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Abstract. Sepsis-induced cardiomyopathy (SIc) is a compli-
cation of severe sepsis and septic shock characterized by an 
invertible myocardial depression. This study sought to explore 
the potential effects and mechanism of luteolin, a flavonoid 
polyphenolic compound, in lipopolysaccharide (LPS)-induced 
myocardial injury. Experimental mice were randomly allo-
cated into 3 groups (25 mice in each group): The control group 
(Nc), the LPS group (LPS) and the LPS + luteolin group 
(LPS + Lut). Before the SIc model was induced, luteolin was 
dissolved in dMSO and injected intraperitoneally for 10 days 
into LPS + Lut group mice. Nc group and LPS group mice 
received an equal volume of dMSO for 10 days. On day 11, 
the animal model of sepsis-induced cardiac dysfunction was 
induced by intraperitoneal injection of LPS. A total of 12 h 
after LPS injection, measurements and comparisons were 
made among the groups. Luteolin administration improved 
cardiac function, attenuated the inflammatory response, 
alleviated mitochondrial injury, decreased oxidative stress, 
inhibited cardiac apoptosis and enhanced autophagy. In 
addition, luteolin significantly decreased the phosphorylation 
of AMP-activated protein kinase (AMPK) in septic heart 
tissue. The protective effect of luteolin was abolished by 
3-methyladenine (an autophagy inhibitor) and dorsomorphin 
(compound c, an AMPK inhibitor), as evidenced by decreased 
autophagic activity, destabilized mitochondrial membrane 
potential and increased apoptosis in LPS-treated cardiomyo-
cytes, but was mimicked by 5-aminoimidazole-4-carboxamide 

ribonucleotide (an AMPK activator), suggesting that luteolin 
attenuates LPS-induced myocardial injury by increasing 
autophagy through AMPK activation. Luteolin may be a 
promising therapeutic agent for treating SIc.

Introduction

Sepsis is a condition that is often caused by a dysregulated 
host response to infection and can lead to life-threatening 
organ dysfunction (1). despite abundant investigative attention 
towards advances in intensive care and supportive technology, 
sepsis remains in the top 10 leading causes of death and is 
a substantial cause of death among critically ill patients in 
non-coronary intensive care units (2,3). Sepsis is estimated to 
affect at least 19 million patients worldwide, reminding scien-
tists and clinicians that it remains a serious global health burden 
and a major clinical challenge (4-6). Sepsis-induced cardiomy-
opathy (SIc) is a common complication of sepsis involving a 
combination of dysregulated inflammatory response, oxidative 
stress, calcium regulation disorder, dysregulated autonomic 
nervous system, impaired autophagy, apoptotic damage, 
mitochondrial dysfunction and endothelial dysfunction (7-9). 
despite more aggressive approaches to prevent the progression 
of SIc, these strategies often turn out to be disappointing and 
the mechanisms of SIc are currently poorly elucidated.

Luteolin, a common bioactive flavonoid polyphenolic 
compound, can be isolated from numerous vegetables, fruits 
and herbs (10). Luteolin has been shown to have diverse phar-
macological effects, including antioxidant, anti‑inflammatory, 
anticancer and other biological properties (11,12). Luteolin 
plays a role in preventing ischemia/reperfusion injury in 
adult rat cardiomyocytes by improving contractile function 
and attenuating apoptosis (13,14), and can protect against 
high-carbohydrate/high-fat diet-induced myocardial inflam-
mation through anti-inflammatory mechanisms (15). These 
cardiovascular protective effects of luteolin may be due to its 
antioxidant activities. For example, luteolin can improve angio-
tensin II-induced cardiac remodeling by decreasing oxidative 
stress (16). While increasing evidence shows that luteolin exerts 
cardiovascular protective effects, the possible beneficial effects 
of luteolin on SIC have not yet been fully clarified.
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Autophagy is the main cellular pathway to maintain 
protein quality and organelle function, through degradation 
of damaged or dysfunctional cellular components (17,18). 
Autophagy has been shown to be involved in numerous 
physiological processes, such as the starvation response, cell 
growth control, anti-aging mechanisms and innate immu-
nity (19). Studies have shown that autophagy is mobilized 
early in sepsis and is seen in various organs by an increased 
accumulation of autophagic vacuoles and enhanced expression 
of autophagy-associated proteins (9,20,21). Various kinds of 
drugs administered to reverse sepsis-induced immunopa-
ralysis have been shown to be autophagy-dependent (21). 
AMP-activated protein kinase (AMPK) not only plays a key 
role in sensing the energy status and regulating cellular energy 
homeostasis, but is also an important positive regulator of 
autophagy (22). Moreover, activation of AMPK can ameliorate 
the organ injury induced by sepsis through decreasing inflam-
matory cytokine levels and endothelial activation (23).

The present study sought to demonstrate the potential 
effects of luteolin on lipopolysaccharide (LPS)-induced 
myocardial injury via increasing autophagy. Whether the 
protective effect of luteolin on autophagy was mediated 
through AMPK signaling was also explored.

