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Role of Thymoquinone in Cardiac Damage Caused by Sepsis
from BALB/c Mice

Hongyang Liu,1 Yan Sun,2 Ying Zhang,3 Guang Yang,1 Lipeng Guo,4 Yue Zhao,5 and Zuowei Pei
6,7

Abstract— Sepsis is a major health complication causing patient mortality and increased
healthcare costs. Cardiac dysfunction, an important consequence of sepsis, affects mortality.
We previously reported that thymoquinone (TQ) protected against hyperlipidemia and
doxorubicin-induced cardiac damage. This study investigated the possible protective effects
of TQ against cardiac damage in septic BALB/c mice. Eight-week-old male BALB/c mice
were divided into four groups: control, TQ, cecal ligation and puncture (CLP), and TQ +CLP.
CLP was performed after 2-week TQ gavage. After 48 h, we measured the histopathological
alterations of the cardiac tissue and the plasma levels of troponin-T (cTnT) and ATP. We
evaluated autophagy (p62 and beclin 1), pyroptosis (NLRP3, caspase-1, interleukin [IL]-1β,
and IL-18) at the gene and protein levels and IL-6 and tumor necrosis factor-α (TNF-α) at the
gene level. Our results demonstrated that TQ administration significantly reduced intestinal
histological alterations. TQ inhibited plasma cTnT levels; improved ATP; significantly
inhibited p62, NLRP3, caspase-1, IL-1β, IL-18, IL-6, TNF-α, and MCP-1expressions; and
increased beclin 1 and IL-10 level. The phosphatidylinositide 3-kinase level was significantly
decreased in the TQ + CLP group versus the CLP group. These results suggest that TQ
effectively modulates autophagy, pyroptosis, and pro-inflammatory, making it important in
the treatment of sepsis-induced cardiac damage.
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INTRODUCTION

Sepsis is defined as a life-threatening pathological
alteration to the severe condition of patients hospitalized
in intensive care units. Over the past few decades, re-
searches have noted a significant increase in the morbidity
of sepsis [1–3]. Although increasing evidence suggests that
the enhanced production of many inflammatory cytokines
can directly or indirectly cause cardiac damage, the precise
mechanisms of myocardial dysfunction in sepsis remain
undefined [4–6]. In recent years, many studies have shown
that autophagy is a tightly regulated intracellular catabolic
process that serves as the cellular quality control mecha-
nism of the disposal of damaged and dysfunctional
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organelles and protein aggregates; thus, it is widely impli-
cated in pathophysiological processes, including cardio-
vascular diseases [7, 8]. Pyroptosis is an inflammatory
form of programmed cell death. In general, pyroptosis
protects multicellular host organisms against invasive path-
ogenic bacteria and microbial infections; however, it also
causes sepsis and septic shock when overactivated [9–12].
To date, however, available treatments to protect against
sepsis-induced cardiac damage have been varied and
limited.

Interest has recently grown in the use of natural
phytochemical compounds for the alternative treatment of
several conditions including cardiovascular diseases. One
of these compounds, thymoquinone (TQ), is the main
active ingredient of Nigella sativa, commonly known as
black cumin or black seed, an annual flowering plant native
to Mediterranean countries [13]. We previously reported
that TQ protected against hyperlipidemia and doxorubicin-
induced cardiac damage [14, 15].

Here, we investigated the role of TQ in sepsis-
induced cardiac damage. Our results contribute to our
understanding of the beneficial role and mechanism of
action of TQ in sepsis-induced cardiac disorders. This
study reveals a novel role of TQ in modulating autophagy,
pyroptosis, and inflammatory expression and provides a
new potential application of treating sepsis-induced cardiac
damage.

Animals

All animal studies were approved by the Animal
Studies Committee of the affiliated Zhongshan Hospital
of Dalian University. Male BALB/c mice were purchased
from Beijing Vital River Lab Animal Technology Co., Ltd.
(Beijing, China) and maintained under controlled condi-
tions (temperature, 23–25 °C; humidity, 40–60%; 12-h
light/dark cycle).

