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Abstract 

Background Myocardial ischemia/reperfusion injury (MIRI) is an important complication of reperfusion therapy, 
and has a lack of effective prevention and treatment methods. Oleuropein (OP) is a natural strong antioxidant 
with many protective effects on cardiovascular diseases, but its protective effect on MIRI has not yet been studied 
in depth.

Methods Tert‑Butyl hydroperoxide (tBHP) was used to establish an in vitro oxidative stress model. Cell viability 
was detected by 3‑(4,5)‑dimethylthiahiazo (‑z‑y1)‑3,5‑di‑phenytetrazoliumromide (MTT) and lactate dehydrogenase 
(LDH). Flow cytometry and fluorescence assays were performed for evaluating the ROS levels and mitochondrial 
membrane potential (MMP). Immunofluorescence analysis detected the NRF2 nuclear translocation and autophagy 
indicators. Further, Western blotting and quantitative real‑time PCR were performed to evaluate the expression 
levels of proteins and mRNAs. Molecular docking, CETSA, and molecular interaction analysis explored the binding 
between OP and TLR4. The protective effects of OP in vivo were determined using a preclinical MIRI rat model.

Results OP protected against tBHP‑treated injury, reduced ROS levels and reversed the damaged MMP. Mecha‑
nistically, OP activated NRF2‑related antioxidant pathways, inhibited autophagy and attenuated the TLR4/MAPK 
signaling pathway in tBHP‑treated H9C2 cells with a high binding affinity to TLR4 (KD = 37.5 µM). The TLR4 inhibitor 
TAK242 showed a similar effect as OP. In vivo, OP could alleviate cardiac ischemia/reperfusion injury and it amelio‑
rated adverse cardiac remodeling. Consistent with in vitro studies, OP inhibited TLR4/MAPK and autophagy pathway 
and activated NRF2‑dependent antioxidant pathways in vivo.

Conclusion This study shows that OP binds to TLR4 to regulate oxidative stress and autophagy for protecting dam‑
aged cardiomyocytes, supporting that OP can be a potential therapeutic agent for MIRI.
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Introduction
Ischemic heart disease (IHD) has always been a major 
disease threatening human health with a high morbidity 
and mortality rate and has surpassed cancer as a leading 
cause of death [1]. Treatment methods such as arterial 
bypass grafting, thrombolysis, and percutaneous coro-
nary intervention can restore myocardial blood supply; 
however, subsequent ischemia–reperfusion may lead 
to further damage to the myocardium. Thus, myocar-
dial ischemia/reperfusion injury (MIRI) seriously affects 
patient recovery and prognosis [2]. Currently, research 
shows that a number of natural products or traditional 
Chinese medicine compounds have the potential to treat 
MIRI, which may open up new avenues for MIRI treat-
ment [3, 4].

Oxidative stress induced by steeply elevated ROS lev-
els during the reperfusion phase is considered to be the 
main mechanism underlying MIRI [5]. Oxidative stress 
can cause cardiomyocyte injury and apoptosis, partici-
pate in ventricular remodeling, promote the formation 
and development of cardiomyopathies, and cause car-
diac dysfunction. The hyperfunctioning cardiomyocytes 
are more sensitive to oxidative stress damage, form-
ing a vicious circle that further aggravates the injury 
[6]. In addition, excessive ROS during the reperfusion 
phase can also overactivate autophagy. Autophagy is a 
widespread normal physiological process, but excessive 
autophagy can phagocytize and degrade normal proteins 
and organelles, damage the normal physiological con-
ditions of cells, and subsequently result in autophagic 
cell death which is often accompanied by apoptosis and 
necrosis [7]. Therefore, inhibition of oxidative stress and 
autophagy during the ischemia–reperfusion phase may 
play a protective role in cardiomyocytes.

Mitogen-activated protein kinase (MAPK) is a family 
of serine/threonine kinases that can mediate intracellular 
signals in response to various stimuli. Studies have 
shown that the MAPK signaling pathway is involved in 
MIRI pathogenesis through the activation of three key 
subfamilies, c-Jun N-terminal kinase (JNK), extracellular 
regulated protein kinase (ERK1/2), and P38 molecules 
[8]. Activation of MAPKs supports ROS generation and 
subsequent oxidative stress and autophagy [9, 10]. TLR4, 
which is one of the representative receptors of the innate 
immune response, is the first discovered member of the 
toll-like receptors (TLRs) family. Further, TLR4 widely 
exists on the myocardial cell membrane and participates 
in various physiological and pathological processes. 
Studies have indicated that TLR4 plays a central role in 

ischemia/reperfusion injury. As an upstream factor of 
MAPK, TLR4 activates the MAPK signaling pathway 
by recognizing various endogenous ligands and some 
components of the extracellular matrix to regulate 
the transcription of downstream related genes [11]. 
Therefore, the TLR4/MAPK signaling pathway may be a 
potential therapeutic strategy for MIRI.