Materials and methods

Experimental animals. Eight-week-old male c57BL/6 mice 
(n=75; weight, 25-30 g) were purchased from the Laboratory 
Animal center of the Fourth Military Medical University. 
All experimental procedures were in accordance with the 
National Institutes of Health Guidelines on the care and 
Use of Laboratory Animal and were approved by the Fourth 
Military Medical University Ethics committee on Animal 
care. All mice were maintained in a temperature-controlled 
room (22±2˚C) under a 12‑h light/dark cycle, with relative 
humidity of 40-60%, and free access to food and water.

Experimental protocol. The experimental mice were randomly 
selected and allocated into the following 3 groups (25 mice 
in each group): The control group (Nc), the LPS group (LPS) 
and the LPS + luteolin group (LPS + Lut). Before the model 
was induced, luteolin (10 µg/kg) (99%, Sigma-Aldrich; Merck 
KGaA) was dissolved in dMSO and injected intraperitone-
ally for 10 days into LPS + Lut group animals. Nc group and 
the LPS group mice received an equal volume of dMSO for 
10 days. The animal model of sepsis-induced cardiac dysfunc-
tion was induced on day 11 by intraperitoneal injection of LPS 
(10 mg/kg) (Sigma-Aldrich; Merck KGaA) dissolved in normal 
saline. Nc group mice received an equivalent volume of normal 
saline on day 11. Rational doses of luteolin (10 µg/kg) and LPS 
(10 mg/kg) were chosen according to the literature (24,25). A 
total of 12 h after LPS injection, M-mode echocardiography 
was performed and the mice were sacrificed.

Echocardiography. Echocardiography was performed using 
an echocardiogram (15.0 MHz, VisualSonics Vero 2100) to 
measure the changes in cardiac function. Two-dimensional 
guided M-mode measurements of the left ventricular (LV) 
internal diameter were obtained from the short-axis view at the 
level of the papillary muscles over at least three beats and were 

averaged. computer algorithms were employed to measure 
the left ventricular end-diastolic dimension (LVEdd), left 
ventricular end-systolic dimension (LVESd), left ventricular 
ejection fraction (LVEF) and left ventricular fraction short-
ening (LVFS). Millar Mikro-tip catheter transducer was used 
and inserted into the left ventricular cavity through the left 
carotid artery to measure the LV pressure. computer algo-
rithms and an interactive videographics program (Po-Ne-Mah 
Physiology Platform P3 Plus, Gould Instrument Systems) were 
employed to obtain the first derivative of the left ventricular 
pressure (±LV dp/dt max).

Determination of tissue interleukin (IL)‑1β, IL‑6 and tumor 
necrosis factor (TNF)‑α activity. Heart tissue samples were 
rinsed and perfused with normal saline and samples were 
homogenized. The concentrations of IL-1β (cat. no. PI301; 
Beyotime Institute of Biotechnology), IL-6 (cat. no. 88-7064-77; 
Thermo Fisher Scientific, Inc.) and TNF‑α (cat. no. BMS607-3; 
Thermo Fisher Scientific, Inc.) were assessed using ELISA kits, 
following the manufacturer's protocol. Values are expressed as 
pg/mg of total protein.

Transmission electron microscopy. Heart tissues were 
removed from the animals and quickly rinsed in PBS on wet 
ice. Samples removed from the left ventricular myocardium 
were cut into 1 mm cubes and fixed with 2% glutaraldehyde 
for 5 h at 4˚C. Subsequently, samples were incubated with 
1% osmium tetroxide for 2 h in the dark. The samples were 
embedded with fresh resin for 2 h at room temperature and 
then cut into ultrathin sections (thickness, 50-100 nm). Uranyl 
acetate and lead citrate were used to stain the ultrathin sections 
at 37˚C, for 30 and 15 min respectively, and samples were then 
observed using a JEOL JEM-2000EX transmission electron 
microscope (JEOL, Ltd.). For an in vitro study, primary 
cardiomyocytes were collected by centrifugation at 168 x g for 
10 min at room temperature and fixed with 2% glutaraldehyde 
for 5 h at 4˚C. The fixed cells were then stained with uranyl 
acetate and lead citrate at 37˚C, for 30 and 15 min respectively, 
and images were captured using a JEOL JEM-2000EX trans-
mission electron microscope (JEOL, Ltd.) as described above. 
Random sections were imaged and analyzed by two techni-
cians blinded to the experiment.

Determination of mitochondrial transmembrane potential 
(ΔΨm). Tetrachloro-tetraethyl benzimidazol carbocyanine 
iodide (Jc-1) was employed to evaluate the changes in ΔΨm. 
Primary cardiomyocytes were cultured in disposable confocal 
dishes at a density of 5xl04 cells/dish. The cells were incu-
bated with 5 µM Jc-1 (Beyotime Institute of Biotechnology) 
for 30 min at 37̊C in the dark and washed twice with PBS. 
Jc-1-labelled cells were visualized using an Olympus FV1000 
laser confocal microscope. cellular mitochondria with normal 
ΔΨm emitted red fluorescence (J‑aggregate), while those with 
abnormal ΔΨm showed green fluorescence (J‑monomer).

Isolation of mitochondria. Mitochondria were isolated from 
hearts using the cell Mitochondria Isolation kit (Beyotime 
Institute of Biotechnology) as previously described (26). 
Isolated mitochondria were maintained on wet ice at 0̊C 
before downstream processing.