Murine Model of Sepsis

To induce polymicrobial sepsis, we used an
established murine model of cecal ligation and puncture
(CLP) as previously described [16]. Briefly, the mice were
anesthetized with sodium pentobarbital (100 mg/kg intra-
peritoneal). The peritoneumwas opened and the bowel was
exposed. Two-thirds of the caecum was tied off and punc-
tured once with a 21-gauge needle. Gentle pressure was
applied at the perforation sites to extrude a small amount of
feces, which was then returned to the peritoneal cavity. The
laparotomy site was then stitched. Sham-operated mice
underwent the same procedure, which included opening

the peritoneum and exposing the bowel but did not include
the ligation or needle perforation. The 48 eight-week-old
male mice were randomly divided into four groups (n = 12
each): control; TQ (50 mg/kg/day; Sigma-Aldrich, St.
Louis, MO, USA), CLP, and CLP + TQ. CLP was per-
formed after the mice were subjected to 2-week TQ ga-
vage. Forty-eight hours later, all surviving mice were killed
and blood samples were obtained from the inferior vena
cava, collected in serum tubes, and stored at − 80 °C until
being used. Coronal sections of the cardiac tissues were
fixed in 10% formalin and then embedded in paraffin for
histological evaluation. The remainder of the cardiac tis-
sues was snap-frozen in liquid nitrogen for mRNA or
immunoblotting analysis. All animal experiments were
performed in accordance with the Guide for the Care and
Use of Laboratory Animals. The study was approved by
the ethical committee of the affiliated Zhongshan Hospital
of Dalian University.

Serum Analysis

Serum concentrations of cTnT and ATP were mea-
sured using an enzyme-linked immunosorbent assay kit
(Westang, Shanghai, China).

Hematoxylin and Eosin Staining

Cardiac tissues were fixed in 10% buffered formalin
solution, followed by paraffin embedding. Serial sections
(4 μm) were subjected to hematoxylin and eosin staining
for assessing the pathological changes.

Morphologic Analysis and immunohistochemistry
Immunohistochemistry was performed using a Histone
Simple Stain Kit (Nichirei, Tokyo, Japan) according to
the manufacturer’s instructions. Briefly, paraffin-
embedded sections were deparaffinized with xylene and
then rehydrated in a descending series of ethanol washes.
The sections were treated for 15 min with 3% H2O2 in
methanol to inactivate endogenous peroxidases and then
incubated at room temperature for 1 h with primary anti-
bodies to p62 (rabbit anti-p62 antibody, 1:200; Proteintech,
Wuhan, China), beclin 1 (rabbit anti-beclin 1 antibody,
1:200; Proteintech), caspase-1 (rabbit anti-caspase-1 anti-
body, 1:200; Proteintech), NLRP3 (rabbit anti-NLRP3 an-
tibody, 1:200; Proteintech), interleukin (IL)-1β (rabbit
anti- IL-1β antibody, 1:500; Proteintech), and IL-18 (rabbit
anti-IL-18 antibody, 1:400; Proteintech). Tissue sections
were observed under microscopy (Olympus, Tokyo,
Japan).
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RNA Isolation and Real-Time Reverse Transcription
Polymerase Chain Reaction

Total RNA was isolated from cardiac tissues using
ISOGEN (Nippon Gene, Tokyo, Japan) according to the
manufacturer’s protocol. Complementary DNA (cDNA)
was synthesized from the total RNA using a first-strand
cDNA synthesis kit (SuperScript VILO cDNA Synthesis
Kit; Life Technologies Carlsbad, CA, USA) according to
the manufacturer’s protocol. Gene expression was quanti-
tatively analyzed by real-time reverse transcription poly-
merase chain reaction using fluorescent SYBR Green tech-
nology (Light Cycler; Roche Molecular Biochemicals).
Beta-actin cDNA was amplified and quantitated in each
cDNA preparation to normalize the relative amounts of the
target genes. Primer sequences are listed in Table 1.

Western Blotting for Cardiac Tissues

Proteins were extracted from cardiac tissues using
radioimmunoprecipitation assay buffer (P0013B;
Beyotime, Shanghai, China). Samples were electropho-
resed on 10% sodium dodecyl sulphate–polyacrylamide
gel electrophoresis and proteins were transferred to
polyvinylidene fluoride membranes (Immobilon,
Millipore, Billerica, MA, USA). The membranes were
blocked in Tris-buffered saline with 0.1% Tween-20 con-
taining 5% skim milk and then incubated in primary anti-
body diluent (P0023A; Beyotime) and gently shaken over-
night at 4 °C. Primary antibodies against p62 (rabbit anti-

p62 antibody, 1:1000; Proteintech), beclin 1 (rabbit anti-
beclin 1 antibody, 1:1000; Proteintech), caspase-1 (rabbit
anti-caspase-1 antibody, 1:100; Proteintech), NLRP3 (rab-
bit anti-NLRP3 antibody, 1:1000; Proteintech), IL-1β (rab-
bit anti-IL-1 β antibody, 1:1000; Proteintech), IL-18 (rab-
bit anti-IL-18 antibody, 1:1000; Proteintech), and anti-β-
actin (1:1000; Cell Signaling Technology). Membranes
were then incubated with secondary antibody (anti-rabbit
Ig-G, 1:1000; Cell Signaling Technology) for 1 h. This
analysis was performed independently three times. Protein
levels are expressed as protein/β-actin ratios to minimize
loading differences. The relative signal intensity was quan-
tified using NIH Image J software.

