukin-6; TLR4, Toll-like receptor4; MyD88, Myeloid differentiation factor 88; NF-κB, Nuclear factor-kappa B; IκB, Inhibitor of NF-κB; 
JNK, c-JunN-terminal kinase
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in the myocardial tissue of LPS mice were significantly 
upregulated. In contrast, pretreatment with 50  mg/kg 
CAR significantly downregulated the protein expres-
sions of TLR4, MyD88, as well as the phosphorylation 
levels of NF-κB and IκB. Meanwhile, a similar trend was 
also observed in LPS-treated H9c2 cells with CAR treat-
ment. Also, we examined the MAPK signaling pathway. 
As shown in Fig.  2(F-G), compared to the normal con-
trol group, LPS significantly increased the phosphoryla-
tion levels of p38 and JNK proteins in myocardial tissue, 
however pretreatment with CAR significantly decreased 
p-p38 and JNK protein expression. These results suggest 
that CAR inhibits LPS-mediated inflammatory response-
induced cardiac injury through the TLR4/NF-κB/MAPK 
signaling pathway.

CAR attenuated oxidative stress in LPS-injured cells and 
mice
LPS promotes cardiac mitochondrial ROS formation and 
oxidative stress, which further triggers cell membrane 
lipid peroxidation, mitochondrial dysfunction, intracel-
lular calcium ion imbalance, etc., and ultimately leads 
to cardiomyocyte damage and death [5]. As shown in 
Fig.  3, ROS production was significantly increased both 
in LPS-treated H9c2 cells and cardiac tissues of mice. 
However, CAR treatment remarkably reversed the LPS-
induced ROS accumulation. In addition, CAR treatment 
improved the reduction of SOD activity and decrease 
MDA levels in LPS mice. These results indicated that 
CAR treatment relieved myocardial injury by suppressing 
LPS-induced oxidative stress.

CAR alleviated myocardial apoptosis in LPS-mediated 
injury
Figure 4 showed that CAR treatment decreased the num-
ber of TUNEL-positive cells in the LPS group, indicat-
ing a low degree of apoptosis. To further investigate the 
molecular mechanism of CAR-mediated cardiac protec-
tion against sepsis, the protein levels of Bcl-2, Bax and 
caspase-3 were detected by Western blot. As expected, 
the expression of pro-apoptotic proteins Bax and Cas-
pase-3 were apparently increased while the expression 
level of the anti-apoptotic protein Bcl-2 decreased in LPS 
mice. However, these effects were reversed by the CAR 
pretreatment. The above observation was also verified in 
H9c2 cells, as revealed by decreased protein expression 
of Bcl-2 and increased protein expression of Caspase-3 
and Bax. The data implied that with CAR treatment alle-
viated LPS-induced cardiomyocyte apoptosis.

CAR inhibited pyroptosis in vitro model of LPS-induced 
injury
Finally, we examined the expression of NLRP3 inflam-
mation proteins in vitro. As shown in Fig. 5, H9c2 cells 

exhibited a signature morphology of pyroptosis with cell 
swelling and membrane rupture after LPS challenge (red 
arrow). Moreover, CAR significantly downregulated the 
expression of NLRP3, GSDMD, Caspase-1, IL-1β and 
IL-18 proteins in the LPS-injured cells. These data sug-
gest a role for CAR in protecting H9c2 cells against LPS 
injury-induced.

Discussion
Despite great efforts in basic research and clinical prac-
tice of SIMD in recent decades, the morbidity and mor-
tality remain high [4]. The purpose of this study aims to 
find out the potential drugs for SIMD from natural drugs 
as well as to clarify the underlying mechanism. Terpe-
noids, especially monoterpenoids, have been shown to 
play a significant role in improving cardiovascular func-
tion and reducing risk factors for cardiovascular disease 
by protecting the vascular endothelium, antioxidizing, 
and scavenging free radicals [30]. CAR is a monoterpene 
phenolic compound with a wide range of applications 
due to its comprehensive pharmacological effects such as 
anti-inflammatory, antioxidant, antibacterial [27, 31–33]. 
In recent years, studies have shown that CAR plays an 
important role in sepsis-induced organ damage. Yan et 
al. [34] evidenced that the role of CAR in LPS-induced 
multi-organ damage, CAR significantly inhibited LPS-
induced serum levels of the inflammatory cytokine IL-6 
through modulation of the ERK1/2 signaling pathway in 
macrophages, thereby protecting mice from LPS-induced 
damage and ameliorating pathological damage in the 
liver, lungs, and heart. Joshi.et.al [35] demonstrated that 
CAR protects the cardiac from LPS-induced sepsis by 
decrease the levels of pro-inflammatory cytokines IL-1β 
and TNF-α in the cardiac, inhibited ROS production, 
and reduced NLRP3 inflammasome-mediated pyropto-
sis associated protein expression, in addition to activat-
ing autophagy. In our study, we demonstrated that CAR 
ameliorate LPS-induced myocardial dysfunction through 
the combination of TLR4/MYD88-mediated MAPK 
and NF-κB, and NLRP3-mediated pyroptosis pathways, 
which more comprehensively reveals and complements 
the mechanism of action of CAR in the treatment of 
SIMD.