INTERNATIONAL JOURNAL OF MOLEcULAR MEdIcINE  45:  1477-1487,  2020 1479

Measurement of citrate synthase and electron transport chain 
complex activities and ATP content. citrate synthase (cS) and 
electron transport chain complex activities were measured using 
the cS Assay kit (Sigma-Aldrich; Merck KGaA) following the 
manufacturer's protocol. The ATP content of heart tissues was 
detected using an adenosine triphosphate bioluminescence 
assay kit (Beyotime Institute of Biotechnology).

Determination of mitochondrial calcium retention capacity 
(mCRC). The mcRc represents the capacity of mitochondria 
to take in calcium before permeability transition. The mcRc 
level was assessed as previously described (27).

Estimation of malondialdehyde (MDA) and reactive oxygen 
species (ROS) production in heart tissue. Heart tissues were 
weighed and homogenized (1:10, w/v) in phosphate buffer 
(50 mM, pH 7.4). The levels of ROS and MdA were measured 
using the ROS Assay kit and Lipid Peroxidation MdA assay kit 
according to the manufacturer's protocol (Nanjing Jiancheng 
Bioengineering Institute).

Western blot analysis. cardiac tissues or cardiomyocytes were 
harvested and homogenized with RIPA buffer containing 
protease inhibitor cocktail (Roche diagnostics) on ice. After 
centrifugation at 12,000 x g for 15 min at 4˚C, the total protein 
content of the supernatant was quantified using a bicincho-
ninic acid protein assay (Applygen Technologies, Inc.) and 
the supernatant was stored at ‑80˚C until use. Protein samples 
(40 µg protein/lane) were separated using 10% SdS-PAGE 
gels, transferred to polyvinylidene difluoride membrane (EMD 
Millipore) and incubated overnight at 4˚C with the primary 
antibodies. The blots were then incubated with horseradish 
peroxidase‑conjugated secondary antibody for 1 h at 37˚C. 
Immunoreactive bands were detected and scanned with 
EcL™ Advance Western Blotting detection kit (Amersham 
Bioscience). ImageJ Version 1.8.0 software (National Institutes 
of Health) was used to analyze protein band intensity.

Reagents and antibodies. Antibodies against the following proteins 
were used: Sequestosome 1 (p62; 1:1,000; cat. no. ab109012; 
Abcam), Beclin1 (1:1,000; cat. no. ab210498; Abcam), 
cleaved caspase-3 (1:1,000; cat. no. AB3623; Sigma-Aldrich; 
Merck KGaA), cleaved caspase-9 (1:1,000; cat. no. AB3629; 
Sigma-Aldrich; Merck KGaA), microtubule-associated protein 
light chain 3 A/B (Lc3A/B; 1:1,000; cat. no. 4108; cell Signaling 
Technology, Inc.), AMPK (1:1,000; cat. no. 5831; cell Signaling 
Technology, Inc.), phosphorylated (p)-AMPK (Thr172) (1:1,000; 
cat. no. 2535; cell Signaling Technology, Inc.), Unc-51 like 
autophagy activating kinase 1 (ULK1; 1:1,000; cat. no. 6439; 
cell Signaling Technology, Inc.), p-ULK1 (Ser757) (1:1,000; 
cat. no. 14202; cell Signaling Technology, Inc.) and β-actin 
(1:5000; cat. no. sc-47778; Santa cruz, Biotechnology. Inc.). 
Horseradish peroxidase-conjugated secondary antibodies 
(anti-mouse/rabbit IgG) (1:5,000; cat. nos. 7076 and 7074; cell 
Signaling Technology, Inc.) were used.

Culture of neonatal mouse ventricular cardiomyocytes. 
Isolation of primary neonatal mouse cardiomyocytes was 
described previously (26). Male c57BL/6 mice (n=60; age, 
1-day-old; weight, 1.5-3 g) were purchased from the Laboratory 

Animal center of the Fourth Military Medical University. 
Neonatal mice were sacrificed and hearts were quickly excised 
and minced into fragments prior to enzymatic digestion with 
collagenase type 2 (Sigma-Aldrich; Merck KGaA). After diges-
tion for several minutes, the digested fragments were placed 
on a sterilized platform to sediment for several minutes and 
digested cells in supernatants were pre-plated for 1 h to remove 
fibroblasts and endothelial cells. The residual supernatant 
with abundant cardiomyocytes (10,000-12,000 cells/cm2) was 
re‑plated in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 20% fetal bovine serum (Gibco; Thermo 
Fisher Scientific, Inc.) and 1% penicillin‑streptomycin at 37̊C 
in 95% O2 and 5% cO2. On the fourth day after isolation, 
spontaneous beating of the primary neonatal mouse cardio-
myocytes was observed. Troponin T (cTnT) is a marker specific 
to cardiomyocytes. A monoclonal antibody against cTnT 
(1:200; cat. no. sc-20025; Santa cruz Biotechnology, Inc.) was 
used to identify the primary neonatal mouse cardiomyocytes 
(data not shown). To determine whether luteolin could protect 
cardiomyocytes against LPS-induced injury, cardiomyocytes 
were pretreated with luteolin in the absence or presence of LPS. 
Luteolin (20 µM) was added to the medium for 6 h and cells 
were then exposed to LPS (10 µg/ml) for 24 h. cells were also 
pretreated with the AMPK activator 5-aminoimidazole-4-car-
boxamide ribonucleotide (AIcAR; 1 mM), the autophagy 
inhibitor 3-methyladenine (3-MA; 10 mM), or the AMPK 
inhibitor dorsomorphin (compound c, cc, 10 mM) to evaluate 
the changes in protein expression and autophagic activity.

