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A B S T R A C T   

Sepsis-induced myocardial dysfunction (SIMD) has become one of the most lethal complications 
of sepsis, while the treatment was limited by a shortage of pertinent drugs. Epigallocatechin-3- 
gallate (EGCG) is the highest content of active substances in green tea, and its application in 
cardiovascular diseases has broad prospects. This study was conducted to test the hypothesis that 
EGCG was able to inhibit lipopolysaccharide (LPS) induced myocardial dysfunction and inves-
tigate the underlying molecular mechanisms. The cardiac systolic function was assessed by 
echocardiography. The cardiomyocyte apoptosis was determined by TUNEL staining. The 
expression of inflammatory factors and apoptosis-related protein, cardiac markers were examined 
by Western Blot and qRT-PCR. EGCG effectively improve LPS-induced cardiac function damage, 
enhance left ventricular systolic function, and restore myocardial cell vitality. It can effectively 
inhibit the upregulation of TLR4 expression induced by LPS and inhibit IκB α/NF- κB/p65 
signaling pathway, thereby inhibiting cardiomyocyte apoptosis and improving myocarditis. In 
conclusion, EGCG protects against SIMD through anti-inflammatory and anti-apoptosis effects; it 
was mediated by the inhibition of the TLR4/NF-κB signal pathway. Our results demonstrated that 
EGCG might be a possible medicine for SIMD prevention and treatment.   

1. Introduction 

Sepsis is a clinical syndrome defined by a systemic response to infection. It is a systemic inflammatory response syndrome (SIRS), 
which is caused by the imbalance of host response to infection and can evolve into multiple organ dysfunction [1]. For clinical 
operationalization, organ dysfunction can be represented by an increase in the Sequential [Sepsis-related] Organ Failure Assessment 
(SOFA) score of 2 points or more, which is associated with an in-hospital mortality greater than 10% [2]. Despite the incidence and 
mortality of sepsis have declined a lot worldwide since 1990, it remains a major cause of global deaths and brings serious burden in 
areas with poor sanitation conditions [3]. Furthermore, clinical trials of therapeutics have failed to obtain promising results [4]. 

Sepsis-induced myocardial dysfunction (SIMD) is the main cause of mortality in hospitalized patients for the lack of consistent 
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diagnostic criteria and effective therapeutics. Patients usually manifested ventricular dilation, reduced ventricular contractility, and 
bilateral ventricular dysfunction with their response to volume infusion reduced [5]. The potential pathophysiology of SIMD consists 
of various pathways, including the release of circulating myocardial depressant substances, the release of nitric oxide and reactive 
oxygen species, the downregulation of adrenergic pathways, mitochondrial dysfunction, abnormalities in calcium handling, coronary 
microvascular perturbation, and the downregulation of genes encoding sarcomeric and mitochondrial proteins [6]. Myocardial 
dysfunction is associated with poor prognosis for people with sepsis and results in mortality [7]. The measurement of cardiac bio-
markers can reflect systolic or diastolic myocardial dysfunction, but whether it is related to inflammatory cytokines remains 
controversial [8,9]. 

The toll-like receptors 4 (TLR4) is a transmembrane protein located on the surface of the cell membrane, which participates in a 
variety of immune and inflammatory reactions. After lipopolysaccharide (LPS) stimulation, the activation of TLR4 in the myocardium 
was upregulated, and the serum protein levels of tumor necrosis factor-α (TNF-α) and cardiac troponin T (cTnT) were significantly 
increased, with myocardial histopathological changes and cardiac function inhibited [10]. The silence of TLR4 suppressed inflam-
mation and apoptosis to alleviate LPS-induced damage through TLR4/MyD88/nuclear factor-kappa B (NF-κB) signal pathway [11]. 
NF-κB is activated by a variety of etiologies known to cause sepsis. Whether in animal models of septic shock or in human subjects with 
sepsis, NF-κB activity increased markedly in each organ studied. With the rising level of NF- κB activity, the mortality increased and the 
clinical outcome got worse [12]. Potential strategies for the treatment of SIMD may have the capability of reducing inflammatory 
reactions and inhibiting the TLR4/NF-κB signal pathway. 