Toll-like receptors (TLRs) are important recognition 
receptors in the process of inflammatory responses. 
TLR4, as the main receptor for LPS, can recognize Gram-
negative bacteria [36, 37]. TLR4 binds to the down-
stream signaling ligand MyD88, then activates NF-κB, 
and forms the TLR4/MyD88/NF-κB axis, promoting the 
transcription and release of various inflammatory media-
tors, such as TNF-α, IL-1 and IL-6, the phenomenon 
known as cytokine storm. Due to the enormous role of 
the TLR4 signaling cascade, its extracellular and intracel-
lular components are attractive therapeutic targets for 
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Fig. 3  CAR attenuated oxidative stress in LPS-induced injury in vivo and in vitro. (A) Representative images of ROS staining in heart tissues(200x). (B) 
Staining of intracellular ROS by DHE staining in H9c2 cells (400×). (C) DHE relative fluorescence in myocardium (%). (D) DCFH-DA fluorescence intensity 
in H9c2 cells (%). (E-F) SOD and MDA levels in cardiac tissue. Data are presented as mean ± SEM, n = 8 for each group. *P < 0.05, **P < 0.01, compared with 
the NC group; #P < 0.05, ##P < 0.01 compared with the LPS group. ROS, reactive oxygen species; DHE, Dihydroethidium; SOD, superoxide dismutase; MDA, 
malondialdehyde
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Fig. 4  CAR alleviated myocardial apoptosis in LPS-induced injury in vivo and in vitro. (A) TUNEL staining of each group. (B) TUNEL positive cell (%). (C) 
Representative Western blot images of Caspase-3, Bax and Bcl-2 in mice. (D) The protein levels of Caspase-3, Bax and Bcl-2 of each group. (E) Representa-
tive Western blots for Caspase-3, Bax and Bcl-2 expression in H9c2 cells. (F) The quantitative analysis for Caspase-3, Bax and Bcl-2 protein expression in 
H9c2 cells, GAPDH was used as the internal control. Data are presented as mean ± SEM, n = 3 for each group. *P < 0.05, **P < 0.01, compared with the NC 
group; #P < 0.05, ##P < 0.01 compared with the LPS group. TUNEL, Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick End Labeling; Bax, BCL2-
Associated X; Bcl-2, B-cell lymphoma-2
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Fig. 5  CAR inhibited pyroptosis in LPS-induced cells. (A) Normal cultured H9c2 cells morphology. (B) Representative cellular morphology images of 
LPS-induced pyroptosis in H9c2 cells. (C) Representative Western blots images for NLRP3, GSDMD, Caspase-1, IL-1β and IL-18 expression in H9c2 cells. (D) 
The quantitative analysis for NLRP3, GSDMD, Caspase-1, IL-1β and IL-18 protein expression in H9c2 cells, β-actin was used as the internal control. Data are 
presented as mean ± SEM, n = 3 for each group. *P < 0.05, **P < 0.01, compared with the NC group; #P < 0.05, ##P < 0.01 compared with the LPS group. NLRP3, 
NLR family pyrin domain containing 3; GSDMD, Gasdermin D; IL-18, Interleukin-18
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acute injury, such as sepsis [10]. Under normal circum-
stances, NF-κB often occurs as a dimer (p65-p50), which 
binds to the inhibitory protein IκB to form an inactive 
trimer (p65-p50-IκB). When LPS invades, it can bind 
to TLR4 in the outer membrane and activate the NF-κB 
pathway through Pathogen-associated molecular pat-
terns (PAMPs). IκB is phosphorylated and degraded by 
IκB kinase (IKK), and IκB is separated from NF-κB. Sub-
sequently, activated NF-κB enters the nucleus and acti-
vates the transcription and expression of inflammatory 
mediators TNF-α, IL-1β, and IL-6 [38, 39]. This study 
found that LPS injection could activate the TLR4/NF-κB 
pathway. It was found that CAR could reverse the inflam-
matory injury caused by LPS and reduced the protein 
expression levels of TLR4 and NF-κB to exert a protec-
tive effect on septic myocardial injury.