Determination of cardiomyocyte apoptosis. A TUNEL assay 
kit (In Situ cell death detection kit; Roche diagnostics) 
was used to measure the apoptosis ratio of the cardiomyo-
cytes as described previously (26). TUNEL was performed 
with fluorescein‑dUTP for 1 h at 37˚C to identify apoptotic 
cell nuclei and 4',6-diamidino-2-phenylindole (dAPI; 
Sigma-Aldrich; Merck KGaA) was used to stain all cell nuclei 
for 5 min at room temperature. A monoclonal antibody against 
cTnI (Santa cruz Biotechnology, Inc.) was used to stain and 
identify the myocardium. The apoptotic index was calculated 
as the ratio of TUNEL-positive cells to the total number of 
DAPI‑positive cells within the same area from five randomly 
selected fields in each group.

Statistical analysis. All tests were repeated three times. 
continuous variables are presented as means ± standard 
error of the mean. Differences between specific groups were 
determined by one-way analysis of variance followed by 
the Student-Newman-Keuls test. P<0.05 was considered to 
indicate a statistically significant difference. SPSS software 
package version 14.0 (SPSS, Inc.) was used for data analysis.

Results

Luteolin improves cardiac function in mice with LPS‑induced 
sepsis. To investigate the effect of luteolin treatment on 
cardiac function in mice with sepsis, echocardiography was 
used to assess cardiac function parameters (Fig. 1A). LVEdd 
and LVESD were significantly increased in the LPS group 
compared with the control group. Luteolin treatment signifi-
cantly suppressed the increases in LVEdd and LVESd in 
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mice with sepsis compared with the LVEdd and LVESd in 
untreated mice with sepsis (Fig. 1B and c). LVEF, LVFS, and 
±LV dp/dt were decreased in the LPS group compared with in 
the control group. Treatment with luteolin increased the LVEF, 
LVFS and ± LV dp/dt values in mice with sepsis compared 
with those in untreated mice with sepsis (Fig. 1d-G).

Luteolin attenuates inflammation in the hearts of septic 
mice. Further experiments were done to examine the effects 
of luteolin treatment on the inflammatory response in septic 
hearts. The levels of the inflammatory factors IL‑1β, IL-6 and 
TNF-α were increased in the septic myocardium compared 
with in the control myocardium. In contrast, lower levels of 
IL-1β, IL-6 and TNF-α were detected in the LPS + luteolin 
group compared with in the LPS group (Fig. 2-c).

Luteolin decreases cardiac apoptosis in mice with LPS‑induced 
sepsis. A TUNEL assay was performed to evaluate the effects 
of luteolin on cardiac apoptosis (Fig. 3A). Significantly 
more TUNEL-positive cardiomyocytes were detected in the 
LPS group than in the control group, but this was attenuated 
by luteolin treatment (Fig. 3B). Western blotting was used to 
assess caspase enzyme activity (Fig. 3c). The levels of cleaved 
caspase‑3 and cleaved caspase‑9 were significantly increased 
in the LPS group compared with in the control group, but 
luteolin treatment decreased these levels in the myocardium of 
septic mice (Fig. 3d and E).

Luteolin attenuates mitochondrial injury and oxidative stress 
in the hearts of septic mice. Mitochondrial dysfunction is 
correlated with the deterioration of myocardial function during 
sepsis. Transmission electron microscopy (TEM) was used 
to evaluate the effect of luteolin treatment on mitochondrial 
ultrastructural changes in mice with sepsis (Fig. 4A). Normal 
mitochondria with organized cristae packed beside symmetric 
myofibrils were seen in the hearts of control mice. In the 
myocardium of septic mice, the mitochondria were swollen 
and disarranged. In addition, rarefaction and vacuolization of 
the mitochondrial structure, as well as rupture and disappear-
ance of the mitochondrial cristae, were seen. In the LPS + Lut 
group, most mitochondria displayed sharply defined cristae. 
The ATP content, cS activity and complex I/II/III/IV/V activi-
ties in the isolated mitochondria were significantly decreased 
in the LPS group compared with those in the control group 
and these activities were enhanced in the LPS + Lut group 
(Fig. 4B, c and d). The mcRc, determined as the capacity of 
mitochondria to uptake calcium before permeability transition, 
was used to assess the sensitivity of mitochondrial perme-
ability transition pore (mPTP) opening to calcium (Fig. 4E). 
The mcRc was significantly decreased in the LPS group 
compared with in the control group. However, treatment with 
luteolin significantly increased the mCRC, indicating that the 
sensitivity to calcium-induced mPTP opening was decreased.