Oleuropein (OP) is the main active ingredient isolated 
from Ilex pubescent var. kwangsiensis Hand. –Mazz [12]. 
It is an iridoid phenolic compound with various pharma-
cological effects such as anti-tumor [13], anti-inflamma-
tory [14], anti-oxidative [15], detoxifying [16], blood sugar 
lowering [17], blood pressure lowering [18], blood fat 
lowering [19], and organ protective [20] effects. Among 
them, the protective effect of OP on cardiovascular dis-
eases is particularly prominent, but its protective effect 
and mechanism on MIRI have not yet been fully eluci-
dated. This study aims to investigate the protective effect 
of OP on MIRI and whether it regulates oxidative stress 
and autophagy as the underlying mechanism.

Materials and methods
Reagents
Oleuropein was obtained from Chengdu Push Bio-tech 
Co., Ltd (32619-42-4, Chendu, China). Dulbecco’s Modi-
fied Eagle Medium (DMEM), fetal bovine serum (FBS), 
penicillin/treptomycin (P/S), and 0.25% Trypsin–EDTA 
(1 ×) were obtained from Gibco (California, USA). Tert-
Butyl hydroperoxide (tBHP) and 3-[4, 5]-dimethylthiahi-
azo (-z-y1)-3,5-di-phenytetrazoliumromide (MTT) were 
purchased from Sigma-Aldrich (298-93-1, Taufkirchen, 
Germany). Chloroquine (CQ) and TAK242 were pur-
chased from MedChemExpress (Shanghai, China). 
Dimethyl sulfoxide (DMSO) was purchased from Solar-
bio (D8370, Beijing, China). Trizol Total RNA Extrac-
tion Regent (G3013), SweScript RT I First Strand cDNA 
Synthesis Kit (G3330), and 2 × Fast SYBR Green qPCR 
MasterMix (G3324) were purchased from Servicebio 
(Wuhan, China). Further, trichloromethane was pur-
chased from Sinopharm Chemical Regent Co., Ltd. 
(Shanghai, China). LDH Cytotoxicity Assay Kit was pur-
chased from Beyotime (C0016, Shanghai, China). Finally, 
2′,7′-Dichlorodihydrofluorescein diacetate (DCFH2-DA) 
and JC-1 fluorescent probes were obtained from Med-
ChemExpress (Shanghai, China), and Stub-RFPSens-
GFP-LC3 was purchased from Genechem (Shanghai, 
China).

NRF2 (ab31163) and NQO1 (ab80588) antibodies 
were purchased from Abcam (Cambridge, UK). Keap1 
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(4678s), HO-1(70081s), GAPDH (5174s), PARP (9832s), 
LC3B (2775s), P62(39749s), p-P38(4511s), P38 (9212  s), 
p-ERK1/2 (4370s), p-JNK (9255s), and JNK (9252s) anti-
bodies and the secondary antibodies including horserad-
ish peroxidase (HRP)-conjugated goat anti-rabbit IgG 
(7074) were purchased from Cell Signaling Technol-
ogy (Danvers, MA, USA). TLR4(48–2300) antibody was 
purchased from Invitrogen (California, USA). ERK1/2 
(AF6248) antibody and goat anti-mouse IgG Fluor® 488 
Conjugate (S0017) were purchased from AFFINITY 
(Jiangsu, China). Pierce™ BCA Protein Assay Kit (23225) 
was purchased from ThermoFisher (California, USA). 
QuantiCyto® Rat IL-6 ELISA kit (ERC003) and Quanti-
Cyto® Rat TNF-α ELISA kit (ERC102a) were purchased 
from NEOBIOSCIENCE (Shenzhen, China).

Cell culture
H9C2 and HEK293T cells were purchased from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, 
China), and were cultured in DMEM complemented with 
10% FBS and 1% P/S. The abovementioned cells were 
maintained in a 37 °C incubator filled with 5%  CO2.