The utilization of green tea can date back to 3000 years ago, and it has been one of the most popular beverages around the world. 
The role and action of tea plants have been changed for clinical translation, with more well-designed trials to develop drugs and avoid 
toxicity [13]. Previous studies have suggested that green tea has the potential to prevent the development of a variety of diseases, 
including diabetes, hypertension, cardiovascular diseases, and cancer [13,14]. Our recent studies showed that moderate consumption 
of green tea could reduce the risk of coronary heart disease and stroke [15,16]. The active components of green tea are composed 
mainly of its most abundant tea polyphenols, epigallocatechin-3-gallate (EGCG), which has the effects of anti-inflammatory, anti-
oxidant, antifibrotic, anti-remodelation, and tissue-protective properties [17]. Recent study by Li et al. [18] suggested that EGCG 
possesses cardiomyocyte-protective action in reducing the LPS-induced inflammatory response due to the inhibition of the phos-
phorylation of Akt and ERK signaling molecules. However, to the best of our knowledge, few studies have investigated the effect of 
EGCG on SIMD. Therefore, the aim of the present study was to use both molecular biology and pathophysiology approaches in vivo and 
in vitro for further investigation on the protection mechanism of EGCG and provide latent therapeutic targets for SIMD. 

2. Materials and methods 

2.1. Animals 

Male C57BL/6 mice were purchased from the Experimental Animal Center of Nanjing Medical University (Nanjing, China). They 
were randomly classified into four groups (n = 6 each): (1) Control group; (2) LPS group; (3) EGCG group; and (4) LPS + EGCG group. 
The control group was injected with 0.9% saline + sodium carboxymethylcellulose. EGCG group and LPS + EGCG group were injected 
intraperitoneally with 200 mg/kg EGCG (Sigma-Aldrich, St. Louis, USA, Cat. NO. M5250). Five days later, to establish the animal 
model of sepsis-induced cardiac dysfunction, the LPS group and LPS + EGCG group were injected through tail vein with 15 mg/kg LPS 
(Sigma-Aldrich, St. Louis, USA, Cat. NO. L2880). The cardiac function was measured 24 h after LPS treatment. And then the 
myocardium was harvested for further examination. 

2.2. Echocardiography 

The cardiac systolic function was assessed by echocardiography 24 h after LPS administration. Mice were anesthetized with Iso-
flurane (1.5–2%) and then placed in recumbent figure. Echocardiographic images were recorded using a Vevo 2100 instrument (Visual 
Sonics Inc, Toronto, Ontario, Canada) equipped with a 30 MHz central frequency scan head. The left ventricular fractional shortening 
(LVFS) and left ventricular ejection fraction (LVEF) were calculated to assess cardiac function. 

2.3. Histological analysis 

24 h after LPS administration, myocardial tissues of various groups were collected and immediately fixed with 4% para-
formaldehyde at room temperature for 48 h. The samples were then embedded with paraffin, sectioned transversely into 4 μm 
thickness and deparaffinized with xylene. Finally, the slides were stained with hematoxylin and eosin and viewed by a light microscope 
at 400 × magnification for histological analysis. The cardiomyocyte cross-sectional areas were assessed by measuring the circum-
ferential length of the cardiomyocyte using Image J software. 

2.4. Cell culture and treatment 

H9c2 cells purchased from Procell Life Science&Technology were cultured in a DMEM medium (Gibco, USA) that contained 10% 
fetal bovine serum (Gibco, USA) with double antibodies (penicillin 100U/ml and streptomycin 100 mg/ml). The cells were cultured in 
a 5% CO2 and 37 ◦C constant-temperature incubator. When the cells covered about 90% of the extent of the Petri dish, they were 
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digested and passaged with 0.25% trypsin (Gibco, USA). The cells were divided into 4 groups: (1) Control group; (2) LPS group (1 μg/ 
mL, 12 h); (3) EGCG group (25 μM, 1 h); and (4) LPS + EGCG group (25 μM EGCG pretreatment for 1 h, followed by LPS treatment for 
12 h). 