Oxidative stress contributes to myocardial injury during 
sepsis. The ROS and MdA levels were measured to explore 

Figure 1. Effects of Lut on cardiac function in LPS-induced septic mice. (A) Representative echocardiographic images are shown. (B) LVEdd. (c) LVESd. 
(d) LVEF. (E) LVFS. First (F) + and (G) -LV dp/dt max. The columns and error bars represent the means and standard error of the mean (n=10). *P<0.05 vs. Nc; 
#P<0.05 vs. LPS. LVEdd, left ventricular end-diastolic diameter; LVESd, left ventricular end-systolic diameter; LVEF, left ventricular ejection fraction; LVFS, 
left ventricular fraction shortening; LPS, lipopolysaccharide; Nc, negative control; ±LV dp/dt max, derivative of the left ventricular pressure; Lut, luteolin.

Figure 2. Effects of Lut on the inflammatory response in LPS‑induced septic mice. Lut decreased the levels of (A) IL‑1β, (B) IL-6 and (c) TNF-α in septic 
heart tissue. The columns and error bars represent the means and standard error of the mean (n=5). *P<0.05 vs. Nc; #P<0.05 vs. LPS. IL, interleukin; TNF-α, 
tumor necrosis factor-α; LPS, lipopolysaccharides; Nc, negative control; Lut, luteolin.
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the effect of luteolin treatment on oxidative stress in septic 
heart tissue. The levels of ROS and MDA were significantly 
enhanced in the LPS group compared with in the control 
group and luteolin administration significantly inhibited these 
increases (Fig. 4F and G).

Luteolin enhances autophagy through AMPK activation 
in the hearts of septic mice. Impairment of autophagy 
may contribute to contractile dysfunction and apoptotic 
cardiomyocyte death in sepsis. As shown by TEM, more 
autophagosomes were observed in the LPS group compared 

Figure 3. Effects of Lut on cardiac apoptosis in LPS‑induced septic mice. (A) Representative immunofluorescence images of TUNEL (green), DAPI staining 
(blue) and cTnI antibody staining (red) and (B) quantification of TUNEL‑positive cells. The columns and error bars represent the means and SEMs (n=5). 
*P<0.05 vs. Nc; #P<0.05 vs. LPS. Representative (c) immunoblots of protein expression levels in the myocardium, with quantitative analysis for cleaved 
(d) caspase-3, (E) cleaved caspase-9 and β-actin. The columns and error bars represent the means and SEMs (n=5). *P<0.05 vs. Nc; #P<0.05 vs. LPS. cTnI, 
Troponin I; LPS, lipopolysaccharides; SEM, standard error of the mean; dAPI, 4',6-diamidino-2-phenylindole; TUNEL, terminal deoxynucleotidyl-trans-
ferase-mediated dUTP nick end labelling; Nc, negative control; Lut, luteolin.

Figure 4. Effects of Lut on mitochondrial function in LPS-induced septic mice. (A) Representative transmission electron micrographs of left ventricular 
specimens (magnification, x8,200 and x26,500, the red arrows indicate mitochondria). (B) ATP content and (C) CS and (D) complex I/II/III/IV/V activities in 
mitochondria isolated from mice. (E) mcRc. (F) ROS and (G) MdA levels. The columns and error bars represent the means and standard error of the mean 
(n=5). *P<0.05 vs. Nc; #P<0.05 vs. LPS. LPS, lipopolysaccharides; MdA, malondialdehyde; Nc, negative control; mcRc, mitochondrial calcium retention 
capacity; cS, citrate synthase; ROS, reactive oxygen synthase; Lut, luteolin.
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with in the control group. Luteolin further increased 
the number of autophagosomes in septic mice (Fig. 5A). 
Western blotting was used to assess autophagic activity in 
the hearts of septic mice and in LPS-treated cardiomyocytes 
(Fig. 5B and H). The expression of Lc3 II and Beclin1 was 
increased and that of p62 was lower in the hearts of septic 
mice than in the hearts of control mice. However, luteolin 

treatment further increased Lc3-II and Beclin1 expression 
and decreased p62 expression in septic mice (Fig. 5B-E). The 
effect of luteolin on Lc3-II, p62 and Beclin1 expression in 
LPS-treated cardiomyocytes was consistent with the in vivo 
effect (Fig. 5H-K). In addition, the autophagy inhibitor 3-MA 
abolished the effect of luteolin on autophagic activity in 
cardiomyocytes (Fig. 5H-K).