Statistical Analysis

All data are presented as mean ± SEM. The statistical
analysis was performed using SPSS version 23.0 (SPSS
Inc., Chicago, IL, USA). Inter-group variation was mea-
sured by one-way analysis of variance and a subsequent
Tukey’s test. The minimal level for significance was P <
0.05.

RESULTS

Metabolic Characterization

The metabolic characteristics of the BALB/c mice in
the four groups after treatment are summarized in Fig. 1.

Table 1. Primer oligonucleotide sequences

Gene Primers

TNF-α F:5′-TCTCATGCACCACCATCAAGGACT-3′
R:5′-ACCACTCTCCCTTTGCAGAACTCA-3′

IL-6 F:5′-TACCAGTTGCCTTCTTGGGACTGA-3′
R:5′-TAAGCCTCCGACTTGTGAAGTGGT-3′

MCP-1 F:5′-ACTGAAGCCAGCTCTCTCTTCCTC-3′
R:5′-TTCCTTCTTGGGTCAGCACAGAC-3′

IL-10 F:5′-GACAACATACTGCTAACCGACT-3′
R:5′-ATCACTCTTCACCTGCTCCAC-3′

NLRP3 F:5′-CTGCGGACTGTCCCATCAAT-3′
R:5′-AGGTTGCAGAGCAGGTGCTT-3′

IL-1β F: 5′-TGCCACCTTTTGACAGTGAT-3′
R: 5′-TGTGCTGCTGCGAGATTTGA-3′

IL-18 F: 5′-ATGGCTGCTGAACCAGTAGAAG-3′
R: 5′-CAGCCATACCTCTAGGCTGGC-3′

Caspase-1 F: 5′-AACCAGGAGAATGTTTCCAACCT-3′
R: 5′-AAACACCAGGCCAAGCTTCTT-3′

β-actin F:5′-CGATGCCCTGAGGGTCTTT-3′
R:5′-TGGATGCCACAGGATTCCAT-3′

TNF-α tumor necrosis factor-α, IL-6 interleukin-6, IL-1β interleukin-1β
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Heart/body weights did not differ among the four groups.
The levels of cTnT were markedly increased in the CLP
group but significantly decreased in the TQ + CLP group.
There were no differences among the control, TQ and
TQ + CLP groups.

TQ Reduced Cardiac Histopathological Damage in
CLP Group Mice

To evaluate inflammatory cell infiltration into the
cardiac tissue, hematoxylin and eosin staining was per-
formed (Fig. 2). The TQ +CLP group mice showed mark-
edly reduced inflammatory cell infiltration in the cardiac
tissue compared to CLP group mice. These results indicate
that TQ reduced leukocyte infiltration into the cardiac
tissue in BALB/c mice.

TQ Decreased p62 and Increased Beclin 1 Expression
in the Cardiac Tissues of CLP Group Mice

To evaluate p62 and beclin 1 expression in the
cardiac tissues, p62 and beclin 1 immunostainings were
performed (Fig. 3a). The TQ + CLP group had markedly
reduced p62 and increased beclin 1 expressions in the
cardiac tissues compared to the CLP group. Immuno-
blotting was performed for p62 and beclin 1 proteins
(Fig. 3b). We found that p62 protein expression was

decreased and beclin 1 protein expression was signifi-
cantly increased in the TQ + CLP group compared with
the CLP group (Fig. 3c). These results indicate that TQ
reduced p62 and increased beclin 1 expressions in the
CLP group mice.