Cell viability assay
H9C2 cells were seeded into a 96-well plate at the den-
sity of 6000 cells per well overnight. The OP solution 
used in cells was first dissolved in DMSO to prepare a 
40 mM stock solution, and then diluted with the cell cul-
ture medium to the required concentration. After that, 
OP was added to H9C2 cells at doses from 10 to 80 μM 
and incubated for 24  h. After that, 100  μL of 1  mg/mL 
MTT was added followed by incubation for another 4 h 
at 37 °C. The MTT in each well was replaced with DMSO 
for 15 min at room temperature and the plate was then 
evaluated using a microplate reader (SYNERGYH1, Bio 
Tek, USA) by measuring absorbance of 570 nm.

LDH release assay
H9C2 cells were seeded into a 96-well plate at the den-
sity of 6000 cells per well overnight. This was followed 
by a pretreatment with OP at different concentrations 
for 2  h followed by treatment with tBHP for another 
4 h. The supernatants were collected to detect the LDH 
release level according to the manufacture’s protocol. The 
absorbance was measured at 450 nm using a multimode 
plate reader.

Flow cytometry
H9C2 cells were seeded into a 12-well plate at the density 
of 1 ×  105 cells per well overnight. This was followed by 
a pretreatment with OP at different concentrations (10, 
20, and 40 μM) for 2 h followed by treatment with tBHP 
for another 2 h. The cells were labeled with DCFH2-DA 

probe (1 μM) for 30 min and then washed and collected 
for detection by the FACSMelodyTM Cell Sorter (BD 
bioscience, USA).

Fluorescence assay
H9C2 cells were seeded into a 96-well plate at the density 
of 6000 cells per well overnight, followed by pretreatment 
with OP at the concentration of 40 μM for 2 h followed 
by treatment with tBHP for another 2 h. The ROS level 
was measured using DCFH2-DA (1 µM), and the MMP 
was measured using JC-1 solution (10  µM), following 
the manufacturer’s instructions. The fluorescence was 
observed under a fluorescence microscope (Leica, Wet-
zlar, Germany).

Immunofluorescence analysis
H9C2 cells were seeded into a confocal dish (SPL, 
Pocheon, Korea) at the density of 1.2 ×  105 cells per well 
overnight, followed by pretreatment with OP at the con-
centration of 40  μM for 2  h and treatment with tBHP 
for another 2 h. The immunofluorescence levels of Nrf2, 
LC3B, and P62 were measured using an anti-Nrf2 anti-
body, anti-LC3B antibody, and anti-P62 antibody over-
night at 4 °C, followed by incubation with goat anti-rabbit 
Alexa Fluor 488 secondary antibody (1:200) for 2  h at 
room temperature. Subsequently, the cells were addition-
ally stained for 5 min with Hoechst 33,342 (1 μM) before 
being imaged. The cells were imaged using a confocal 
laser microscope (Leica, Wetzlar, Germany).

Autophagic flux assay
According to the manufacturer’s protocol, H9C2 cells 
were infected with lentiviruses for 36 h and the expres-
sion of GFP and RFP was observed under a fluorescence 
microscope (Leica). Afterward, the cells were fixed with 
4% PFA and stained with Hochest33342 for 5  min at 
room temperature away from light. Finally, the cells were 
imaged using a confocal laser microscope.

Western blot assay
The cells were lysed by RIPA lysis buffer with 1% cocktail 
and 1% phenylmethylsulfonyl fluoride (PMSF) and sepa-
rated by centrifugation. Total proteins were collected, 
and the concentration of proteins was measured by the 
BCA protein assay kit. The quantified proteins were sepa-
rated by SDS-PAGE and then transferred onto a PVDF 
membrane. After blocking with 5% non-fat dry milk 
solution for 1  h at room temperature, the membranes 
were incubated with the primary antibody (1:1000 dilu-
tions) at 4 °C over 16 h. Then, the blot was treated with 
HRP-conjugated secondary antibodies (1:5000 dilutions) 
and visualized using the ChemiDoc XRS + System (Cali-
fornia, USA). The gray-scale values of related proteins 
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were quantified by Image J. The cytoplasmic and nuclear 
proteins were extracted using a nuclear and cytoplasmic 
protein extraction kit (Beyond time, Shanghai, China) 
according to the manufacturer’s instructions and the pro-
tein level detection was as described above.