Figure 5. Effects of Lut on autophagy in the hearts of septic mice and in LPS-treated cardiomyocytes. (A) Representative images of ultrastructural morphology 
and typical autophagosomes in cardiomyocytes subjected to different treatments (magnification, x6,000 and x43,000, the red arrows indicate autophago-
somes). (B) Representative immunoblots and densitometric quantification for (C) LC3Ⅱ, (D) P62, (E) Beclin1, (F) p‑AMPK, AMPK, (G) p‑ULK1, ULK1, 
and β-actin in myocardial tissues from the indicated groups. The columns and error bars represent the means and SEMs (n=5). *P<0.05 vs. Nc; #P<0.05 vs. 
LPS. (H) Representative immunoblots and densitometric quantification for (I) LC3Ⅱ, (J) P62, (K) Beclin1, (L) p‑AMPK, AMPK, (M) p‑ULK1, ULK1, and 
β-actin in cardiomyocytes from the indicated groups. The columns and error bars represent the means and SEMs. *P<0.05 vs. Nc; #P<0.05 vs. LPS; $P<0.05 vs. 
LPS + Lut. p62, sequestosome 1; LC3Ⅱ, microtubule‑associated protein light chain 3Ⅱ; AMPK, AMP‑activated protein kinase; ULK1, Unc‑51 like autophagy 
activating kinase 1; 3-MA, 3-methyladenine; AIcAR, 5-aminoimidazole-4-carboxamide ribonucleotide; cc, dorsomorphin, compound c; p-, phosphorylated; 
SEM, standard error of the mean; Nc, negative control; Lut, luteolin.
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Western blotting was used to measure the expression of 
AMPK signaling proteins (Fig. 5B and H). The phosphoryla-
tion of AMPK and ULK1 was reduced in the hearts of septic 
mice compared with control mice and luteolin enhanced the 
phosphorylation of AMPK and ULK1 in the hearts of septic 
mice (Fig. 5B, F, and G). Similar effects were found in vitro 
(Fig. 5H, L and M). More notably, the AMPK inhibitor 
compound c abolished the effect of luteolin on autophagic 
activity in LPS-treated cardiomyocytes, as evidenced by the 
decrease in Lc3 II and Beclin1 expression and the increase 
in p62 expression, while the AMPK activator AIcAR 

mimicked the effect of luteolin in LPS-treated cardiomyocytes 
(Fig. 5H-K).

Luteolin inhibits apoptosis in LPS‑treated cardiomyocytes. 
A TUNEL assay was employed to assess the effects of 
luteolin on apoptosis in LPS-treated cardiomyocytes (Fig. 6A). 
consistent with the in vivo effect, luteolin treatment inhibited 
LPS-induced cardiomyocyte apoptosis. Interestingly, 3-MA 
and compound c reversed the anti-apoptotic effect of luteolin 
in LPS-treated cardiomyocytes, while AIcAR appreciably 
emulated the effect of luteolin (Fig. 6A and B).

Figure 6. Effects of Lut on apoptosis and mitochondrial transmembrane potential in LPS-treated cardiomyocytes. (A) Representative images of the TUNEL 
assay in primary neonatal cardiomyocytes and (B) quantitative analysis of the apoptotic index. (c) Representative images of Jc-1 staining in cardiomyocytes. 
(d) The ratio of aggregated and monomeric Jc-1. The columns and error bars represent the means and standard error of the mean. *P<0.05 vs. Nc; #P<0.05 
vs. LPS; $P<0.05 vs. LPS + Lut. 3-MA, 3-methyladenine; AIcAR, 5-aminoimidazole-4-carboxamide ribonucleotide; cc, dorsomorphin, compound c; LPS, 
lipopolysaccharide; Nc, negative control; Lut, luteolin; TUNEL, terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling.
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Luteolin stabilizes the mitochondrial transmembrane potential 
in LPS‑treated cardiomyocytes. Stability of the mitochondrial 
membrane potential is helpful for maintaining the normal 
physiological function of cardiomyocytes. LPS harms mito-
chondria and results in the loss of mitochondrial membrane 
potential. Jc-1 was employed to measure the changes in the 
mitochondrial transmembrane potential (Fig. 6c). A decrease 
in the mitochondrial membrane potential was noted in 
LPS-treated cardiomyocytes compared with that in control 
cardiomyocytes. Luteolin treatment enhanced the mitochon-
drial membrane potential in LPS-induced cardiomyocytes. 
Notably, this effect of luteolin was abolished by 3-MA and 
compound c but was mimicked by AIcAR (Fig. 6c and d).

Discussion

The major finding in the present study is that luteolin treatment 
ameliorates LPS-induced myocardial injury by increasing 
autophagy via AMPK signaling. The protective effects of 
luteolin against SIc were associated with restored cardiac 
function, reduced inflammation, ameliorated mitochondrial 
injury, inhibited cardiac apoptosis and enhanced cardiac 
autophagy in septic mice, and AMPK signaling was strongly 
involved in these protective effects. In the present study, the 
cardioprotective effect of luteolin against SIc was underscored 
by reduced levels of the inflammatory cytokines IL‑1β, IL-6 
and TNF-α, as well as the decrease in cardiac apoptosis in 
both in vitro and in vivo models. Moreover, luteolin increased 
autophagic activity in the hearts of septic mice. However, this 
action of luteolin was abolished by 3-MA in cardiomyocytes 
treated with LPS, suggesting that autophagy may be essential 
for luteolin to maintain cardiac structure and function in 
response to sepsis. In addition, luteolin treatment enhanced 
the phosphorylation of AMPK and ULK1 in LPS-treated 
cardiomyocytes, while inhibition of AMPK by compound c 
abolished the protective effect of luteolin and significantly 
decreased autophagic activity in cardiomyocytes treated 
with LPS, indicating the association between the protective 
effects of luteolin, autophagic activity, and AMPK signaling 
activation.