LPS can not only activate the NF-KB signaling pathway, 
but also activate the mitogen-activated protein kinase 
(MAPK) signaling pathway [40, 41]. MAPK pathway is 
another important signal transduction pathway related 
to inflammation. ROS cause inflammatory responses by 
activating the MAPK signaling pathway, which in turn 
mediates the production of pro-inflammatory cytokines 
[42]. In our study, the expression levels of phosphorylated 
JNK and p38 protein in myocardial tissue were signifi-
cantly increased, indicating that LPS injury can activate 
the cardiac MAPK signaling pathway, while pretreatment 
with CAR can significantly inhibit the phosphorylation 
of JNK and p38 in myocardial tissue. The above results 
suggest that the ability of CAR to suppress inflammation 
may be also attributed to the inhibition phosphorylation 
level of JNK and p38 proteins.

Apoptosis is important to maintain the normal growth 
and development of the body and protect the normal 
physiological metabolism of cells [43]. When stimulated 
by growth factors, hypoxia, oxidative stress, or DNA 
damage, apoptosis occurs, and disrupts the balance of the 
body, causing irreversible damage [43, 44]. Studies have 
shown that apoptosis exists in a variety of cardiovascular 
diseases, including sepsis and myocardial injury [8, 45]. 
To further investigate the mechanism of CAR-elicited 
amelioration effect on myocardial apoptosis, we focused 
on the levels of apoptosis-related proteins in mouse 
hearts. Bcl-2 acts as an inhibitor of apoptosis, while 
another family member Bax can promote apoptosis [46]. 
Our results showed that CAR pretreatment decreased 
Caspase-3 and Bax protein expressions and increased 
Bcl-2 protein expression in LPS-injured mice, suggesting 
the conspicuous anti-apoptosis activity of CAR against 
sepsis. Oxidative stress injury is also an important cause 
of myocardial injury in sepsis, and excessive ROS produc-
tion causes damage to the heart, aggravate myocardial 
inflammation during sepsis, as well as directly destroy the 
structure of cardiomyocytes and promote apoptosis [5]. 

Therefore, inhibition of ROS production is essential for 
the treatment of sepsis. In our study, ROS levels were ele-
vated in myocardial tissue and H9c2 cells after LPS treat-
ment, and CAR reversed the associated changes.

The NLRP3 inflammasome can be activated by ROS-
dependent signaling upon stimulation by PAMPs such 
as LPS [47]. ROS is important messengers for promoting 
inflammasome activation. They are also thought to play 
an important role in driving activation of the NLRP3/
Caspase-1 complex and further leading to pyroptosis 
[48, 49]. In recent years, increasing studies have shown 
that the NLPR3 inflammasome/Caspase-1/IL-1β path-
way may be involved in the occurrence of septic cardiac 
dysfunction due to excessive inflammatory response [50]. 
During pyroptosis, upstream stress signaling activates 
caspase-1, which directly leads to the GSDMS cleavage 
and the production of the C-terminal domain and the 
N-terminal product (GSDMD-N) that binds to phos-
pholipid proteins on the cell membrane [51]. This altera-
tion results in the formation of cell holes, the rupture of 
cells, the outflow of contents and the massive release of 
inflammatory factors, ultimately leading to cell death and 
the occurrence of surrounding inflammatory responses 
[52, 53]. In our study, the levels of IL-1β, IL-18 and 
pyroptosis-related proteins such as NLRP3, Caspase-1 
and GSDMD were all increased by LPS challenge, while 
CAR pretreatment remitted the LPS-induced pyrop-
tosis. Therefore, in addition to inhibiting inflammation 
and apoptosis, CAR can also inhibit LPS-induced myo-
cardium injury by inhibiting the NLRP3/Caspase-1/
GSDMD-mediated pyroptosis pathway.

In conclusion, this study demonstrated the protective 
effect of CAR against LPS-induced myocardial injury. 
Mechanistically, CAR significantly reduce LPS-induced 
inflammation, pyroptosis, apoptosis, and oxidative stress, 
which was partly related to the inhibition of TLR4/
MyD88/NF-κB and NLRP3 inflammasome pathways. 
Our findings suggest that carvacrol may be a promising 
compound for the treatment of SIMD.
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