Quantitative real‑time PCR (qRT‑PCR) assay
H9C2 cells were seeded into a dish (SPL, Pocheon, 
Korea) at the density of 1.2 ×  105 cells per well overnight, 
followed by pretreatment with OP at the concentration 
of 40  μM for 2  h and treatment with tBHP for another 
2 h. Total RNA was extracted and 1 μg RNA was used for 
qRT-PCR analysis. Nrf2, HO-1, NQO1, and GAPDH oli-
gonucleotide primers were as follows (Table 1)

Molecular docking
The 3D structure of OP was downloaded through 
Pubchem. The PDB structure of TLR4 (PDB number: 
3FXI) was downloaded through PDB, and the structure 
was processed using Autodock software (https:// autod 
ocksu ite. scrip ps. edu/ adt/) for hydrogenation and dehy-
dration and finally molecular docking.

Cellular thermal shift assay (CETSA)
The biochemical mechanism of HEK293T cells is suitable 
for expressing most mammalian proteins requiring post-
translational modifications and protein folding, as their 
protein structure closely resembles that of the human 
body [21]. Therefore, HEK293T cells are often chosen 
in experiments such as CETSA to detect the binding of 
drugs to proteins in their native conformations [22]. Total 
proteins were obtained from HEK293T cell lysate lysed 
with RIPA lysis buffer (1% PMSF and 1% cocktail). Then, 
the respective cell lysates were co-incubated with vehicle 
control (DMSO) or OP (40 μM) for 0.5 h on ice and then 
centrifuged at 12,000 rpm for 20 min at 4  °C. Following 
this, the protein concentration was quantified using a 
BCA kit. The supernatant was divided into six parts on 
average and heated at different temperatures (40, 44, 48, 

52, 56, and 60 ℃) for 3 min followed by cooling for 30 s 
at room temperature, and detection by Western blotting.

Molecular interaction analysis
Biacore X100 (Cytiva, United States) was used for meas-
uring the interaction of OP with TLR4. HBS-EP (Cytiva, 
United States) was used as the working buffer to dilute 
the TLR4 recombinant protein (Sino Biological, China) 
to a final concentration of 20 μg/mL. Next, the CM5 chip 
was activated and TLR4 recombinant protein was cou-
pled with the CM5 chip by the amino coupling method. 
Furthermore, OP was diluted with the HBS-EP buffer 
to 100, 50, 25, 12.5, 6.25, 3.125, and 1.5625 μM. Kinetic 
experiments were performed using the kinetic and affin-
ity methods in the template of the Kinetic Analysis Wiz-
ard to analyze interactions between the ligand and the 
receptor. The obtained data were fitted according to 
the analysis software, with time as the abscissa and the 
response value as the ordinate to calculate the binding 
kinetics between OP and TLR4.

Myocardial ischemia–reperfusion animal model
Animal experiments were approved by the Ethics Com-
mittee on Laboratory Animal Management of Guangxi 
University of Chinese Medicine (Approval Document No. 
SYXK Gui-2019-0001). Healthy male Sprague–Dawley 
rats (SPF grade, 6–8 weeks old, body weight 220–250 g) 
were purchased from Hunan SJA Laboratory Animal Co., 
Ltd (Hunan, China, animal license number: SCXK Xiang-
2021-0002) and were housed under specific pathogen–
free (SPF) conditions at 23–25 °C with 40–50% humidity 
and free access to food and water. After three days of 
adaptive feeding, the rats were randomly divided into 
five groups (n = 10 per group): the sham group, the I/R 
group, the OP group (OP-L:10 mg/kg and OP-H:40 mg/
kg) and the Verapamil group (20  mg/kg) [23]. OP solu-
tion and verapamil solution used in rats were formulated 
with normal saline at 1 mg/mL, 4 mg/mL, or 2 mg/mL, 
and OP was then administered to mice via an intraperi-
toneal injection (i.p.). Verapamil was administered to 
mice by intragastric administration (i.g.); both solutions 
were administered once daily for seven consecutive days. 
The sham and model groups were administered the same 
amount of normal saline. The needle was inserted 2 mm 
from the lower border of the left atrial appendage, and 
the left anterior descending coronary artery was ligated. 
At this time, it was observed that the color of the rat’s 
heart surface turned purple. After 30  min, the ligation 
was removed, and the heart blood was reperfused for 
2  h. During this period, the color of the heart’s surface 
returned to red. In the sham group, needles were only 
inserted without ligation. After reperfusion, the rats 

Table 1 Primer Sequence (5′‑3′)

Gene name Base sequence

Nrf2 F: CAG TCA GCG ACG GAA AGA GTA 

R: TGT GGG CAA CCT GGG AGT AG

HO1 F: CTC CGA TGG GTC CTT ACA CTC 

R: ATA GGC TCC TTC CTC CTT TCC 

NQO1 F: GCT GGT TTG AGC GAG TGT TC

R: TGG AGT GTG CCC AAT GCT ATAT 

GAPDH F: CAG GAG GCA TTG CTG ATG AT

R: GAA GGC TGG GGC TCA TTT 

https://autodocksuite.scripps.edu/adt/
https://autodocksuite.scripps.edu/adt/
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were sacrificed, and tissues were collected for subsequent 
experiments.