Increasing evidence has demonstrated that luteolin has a 
certain therapeutic effect on cardiovascular disease, including 
preventing ischemia/reperfusion injury in adult rats (14) and 
sodium fluoride‑induced hypertension in rats (28), amelio-
rating inorganic mercury-induced cardiac injury in rats (29), 
decreasing high-carbohydrate/high-fat diet-induced myocar-
dial inflammation (15), and improving angiotensin II‑induced 
cardiac remodeling by decreasing oxidative stress (16). SIc, 
first described by Parker et al (30) in 1984, is a complication 
of severe sepsis and septic shock characterized by an invertible 
myocardial depression. LV dilatation and decreased ejection 
fraction as measured by echocardiography are the major hemo-
dynamic characteristics of SIC (31). The possible beneficial 
effects of luteolin on SIc have not yet been fully demonstrated. 
In the present study, treatment with luteolin increased the 
LVEF, LVFS and ±LV dp/dt values and decreased the LVEdd 
and LVESd values in mice with sepsis. The present study to 
the best of our knowledge, is the first to report that cardiac 
function was improved by luteolin administration in septic 
mice.

The inflammatory response is the initial process in and 
the hallmark of SIc development (7). In response to infec-
tion, pro‑inflammatory and anti‑inflammatory mediators are 
released (32). Excessive levels of pro‑inflammatory mediators 
result in the inflammatory response that characterizes sepsis, 
while the compensatory anti‑inflammatory reaction fails to 
suppress the immune response (32). TNF-α, IL-1 and IL-6 
are the main inflammatory mediators that lead to myocardial 
depression in sepsis (33). Antonucci et al (34) argued that 
the interaction between TNF-α/IL-1 and inducible nitric 
oxide synthase exerts a negative inotropic effect on the septic 
myocardium. Pathan et al (35) showed that IL-6 contributed 
to myocardial depression manifested as induced cardiac 
contractile dysfunction and inotrope insensitivity due to 
the dysregulation of p38 mitogen-activated protein kinase 
signaling. Vincent et al (36) reported that treatment with 
anti-TNF antibodies improved LV function in patients with 
septic shock. In the present study, the levels of the inflam-
matory factors IL-1β, IL-6 and TNF-α were increased in the 
septic myocardium, consistent with previous findings (33‑36). 
Moreover, the current study found that luteolin treatment atten-
uated inflammation in the hearts of septic mice, suggesting 
that the cardioprotective effects of luteolin are related to its 
anti‑inflammatory activity in septic mice.

Structural injury and functional impairment of mitochon-
dria play an important role in the pathogenesis of sepsis, and the 
degree of mitochondrial injury is related to prognosis (8). The 
decrease in the mitochondrial membrane potential concurrent 
with the release of hydrogen peroxide has been documented in 
experimental sepsis (37-39). In addition, mitochondria-generated 
ROS may serve as signaling molecules to communicate with 
other cellular compartments (40). Mitochondrial impairment 
could contribute to oxidative stress in the septic myocardium, 
leading to myocardial injury (40). The present study revealed 
mitochondrial ultrastructural damage in the hearts of septic 
mice. Luteolin treatment ameliorated the pathological abnor-
malities of mitochondria in septic mice, as evidenced by the 
sharply defined cristae in the hearts of septic mice. Moreover, 
luteolin enhanced the ATP content, cS activity, complex 
I/II/III/IV/V activities and mcRc in LPS-treated mice and 
increased the mitochondrial membrane potential in LPS-treated 
cardiomyocytes. Simultaneously, luteolin administration inhib-
ited the increases in ROS and MdA levels in septic heart tissue. 
These results indicate that the effects of luteolin against SIc 
may be associated with antioxidant activity.