2.5. Cytotoxicity assay 

To detect the cytotoxicity of EGCG (0, 10, 25, 50, 75 and 100 μM) and LPS (0, 0.25, 0.5, 1.0, 1.5 and 2.0 μg/ml), after treating H9c2 
cells with EGCG or LPS at different concentrations for 24 h, add the detection reagent according to the cell counting kit-8 (CCK-8) assay 
instructions, and measure the absorbance value at 450 nm with an enzyme marker to calculate the cell activity. 

2.6. TUNEL staining 

The cardiomyocyte apoptosis was determined by TUNEL staining according to the manufacturer’s instructions. Briefly, Para-
formaldehyde (4%) and Triton X-100 (0.5%) were used to fix and permeabilize cells, respectively, for 20 min. After three times of 
washing with PBS. Then, TUNEL staining was performed using a TUNEL Apoptosis Detection Kit according to the manufacturer’s 
instructions (Yeasen, Shanghai, China). Adding TdT Enzyme and incubated at 37 ◦C for 60 min in the wet box. After rinsed with PBS for 
four times, the slides were incubated with DAPI at room temperature for 10 min to detect the nuclei in the darkness. The formula for 
calculating the percentage of apoptotic nuclei was the total number of nuclei divided by the total number of TUNEL-positive nuclei. 

2.7. 7.Quantitative reverse transcription polymerase chain reaction assay (qRT-PCR) 

Total RNAs were extracted using Trizol reagent (Life Technologies, USA) according to the manufacturer’s instructions. The 
extracted RNAs were transcribed into cDNA by using iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA). Real-time polymerase 
chain reaction was carried out by using SYBR Green qPCR Master Mix (Bio-Rad). Relative fold changes of interleukin-1β (IL-1β), IL-6, 
TNF-α, atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP) and cTnT were normalized to β-actin and calculated on the 
basis of the 2− ΔΔCt method. 

3. Western blot analysis 

Briefy, cells were washed with PBS and lysed with lysis buffer on ice for 30 min. The total cell protein concentration was detected 
using the BCA Protein Assay Kit (Thermo Fisher, Waltham, MA, USA). The total protein (20 μg) was separated using SDS-PAGE 
(Invitrogen) and transferred to a PVDF membrane (Roche). The membrane was blocked with 5% bovine serum albumin (0.1%) in 
TBS-Tween and incubated against the required antibody. The primary antibodies Bax (1:1000;Cell Signaling Technolog, USA), Bcl-2 
(1:1000;Cell Signaling Technolog, USA), β-actin (1:10000; Proteintech Group, Wuhan, China), IL-6 (1:1000; Proteintech Group, 
Wuhan, China), IL-1β (1:1000; Proteintech Group, Wuhan, China), TNF-α (1:1000; Proteintech Group, Wuhan, China), TLR4 (1:1000; 
Cell Signaling Technolog, USA), pP65 (1:1000; Abcam, USA), P65 (1:1000; Proteintech, shanghai, China), p-IκBα (1:1000; Abcam, 
USA), IκBα (1:1000; Abmart, Shanghai, China) and secondary antibody (Santa Cruz) were used. Bands were visualized using an ECL 

Fig. 1. Effects of EGCG and LPS on the viability of H9c2 cells. H9c2 cells were treated with different concentrations of EGCG (0, 10, 25, 50, 75 and 
100 μM) (A) and LPS (0, 0.25, 0.5, 1.0, 1.5 and 2.0 μg/ml) (B) for 24 h. Cell viability was measured using CCK-8, n = 5. Data represent the mean ± S. 
D. of five independent experiments. Statistical analysis was performed with one-way ANOVA followed by Bonferroni’s correction. #P < 0.0001 vs. 
LPS 0.5 μg/ml; ***P < 0.001 vs. LPS 1.5 μg/ml. 
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Chemiluminescence Kit (Thermo Fisher) and analyzed using ImageJ software (National Institutes of Health). 

3.1. Statistical analysis 

All data were analyzed with GraphPad Prism 8 software (GraphPad Software, CA) and expressed as mean ± SD. Comparisons 
among multiple groups were performed by one-way ANOVA followed by Bonferroni’s correction. P < 0.05 was considered statistically 
significant. All experimental procedures were approved by the ethical animal committees of Nanjing Medical University and were 
performed in accordance with the National Institutes of Health Guidelines on the Use of Laboratory Animals. 