Blood routine
After the rats were sacrificed, blood was collected from 
the abdominal aorta for routine blood testing using the 
Auto Hematology Analyzer (BC-500, Mindray, Shenzhen, 
China).

Enzyme‑linked immunosorbent assay (ELISA)
Rat blood was collected and left at room temperature 
for 2 h, centrifuged at 3000 rpm for 15 min at low tem-
perature to get the upper serum, and the levels of IL-6 
and TNF-α in the serum were detected using ELISA kits 
according to the kit and instrument instructions.

2,3,5‑triphenyltetrazolium chloride (TTC)‑evens’ blue 
double staining
After 2  h of reperfusion, rats were anesthetized again, 
and the coronary artery was ligated again at the position 
of ischemia; 0.3 mL of 1% Evans blue was injected from 
the apex of the heart to turn the non-ischemic myocar-
dium blue, and the rest of the myocardium was regarded 
as ischemia danger zone. The heart was then immediately 
resected; the residual blood was washed with pre-cooled 
PBS buffer, blotted dry with filter paper, and placed in a 
freezer at −  20  °C for 30  min. Subsequently, 5–6 slices 
were evenly cut across the direction perpendicular to 
the long axis of the left ventricle, followed by soaking 
sequentially in warm 1% TTC solution, and incubation at 
37 °C in dark for 10 min. At this time, the infarct area was 
grayish-white.

Hematoxylin and eosin (HE) staining
Other parts of rat hearts were fixed with 4% paraform-
aldehyde for 24  h at room temperature and prepared 
for paraffin sectioning. The fixed tissues were routinely 
dehydrated and transparent, embedded in paraffin and 
sliced (5 μm), dried, dewaxed, hydrated, and stained with 
hematoxylin for 10  min. The tissues were then washed 
with distilled water, differentiated with 1% hydrochloric 
acid ethanol for 10 s, washed with distilled water again, 
and stained with 1% eosin for 3 min. This was followed 
by washing, and routine dehydration and mounting. The 
pathological changes in the myocardial tissue were finally 
observed under a microscope.

Data analysis
Each experiment was performed three times. Student’s 
unpaired t-test and one-way ANOVA in GraphPad Prism 
were used for statistical analysis in GraphPad Prism 9 
(GraphPad Software, San Diego, CA). P < 0.05 was con-
sidered statistically significant.

Results
OP improves cell viability and mitochondrial homeostasis 
in tBHP‑induced H9C2 cells
As shown in Fig.  1A, OP is a secoiridoid glycoside 
polyphenolic compound. Our results showed that the 
concentrations of OP from 10 to 80 μM showed no sig-
nificant toxicity on H9C2 cells (Fig.  1B), whereas tBHP 
decreased the cell viability in a dose-dependent manner; 
the cell death reached approximately 50% at a dose of 
150 μM (Fig. 1C). Therefore, 150 μM tBHP was the con-
centration chosen for the following experiments. OP (10, 
20, and 40 μM) could protect H9C2 cell viability, restore 
cell morphological changes and reduce the LDH release 
level in tBHP-damaged H9C2 cells (Fig. 1D–F). The ROS 
level reflects the degree of oxidative stress damage. Fig-
ure  1G–I shows that tBHP stimulated a sharp increase 
in ROS levels and OP significantly reduced the levels of 
ROS. In addition, tBHP caused the loss of mitochon-
drial membrane potential (MMP), which was distinctly 
reversed with OP treatment. Taken together, OP sup-
pressed oxidative stress-induced cardiomyocyte damage 
by inhibiting ROS levels and restoring mitochondrial 
homeostasis.

OP activates Nrf2 signal pathway in tBHP‑induced H9C2 
cells
Nrf2 is an important transcription factor that regulates 
the oxidative stress response of cells by inducing and 
regulating the expression of a series of antioxidant pro-
teins to maintain the body’s redox dynamic balance [24]. 
As shown in Fig. 2A–E, tBHP increased the protein lev-
els of Nrf2, Keap1, HO-1, and NQO1; OP treatment then 
decreased the Keap1 level and further increased Nrf2, 
HO-1, and NQO1 levels. RTq-PCR showed the analogous 
result indicating that OP further elevated the mRNA lev-
els of Nrf2, HO-1, and NQO1 based on increased tBHP 
induction. The regulation of downstream signaling by 
Nrf2 requires Nrf2 translocation into the nucleus. The 
results showed that OP increased the nuclear Nrf2 pro-
tein level while decreasing the cytoplasmic protein level, 
supporting Nrf2 translocation from the cytoplasm to the 
nucleus (Fig. 2H–J).