TQ Reduced Pyroptosis Expression in the Cardiac
Tissue of CLP Group Mice

To evaluate pyroptosis expression in the cardiac tis-
sues, NLRP3, caspase-1, IL-1β, and IL-18 immunohisto-
chemical analysis was performed (Fig. 4b). We found the
TQ + CLP group had markedly reduced NLRP3, caspase-
1, IL-1β, and IL-18 expression in cardiac tissues compared
to the CLP group. Reverse transcription polymerase chain
reaction was performed for NLRP3, caspase-1, IL-1β, and
IL-18 gene expression (Fig. 4a). We found that NLRP3,
caspase-1, IL-1β, and IL-18 gene expressions were signif-
icantly suppressed in the TQ + CLP group compared to the
CLP group. Immunoblotting was performed for NLRP3,
caspase-1, IL-1β, and IL-18 proteins (Fig. 4c). We found
that NLRP3, caspase-1, IL-1β, and IL-18 expressions were
significantly suppressed in the TQ + CLP group compared
to the CLP group (Fig. 4d). These results indicated that TQ
reduced NLRP3, caspase-1, IL-1β, and IL-18 expression
in the CLP group mice.

Fig. 1. Metabolic data from the BALB/c mice of the four groups after treatment. Heart/body weights as well as cTnTand ATP expressions of the four groups
after treatment are presented. Data are mean ± SEM; n = 10–12 per group. *P < 0.05 vs CLP group.

Fig. 2. Inflammatory cell infiltration in the cardiac tissue from the BALB/c mice of the four groups after treatment. Representative hematoxylin and eosin
staining for morphology damage in the cardiac tissue of mice with different diets. Scale bar = 100 μm. The arrows indicate damage.
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TQ Reduced Phosphatidylinositide 3-Kinase Expres-
sion in Cardiac Tissues of CLP Group Mice

To investigate the effect of TQ on regulation of the
phosphatidylinositide 3-kinase (PI3K) signaling pathway,
we analyzed the PI3K level in the respective treatment
groups by performing immunoblotting (Fig. 5a). We found
a higher PI3K expression level in the CLP group than in the
control group. Additionally, the TQ + CLP group exhibited
significantly suppressed PI3K levels compared the CLP
group (Fig. 5b).

TQ Reduced Pro-inflammatory Cytokines (IL-6, TNF-
α, and MCP-1) Gene and Increased IL-10 Gene Ex-
pression in Cardiac Tissues of CLP Group Mice

To examine the involvement of pro-inflammatory
cytokines in the gene expression of cardiac tissues of the
four groups of mice, the gene expressions of IL-6, TNF-α,
MCP-1, and IL-10 were measured using real-time poly-
merase chain reaction (Fig. Fig. 6). IL-6, TNF-α, and
MCP-1 expressions were upregulated in the CLP group;
however, this upregulation was attenuated in the TQ + CLP

Fig. 3. P62 and beclin 1 expression in the cardiac tissues from the BALB/c mice of the four groups after treatment. a Representative immunohistochemistry
of p62 and beclin 1 in cardiac tissues. Scale bar = 100μm.Arrows indicate positively stained cells. b Immunoblotting for p62 and beclin 1 in cardiac tissues. c
Bar graph showing quantification of p62 and beclin 1 protein expressions. Data are given as mean ± SEM; n = 3–4 in each group. *P < 0.05 vs. CLP group.
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group. IL-10 expressions were downregulated in the CLP
group; however, this downregulation was increased in the
TQ + CLP group.

DISCUSSION

This study demonstrated that TQ has a protective
effect against cardiac damage via autophagy,
pyroptosis, and pro-inflammatory cytokine expression.
According to these metabolic characteristics, we found
that cTnT increased in the CLP group compared with
the control group. In sepsis, cTnT is an important
indicator of cardiac damage. These results are in agree-
ment with the report by Ming Chu [17]. Interestingly,
cTnT was significantly suppressed in the TQ + CLP
group compared to that in the CLP group. However,
further studies are needed to clarify the mechanisms. It
is generally accepted that inflammatory mediators ac-
tivate numerous molecular signals to produce
cardiosuppressive cytokines, resulting in septic cardio-
myopathy [18]. As a result, increased inflammatory
cell infiltration led to the release of greater inflamma-
tion in the CLP group than the TQ + CLP group. Taken
together, the serum and histological results confirmed
cardiac damage in the CLP group; however, the dam-
age was significantly suppressed in the TQ + CLP
group.