4. Results 

4.1. Effect of EGCG and LPS on the cell viability of H9c2 cells 

We performed a CCK-8 assay to assess the cell viability. As shown in Fig. 1A, EGCG of all concentrations did not display any cellular 
toxicity against the H9c2 cells; we chose 25 μM EGCG for subsequent experiments. The viability of H9c2 cells markedly declined with 
the LPS at concentrations over 1 μg/mL (Fig. 1B). Therefore, we chose a concentration of 1 μg/mL LPS stimulation in the following 
studies. 

Fig. 2. Effects of EGCG on LPS induced cardiac dysfunction and myocardial injury in mice. 
Male C57BL/6 mice (n = 24) were randomly classified into four groups. Male C57BL/6 mice (n = 6) were pretreated with EGCG (200 mg/kg/d) for 
5 days, then stimulated with LPS (15 mg/kg) for 24 h. (A) Representative echocardiographic images showed EGCG improves the inhibitory effect of 
LPS on heart function. (B, C) EGCG improves the inhibitory effect of LPS on LVFS and LVEF. (D) EGCG improves LPS induced myocardial tissue 
damage assessed by H & E staining. (E, F and G) Western blotting analysis was carried out to evaluate the levels of pro-apoptotic Bax protein and 
anti-apoptotic Bcl-2 protein in the myocardial tissues (Supplementary Fig. 1). (H, I and J) RT-qPCR analysis of BNP, ANP and cTNT mRNA 
expression in the myocardial tissues. Data represent the mean ± S.D. of three independent experiments. Statistical analysis was performed with one- 
way ANOVA followed by Bonferroni’s correction. *P < 0.05, **P < 0.01, #P < 0.0001. 
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4.2. EGCG reduces cardiomyocyte injury and inflammatory cell infiltration in vivo 

To assess the effect of EGCG on myocardial dysfunction in mice with LPS-induced sepsis, we performed echocardiography and 
pathological H & E staining. The echocardiography results suggested that pretreatment of EGCG significantly increased the LVFS and 
LVEF (Fig. 2A, B and 2C). The results of H & E staining showed that cardiomyocytes were swollen and enlarged in the LPS group. The 
pretreatment of EGCG brought smaller cardiomyocytes and less amounts of infiltrated lymphocytes (Fig. 2D). These results indicated 
that EGCG improved left ventricular systolic function and alleviated cardiomyocytes swelling induced by the infiltration of lym-
phocytes, as well as myocardial fibre fracture. Western blot analysis showed that pretreatment with EGCG ameliorated LPS induced 
apoptosis by upregulating the expression of anti-apoptotic Bcl-2 protein and down-regulating the expression of pro-apoptotic Bax 
protein in the myocardial tissues (Fig. 2E, F and 2G; Supplementary Fig. 1). It was also found that the intervention of EGCG could 
significantly decrease the level of cardiac injury markers such as ANP, BNP, and cTnT (Fig. 2H, I and 2J). 

4.3. EGCG attenuates LPS-induced cardiomyocytes inflammation 

To detect the anti-inflammation effects of EGCG on the LPS-induced H9c2 cells, the cells were treated with LPS alone or in 
combination with EGCG. The results in Fig. 3 (A - I) revealed that proinflammatory cytokines IL-6, TNF-α and IL-1β were highly 
expressed in LPS-treated cells compared with the control group and the EGCG group, while the level of cytokines mRNA and protein 
were much lower in the EGCG + LPS group (Supplementary Fig. 2). These results suggested that EGCG alleviated inflammatory 
response in the LPS-induced H9c2 cells. 

4.4. EGCG suppresses LPS-induced cardiomyocytes apoptosis 

Sustained inflammation has been proved to be one of the influence factors that can contribute to the apoptosis of cardiomyocytes. 
As shown in Fig. 4A a prominent increased percentage of TUNEL-positive nuclei was observed in the LPS-treatment group after 12 h, 
whereas EGCG treatment significantly reduced the percentage of TUNEL-positive cells. The cell counting results showed that the 
number of TUNEL positive nuclei in LPS group was over 20%, while that in the control group and the EGCG group was less than 2% 
(Fig. 4B). The change of apoptosis related protein Bcl-2 and Bax suggested that treatment with LPS for 12 h sharply upregulated the 
expression of Bax but downregulated the expression of Bcl-2. Nevertheless, pretreatment with EGCG increased the expression of anti- 
apoptotic Bcl-2 protein and decreased the expression of pro-apoptotic Bax protein, which means that EGCG could significantly inhibit 
the apoptosis of H9c2 cells induced by LPS stimulation (Fig. 4C, D and 4E; Supplementary Fig. 3). 