OP inhibits autophagy in tBHP‑induced H9C2 cells
When the body suffers from ischemia/reperfusion 
injury, autophagy levels are significantly upregu-
lated. Excessive autophagy aggravates myocardial 
injury at the reperfusion stage, resulting in autophagic 
cell death, which is often accompanied by apop-
tosis and cell necrosis [25]. ROS accumulation is 
a major promoter of autophagy during reperfu-
sion. The explosive ROS generation after myocardial 
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Fig. 1 OP improves the cell viability and mitochondrial homeostasis in tBHP‑induced H9C2 cells. A The chemical structure of OP. B H9C2 cells were 
treated with OP (5, 10, 20, 40, 80 μM) for 24 h, the cytotoxicity was detected by MTT assay. C H9C2 cells were treated with tBHP (50, 100, 150, 200, 
300 μM) for 4 h, the cell viability was detected by MTT assay. D H9C2 cells were pretreated with OP (10, 20, 40 μM) for 2 h and then acted with tBHP 
(150 μM) for 4 h, the cell viability was detected by MTT assay. E The effect of OP in tBHP‑ induced changes of Cell morphology. F The LDH release 
level. G Flow cytometry detected the level of ROS. H Statistics of flow cytometry. I H9C2 cells were stained with DCFH2‑DA to detect the ROS level. J 
H9C2 cells were stained with JC‑1 probe to detect the MMP level. All data are expressed as mean ± SEM, n = 3. ###P < 0.001 vs control group; *P < 0.05, 
**P < 0.01, ***P < 0.005 vs tBHP group
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ischemia–reperfusion can promote the lipidation of 
LC3 and formation of autophagosomes, promot-
ing the activation of autophagy. As shown in Fig.  3A, 
tBHP induced an increased ratio of LC3B-II/LC3B-I 
and decreased P62 (sequestosome 1, SQSTM1) pro-
tein level. Simultaneously, OP treatment significantly 
reversed the result, indicating that OP can regulate 
autophagy in tBHP-treated H9C2 cells (Fig. 3B).

CQ is an autophagy inhibitor that mainly inhibits 
autophagy by disrupting the fusion of autophagosomes 
and lysosomes [26]. These results showed that CQ 
can protect from tBHP-induced damage in H9C2 cells 
(Fig.  3C). Moreover, after CQ blocked autolysosome 
formation, LC3B-II and P62 were further accumulated 
in the cells, suggesting that tBHP promoted the forma-
tion of autophagosomes but didn’t inhibit their degra-
dation to induce excessive autophagy. On the premise 
that CQ further increased LC3B-II, OP decreased 
the protein expression of LC3B-II, indicating that OP 
could inhibit autophagy at an early stage (Fig. 3D).

P62 fluorescence was inhibited by tBHP, but OP 
and CQ both reversed this inhibitory state, further 
corroborating the results reported previously 
(Fig.  3E). GFP is an acid-sensitive protein, whereas 
mRFP is a stable fluorescent expression group. 
When autophagosomes fuse with lysosomes to form 
autolysosomes, GFP is quenched because of the acidic 
environment inside lysosomes, indicating the smooth 
formation of autolysosomes. At the same time, mRFP 
is always stably expressed, so the process of autophagy 
flow is evaluated by the ratio of bright spots between 
GFP and mRFP. Fluorescence results (Fig. 3F) showed 
that under untreated conditions, red and green 
fluorescence were diffuse; tBHP induced cells to 
produce red/green co-localized punctate aggregations 
(yellow spots), indicating the occurrence of autophagy. 
Both yellow and red spots were significantly reduced 
after OP treatment, which means that OP inhibited the 
production of autophagosomes and the development 
of autophagy. CQ further promotes red/yellow 
spot formation, but is also suppressed by OP. The 
abovementioned results illustrated that the protective 
effect of OP may be carried out by inhibiting the 
excessive autophagy induced by tBHP in H9C2 cells.