Recent studies reported that autophagy also plays an
important role in septic myocardial depression. Accumu-
lating evidence has shown that autophagic activity in
cardiomyocytes changes during sepsis, but the results are
unclear [19, 20]. P62 and beclin 1 are two major proteins in
autophagy, and previous studies showed that p62 expres-
sion increased and beclin 1 expression decreased in cardiac
damage and in sepsis [21–23]. We obtained the same result
in our study, in which we analyzed p62 and beclin 1
expression in the cardiac tissue with immunohistochemis-
try and immunoblotting and showed that p62 significantly
increased and beclin 1 significantly decreased in the CLP
group, whereas p62 markedly decreased and beclin 1
markedly increased in the TQ + CLP group compared with
the CLP group.

Recent studies have reported that pyroptosis con-
tributes to development of sepsis and septic shock [24,
25]. Pyroptosis induces an extensive inflammatory re-
sponse [26, 27]. The role of the NLRP3 inflammasome
has been established in various immune and inflamma-
tory diseases [28, 29]. Wu and colleagues established a
classic septic model in rats by CLP and studied the role
of NLRP3 in sepsis by injecting rats with Nlrp3 short
hairpin RNA plasmids (Nlrp3 shRNA). They found that
Nlrp3 knockdown attenuated hyperbileacidaemia by re-
storing the abundance of hepatocyte transporters and
suppressing the production of hepatic cytokines, neutro-
phil infiltration, and macrophage pyroptosis during

Fig. 5. PI3K levels in the cardiac tissues of the four groups of BALB/cmice after various treatments. a Immunoblotting to detect the PI3K level in the cardiac
tissues. bBar graph depicts the quantification of PI3K expression level. Data are shown asmean ± SEM; n = 3–4 in each group. *P < 0.05 vs. the CLP group.

Fig. 4. NLRP3, caspase-1, IL-1β, and IL-18 expressions in the cardiac tissues from the BALB/c mice of the four groups after treatment. a Relative mRNA
expression of NLRP3, caspase-1, IL-1β, and IL-18 in the cardiac tissue. b Representative immunohistochemistry of NLRP3, caspase-1, IL-1β, and IL-18 in
cardiac tissues. Scale bar = 100 μm. The arrows indicate positively stained cells. c Immunoblotting for NLRP3, caspase-1, IL-1β, and IL-18 in the cardiac
tissues. d Bar graph showing quantification of NLRP3, caspase-1, IL-1β, and IL-18 protein expressions. Data are given as mean ± SEM; n = 3–4 in each
group. *P < 0.05 vs. the CLP group.
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sepsis [29]. Thus, NLRP3 could be a promising molec-
ular target for sepsis treatment. Many studies have shown
that NLRP3 recruits caspase-1, leading to the activation
of caspase-1, maturation and secretion of IL-1β and IL-
18, and initiation of pyroptosis [30–33]. Our results
showed that TQ + CLP group had markedly reduced
NLRP3, caspase-1, IL-1β, and IL-18 expressions in the
cardiac tissues compared to the CLP group. These results
indicate that TQ downregulated pyroptosis in the CLP
group mice.

Previous studies suggested that the PI3K pathway is
closely associated with autophagy and pyroptosis. Zhang
et al. suggested that the PI3K/protein kinase B (Akt)/mam-
malian target of the rapamycin signaling pathway is in-
volved in Schisandrin B-induced autophagy in AML-12
and RAW 264.7 cells [34–36]. Our study showed that the
TQ + CLP group exhibited significantly suppressed PI3K
levels compared to the CLP group. Thus, it is speculated
that TQ regulates autophagy and pyroptosis via the PI3K
pathway.

Pro-inflammatory genes (TNF-α, IL-6, and MCP-1)
are reportedly expressed at high levels and contribute to

cardiac damage in sepsis [37, 38]. PI3K pathway also is
closely associated with inflammatory cytokines [39]. The
present study showed that TNF-α, IL-6, and MCP-1 gene
expressions were reduced in the TQ + CLP group com-
pared to the CLP group.

Our study established that TQ contributes to the mit-
igation of sepsis-induced cardiac damage via autophagy,
pyroptosis, and pro-inflammatory cytokine expression.
These findings provide new insight into the role of TQ in
sepsis-induced cardiac damage and raise the possibility of a
novel therapeutic intervention to prevent the progression of
cardiovascular diseases.
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Fig. 6. Expression of pro-inflammatory genes in the cardiac tissues from the BALB/c mice of the four groups after treatment. Relative mRNA expression of
IL-6, TNF-α, MCP-1, and IL-10 in the cardiac tissues of the four groups after treatment. Data are given as mean ± SEM; n = 6 in each group. *P < 0.05 vs. the
CLP group.
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