Fig. 3. EGCG down-regulated the expression of proinflammatory cytokine induced by LPS. 
H9c2 were pretreated with EGCG (25 μM) for 1 h, then stimulated with LPS (1 μg/ml) for 12 h (A, B, C, D, E and F) Western blotting analysis was 
carried out to evaluate the levels of IL-6, TNF-α and IL-1β, n = 3 (Supplementary Fig. 2). (G, H and I) RT-qPCR analysis was carried out to evaluate 
the mRNA expression of IL-6, TNF-α and IL-1β, n = 6. Data represent the mean ± S.D. of three independent experiments. Statistical analysis was 
performed with one-way ANOVA followed by Bonferroni’s correction. **P < 0.01, ***P < 0.001, #P < 0.0001. 
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4.5. Effects of EGCG on TLR4/NF-κB signaling pathway in LPS-induced cardiomyocytes 

Western blotting was used to detect the expression of TLR4/NF-κB signaling pathway-related proteins. As shown in Fig. 5 (A - F), 
the expression levels of TLR4, pP65/P65, and p-IκBα/IκBα in the LPS group was upregulated, which suggested the activation of the 
TLR4/NF-κB signaling pathway. With EGCG treatment beforehand, the expression levels of the pathway-related protein were mark-
edly decreased (Supplementary Fig. 4). Thus, EGCG possibly inhibited the activation of NF-κB signal pathway in H9c2 cells. 

5. Discussion 

Sepsis is defined as life-threatening organ dysfunction caused by the dysregulated host response to infection. Myocardial 
dysfunction induced by sepsis is gradually considered as a potential complication of septic shock, and it is characterized as reversible 
left ventricular systolic dysfunction. In previous studies, the incidence rate of SIMD varies from 18% to 40% in septic shock patients, 
while the presence of SIMD significantly increases the mortality of patients to 70%–90% [19]. The pathogenesis of SIMD is ambitious, 
depending on the existing evidence, it can be roughly considered as the result of the interaction of multiple factors including 
inflammation, metabolism and neuroimmune regulation [20], and the pathophysiology can be summarized as direct myocardial 
depression, mitochondrial dysfunction and impaired myocardial circulation [21]. In spite of serious mortality and incidence rate, no 
specific drugs have been developed for sepsis. The endoxemia model is often established to simulate the hyperinflammatory state 
similar to early sepsis. This model has been used in many published articles; it classically uses LPS to activate the immune system, 
triggering high inflammation, microcirculation disorders, and death [22–24]. 

EGCG is the principal constituent of biologically active polyphenols in green tea. It can interact with cell surface receptors, 
intracellular signal pathways, and nuclear transcription factors. EGCG has a variable effect of anti-inflammatory, antioxidant, anti- 
fibrosis, anti-remodeling and tissue protection, and possesses the potential to treat cancer, nerve, cardiovascular, respiratory, and 
metabolic disorders [17]. We have investigated the relevant mechanisms of EGCG in preventing and treating cardiovascular diseases 
for several years. Our previous studies demonstrated that EGCG promotes atherosclerotic plaque stability by decreasing the expression 
of plaque instability-mediating cytokines [25,26]. 