OP binds to TLR4 and regulates the MAPK pathway
TLR4 widely exists on the myocardial cell membrane 
and participates in various physiological and pathologi-
cal processes as one of the representative receptors of 
the innate immune response [27]. During ischemia/rep-
erfusion injury, TLR4 acts as an upstream factor to acti-
vate MAPK signaling pathway. Studies have shown that 
TLR4-associated MAPK signaling pathway is involved in 
autophagy and oxidative stress [28]. Furthermore, ROS 
can act as a second messenger to activate the MAPK 
signaling pathway and also be affected by the activation 
[29]. Therefore, we further examined whether TLR4/
MAPK was involved in the effect of OP. The molecular 
docking data of the effect of OP on TLR4 was analyzed 
by the Autodock software. The result showed that OP 
interacts with TLR4 through the amino acids HIS199, 
GLU2525, ILE226, and ARG227. The binding energy 
reached −  7.0  kcal/mol, indicating that OP has strong 
docking activity with TLR4 (Fig.  4A). Furthermore, the 
CETSA-WB experiment was performed to further con-
firm the interaction between OP and TLR4 (Fig. 4B, C). 
Similarly, Biacore X100 SRP assay detected the kinetics/
affinity of OP and TLR4. The results showed that the 
KD value was 32.7  μM, which further indicated strong 
interaction of OP with TLR4 (Fig. 4D, E). Moreover, OP 
inhibited the activated TLR4/MAPK signaling pathway 
in tBHP-induced H9C2 cells. These data indicate that OP 
targets TLR4 and inhibits the MAPK signaling pathway 
in tBHP-stimulated H9C2 cells.

TLR4 inhibitor TAK242 reverses the tBHP‑induced 
cellular damage and regulates TLR4/MAPK/Nrf2 pathway 
and autophagy in H9C2 cells
To further confirm the contribution of TLR4 in oxida-
tive stress and autophagy signaling pathways in tBHP-
induced H9C2 cells, TAK242, a TLR4 inhibitor, was used 
for inhibiting TLR4 function [30]. As shown in Fig. 5A, 
TAK242 significantly reversed the decreased cell viabil-
ity significantly. Moreover, TAK242 also inhibited the 
tBHP-activated phosphorylation of MAPKs (Fig. 5B, C), 
promoted the Nrf2/HO-1/NQO1 pathway (Fig.  5D, E), 
and decreased autophagy in tBHP-induced H9C2 cells 
(Fig.  5F, G). These results suggested that TLR4 indeed 
served a central role in the regulation of oxidative stress 
and autophagy in tBHP-induced H9C2 cells.

Fig. 2 OP actives Nrf2 signal pathway in tBHP‑induced H9C2 cells. A The effect of OP on the protein expressions of Nrf2, Keap1, HO‑1, and NQO1 
in tBHP‑induced H9C2 cells as indicated. B–E The statistics of protein gray value. F Qrt‑PCR detected the effect of OP on the mRNA levels 
of Nrf2, HO‑1, and NQO1 in tBHP‑induced H9C2 cells. G The Nrf2 protein levels in cytoplasm and nucleus were detected by western blot. H The 
statistics of Nrf2 protein level. I The level of Nrf2 nuclear translocation was detected by immunofluorescence. J Statistics of the ratio of nuclear 
and cytoplasmic fluorescence. All data are expressed as mean ± SEM, n = 3. #P < 0.05, ##P < 0.01, ###P < 0.005 vs Control; **P < 0.01, ***P < 0.005 vs tBHP

(See figure on next page.)
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OP alleviates MIRI in rats
To further verify the therapeutic effect of OP on 
MIRI in  vivo, cardiac ischemia–reperfusion surgery 
was performed after OP administration of rats for 
7  days (Fig.  6A). The results showed that myocardial 
ischemia–reperfusion caused ST-segment elevation, 
myocardial infarction, myocardial cell swelling, nuclei 
marginalization, interstitial edema, muscle fiber rup-
ture, and perinuclear inflammatory vacuoles. Nonethe-
less, OP significantly improved these injuries by lowing 
ST-segment, reducing infarct size, and suppressing dam-
age to cardiac tissue and cardiomyocytes (Fig.  6B–D). 
Besides, myocardial ischemia–reperfusion increased the 
levels of TNF-α and IL-6 in the serum, and these levels 
were reduced by OP treatment (Fig.  6E). Furthermore, 
OP decreased the increased numbers of WBC, NEU, and 
LYM in the blood (Fig.  6F–H). In addition, cardiac tis-
sue protein detection showed that ischemia/reperfusion 
increased the protein expression of TLR4, the ratio of 
LC3B-II/I, Keap1, and phosphorylation of p38, ERK1/2, 
and JNK as well as decreased P62 expression. OP further 
decreased TLR4, p-P38, p-ERK1/2, p-JNK and Keap1 lev-
els and increased P62, Nrf2, HO-1 and NQO1 protein 
levels (Fig. 7). These data suggest that OP has a protective 
effect on MIRI, which may be carried out by regulating 
the TLR4/MAPK/Nrf2 pathway and autophagy.