Apoptosis has been extensively implicated as a deter-
mining process in sepsis-induced myocardial depression (41). 
cellular damage, such as cardiomyocyte apoptosis and 
upregulated caspase activity, was observed in the septic 
myocardium, while caspase inhibition ameliorated cardiac 
function and apoptosis in the hearts of septic rats (41). In the 
present study, luteolin treatment decreased the percentage of 
TUNEL-positive cardiomyocytes both in the hearts of septic 
mice and in LPS-treated cells. In addition, the expression of 
caspase enzymes was measured to demonstrate the molecular 
basis of the effects of luteolin. Luteolin treatment attenuated 
the expression of cleaved caspase-3 and cleaved caspase-9 
in the myocardium of septic mice. These data indicate that 
caspase inhibition may be involved in the anti-apoptotic effect 
of luteolin in the hearts of septic mice.
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Autophagy is an important self-protective mecha-
nism, promoting cellular survival by controlling the 
degradation of proteins and organelles, including the forma-
tion of double-membraned autophagosomes and proteolytic 
degradation after delivery to lysosomes (21,42). This process 
is the primary mechanism for mitochondrial quality control, 
preventing apoptosis and promoting antigen presentation (9), and 
dysregulation has been shown to have significant harmful effects 
on the heart (42). Activation of autophagy has been observed in 
a variety of heart diseases, including cardiac hypertrophy and 
ischemia/reperfusion injury, suggesting that autophagy may 
play an important role in myocardial dysfunction (43). Previous 
in vitro and in vivo models of sepsis showed that autophagy was 
initially activated in sepsis, followed by a subsequent phase of 
impairment (9,44). Incomplete activation of autophagy may 
contribute to cardiac dysfunction during sepsis (44). In the 
present study, autophagic activity was upregulated in the hearts 
of septic mice and in LPS-treated cardiomyocytes, as revealed 
by the increased expression of Lc3II and Beclin1, decreased 
expression of p62, and accumulation of autophagosomes, 
consistent with previous studies (9,44). Moreover, autophagy 
modulation appears to be protective against myocardial injury in 
murine sepsis models (9,44). Multiple drugs and bioactive mole-
cules exerting cardioprotective effects in sepsis are correlated 
with the regulation of autophagy (44). Rapamycin, an autophagy 
inducer, exerts a cardioprotective effect in sepsis through the 
complete induction of autophagy (44). P27, a canonical tumor 
suppressor, protects cardiomyocytes from sepsis-induced 
cardiac depression via the activation of autophagy and inhibi-
tion of apoptosis (45). In addition, luteolin regulates autophagy 
in numerous other circumstances, including attenuation of 
post-infarction cardiac dysfunction (25) and decreasing foam 
cell formation and apoptosis in ox-LdL-stimulated macro-
phages by enhancing autophagy (46), and promoting apoptosis 
by inducing autophagy in hepatocellular carcinoma (47). In 
the current study, luteolin administration enhanced autophagy, 
as demonstrated by the further increase in the expression of 
Lc3II and Beclin1 and the further decrease in the expression 
of p62 in vivo and in vitro, as well as by the increased number 
of autophagosomes in LPS-treated cardiomyocytes. It is worth 
noting that treatment with the autophagy inhibitor 3-MA 
reversed the luteolin-induced upregulation of autophagy, 
accompanied by decreased mitochondrial membrane potential 
and increased cardiomyocyte apoptosis, indicating that luteolin 
treatment may exert protective effects in sepsis by increasing 
autophagy.

AMPK is a central metabolic sensor in all eukaryotes 
that monitors glucose and lipid metabolism in response to 
changes in nutrient and intracellular energy levels (48,49). 
AMPK, together with ULK1, plays a vital role in promoting 
autophagy under nutrient or energy stress conditions, 
including sepsis (50,51). AMPK directly activates ULK1 
through the phosphorylation of Ser 317 and Ser 777 to 
facilitate autophagy (22). In addition, luteolin regulates 
AMPK signaling in numerous other circumstances, including 
enhancing the survival of human umbilical vein endothelial 
cells against oxidative stress by modulating AMPK/protein 
kinase c pathway (52), improving atherosclerosis in mice 
via regulating AMPK/sirtuin1 signaling in macrophages (53) 
and reducing obesity-associated insulin resistance in mice 

by activating AMPK signaling in adipose tissue macro-
phages (54). In the present study, notably, the protective 
effect of luteolin was also abolished by the AMPK inhibitor 
compound c, as demonstrated by the decreased Lc3 II 
and Beclin1 expression, enhanced p62 expression, desta-
bilized mitochondrial membrane potential, and increased 
cardiomyocyte apoptosis. However, this effect was corre-
spondingly mimicked by the AMPK activator AIcAR 
in LPS-treated cardiomyocytes, suggesting that luteolin 
attenuates LPS-induced myocardial injury by increasing 
autophagy through AMPK/ULK1 signaling. The present 
study shows that AMPK/ULK1 signaling is involved in the 
role of controlling autophagy blunted in LPS-treated cardio-
myocytes. Pharmacological activation of AMPK signaling 
improves cardiac function in mice with LPS-induced sepsis. 
To modulate autophagy, AMPK signaling might be a poten-
tial novel therapeutic target for septic myocardial dysfunction. 
In the present study, AIcAR appreciably emulated the effect 
of luteolin in LPS-treated cardiomyocytes, also suggesting 
that luteolin can be used as an AMPK inducer to attenuate 
myocardial injury in mice with LPS-induced sepsis.

However, there are still some limitations in this study. 
Firstly, no control + luteolin group was set in this study. 
Although it has been reported that luteolin has no myocardial 
toxicity in normal mice (14,25), the lack of control + luteolin 
group makes the study design incomplete. Secondly, primary 
neonatal mouse cardiomyocytes were used in the in vitro 
experiment. Some primary neonatal mouse cardiomyocytes 
have differentiation and proliferation function, while the adult 
mouse cardiomyocytes belong to terminal differentiation cells 
and have no differentiation and proliferation function. The 
primary neonatal mouse cardiomyocytes can't fully mimic the 
adult cardiomyocytes. These problems should be considered 
and solved in future experiments.

In conclusion, the present study confirms that luteolin is 
a potential therapeutic agent for the treatment of SIc. The 
protective effects of luteolin against SIc may be associated 
with its pharmacological activities, including its antioxidant 
and anti‑inflammatory activities. The cardioprotective effects 
of luteolin against SIc may also be attributed to decreasing 
apoptosis and enhancing autophagy through the activation of 
AMPK signaling. These findings may provide a promising and 
innovative therapeutic strategy for SIc.
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