A recent study using network pharmacology reveals that EGCG may lessen myocardial damage in septic cardiomyopathy by 
reducing the expression of six target proteins (IL-6, TNF-α, Caspase3, Mitogen-activated protein kinase 3, AKT1, and vascular endo-
thelial growth factor) [27]. Another study reported that EGCG possesses cardiomyocyte-protective action in reducing the LPS-induced 
inflammatory response due to the inhibition of the phosphorylation of Akt and ERK signaling molecules in vitro [18]. However, the 
role of EGCG in protecting against SIMD remains ambitious and lacks of experimental validation. In the present study, EGCG was 
demonstrated to exert a protective effect in septic cardiomyopathy rats possibly by anti-inflammatory effects via inhibition of the 
TLR4/NF-κB signal pathway. It was also found that the intervention of EGCG could significantly decrease the level of cardiac injury 
markers such as ANP, BNP, and cTnT. In addition, the results of HE staining and echocardiography could reflect the mitigation of 

Fig. 4. Effect of EGCG on LPS-induced apoptosis generation in H9c2. 
H9c2 were pretreated with EGCG (25 μM) for 1 h, then stimulated with LPS (1 μg/ml) for 12 h. (A) TUNEL analysis for H9c2 cells. Green, TUNEL- 
positive nuclei; blue, DAPI-stained nuclei. Scale bars = 50 μm, n = 3. (B) Quantitative results of TUNEL positive cells. (C, D and E) Western blotting 
analysis was carried out to evaluate the levels of pro-apoptotic Bax protein and anti-apoptotic Bcl-2 protein, n = 3 (Supplementary Fig. 3). Data 
represent the mean ± S.D. of three independent experiments. Statistical analysis was performed with one-way ANOVA followed by Bonferroni’s 
correction. *P < 0.05, #P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 5. Effect of EGCG on LPS-induced TLR4/NF-κB activation in H9c2 cells. 
H9c2 were pretreated with EGCG (25 μM) for 1 h, then stimulated with LPS (1 μg/ml) for 12 h. Western blotting analysis was carried out to evaluate 
the levels of TLR4, β-actin (A, D), phosphorylated IκBα, total IκBα (B, E), phosphorylated P65, and total P65 (C, F), n = 3 (Supplementary Fig. 4). 
Data represent the mean ± S.D. of three independent experiments. Statistical analysis was performed with one-way ANOVA followed by Bonfer-
roni’s correction. *P < 0.05, **P < 0.01. 
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myocardial injury in vivo. Furthermore, our tunnel staining and western-blot results provide evidence that pretreatment of EGCG 
significantly reduces LPS-induced cardiomyocytes apoptosis. Thus, the current research added value to previous studies. 

NF-κB has long been considered a prototypical proinflammatory signaling pathway [28]. To understand the potential mechanisms 
for EGCG, we confirmed in H9c2 cells that a predominant signal transduction pathway by which LPS-induced cardiomyocytes is 
through the inhibition of NF-κB activation. In the present study, Western blot analytical results showed that EGCG significantly 
suppressed LPS-induced phosphorylated-P65. In addition, we found that EGCG inhibited LPS-induced phosphorylation of IκBα. Our 
previous study has shown that EGCG significantly inhibits NF-κB transcriptional activity in human umbilical vein endothelial cells 
(HUVECs) [29]. Also we have reported that EGCG can regulate the production of inflammatory cytokines via inhibiting the activation 
of NF-κB pathway in LPS-induced macrophages [25]. These are compatible with our present study suggesting one mechanism of action 
for EGCG on H9c2 cells is the inhibition of the NF-κB pathway following LPS stimulation. 

Previous studies have shown that in the early stage of sepsis, the upstream of the NF-κB signal pathway, TLR4 is activated under the 
stimulation of inflammation and endotoxins [20]. Activation of TLR4 during sepsis promotes nuclear NF-κB translocation, which 
accelerates the release of septic myocardial injury-related pro-inflammatory cytokines [22,30]. In our study, EGCG not only reduced 
the upregulation of TLR4, but also alleviated the increases of the protein and mRNA expression of IL-6, TNF-a and IL-1β in LPS-induced 
H9c2 cells. These inflammatory factors play key roles in the pathophysiology of SIMD [30]. Therefore, it is speculated that the in-
hibition of TLR4/NF-κB signal pathway from EGCG may be a key point to reducing myocardial injury. 

Taken together, the present data demonstrate that EGCG could suppress SIMD through anti-inflammatory and anti-apoptosis effects 
via inhibition of the TLR4/NF-κB signal pathway. Our results suggest that EGCG, a major polyphenol of green tea, might be a possible 
medicine for SIMD prevention and treatment. 
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