Discussion
Ischemia/reperfusion injury is unavoidable during 
the recovery of coronary blood flow and myocardial 
ischemia, and reduction of myocardial infarct size. With 
the wide application of various cardiac interventional 
therapy techniques, the cure rate of patients with car-
diovascular diseases has greatly been improved, but the 
resulting ischemia/reperfusion injuries are also increas-
ing [31]. Previous studies have found that OP has a 
protective effect on MIRI, but this study, for the first 
time, proves that OP can regulate oxidative stress and 
autophagy through the TLR4/MAPK pathway to exert 
cardioprotective effects [32].

Excessive production of oxidants during myocar-
dial ischemia–reperfusion breaks the dynamic balance 
between oxidation and antioxidant defense systems, 
which is called oxidative stress. oxidative stress is often 

associated with elevated ROS or reactive nitrogen species 
(RNS) levels at the cellular and subcellular levels, wherein 
ROS acts more broadly [33]. ROS are highly active and 
short-lived substances produced in the body that are con-
sidered as important mediators of cell metabolism, pro-
liferation, differentiation, immune system regulation and 
apoptosis [34]. Mitochondria are the main source of ROS 
production during MIRI [35]. Overloaded ROS induces 
the activation of the stress response pathway, causing 
the instability of mitochondria and sarcolemma, allow-
ing non-specific small molecules to enter the membrane 
and resulting in mitochondrial matrix swelling and apop-
tosis. Furthermore, ROS overload can also directly lead 
to protein denaturation, cause DNA damage, interferes 
with DNA replication, and affects the correct synthe-
sis of proteins [36]. In addition, ROS can even degrade 
components located in the intercellular space, increasing 
the permeability of the cell membrane, and consequently 
affecting the transport of substances, signal transmis-
sion, and other functions. All of these results in cardio-
myocytes damage, and even death. Therefore, activating 
or enhancing the antioxidant defense system to prevent 
the damage caused by ROS is an important target of anti-
oxidant drugs in the treatment of myocardial ischemia/
reperfusion.

OP is an effective antioxidant [37]. In this study, tBHP 
was used to stimulate H9C2 cells to establish an in vitro 
oxidative stress model. The results showed that OP 
could reduce the ROS level and protect H9C2 cells from 
tBHP-induced injury. tBHP decreases the mitochondrial 
membrane potential, and this was reversed by OP treat-
ment, reflecting that OP has a protective effect on the 
mitochondria which in leads to reduced ROS production 
(Fig. 1J). Additionally, OP activated the Nrf2 antioxidant 
system, promoted the expression and nuclear translo-
cation of Nrf2, and then increased the expression of its 
downstream antioxidant enzymes HO-1 and NQO1, fur-
ther reducing ROS generation and increasing ROS clear-
ance (Fig.  2). Thus, OP could protect cardiomyocytes 
from oxidative stress damage through Nrf2 antioxidant 
pathways.

Autophagy plays an important role in MIRI [38]. 
Autophagy can degrade cytoplasmic proteins and orga-
nelles that have no important functions in cells, to 

(See figure on next page.)
Fig. 3 OP inhibits autophagy in tBHP‑induced H9C2 cells. A The LC3B and P62 proteins expression in tBHP treatment H9C2 cells for different 
time points of 30, 60, 120, 240 min. B The effect of OP on the protein expressions of LC3B and P62 in tBHP‑induced H9C2 cells as indicated. C 
H9c2 cells were pretreated with or without CQ (5 μM) for 2 h and then treated or untreated with OP for other 2 h, after which acted with tBHP 
(150 μM) for 4 h, the cell viability was detected by MTT assay. D The effect of OP or CQ on the protein expressions of LC3B and P62 in tBHP‑induced 
H9C2 cells as indicated. E The level of P62 was detected by immunofluorescence. F The fluorescence levels of LC3B in H9C2 cells infected 
with stubRFP‑sensGFP‑LC3 lentivirus. All data are expressed as mean ± SEM, n = 3. ###P < 0.005 vs Control; **P < 0.01, ***P < 0.005 vs tBHP
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Fig. 4 OP binds to TLR4 and regulates MAPK pathway. A Molecular docking data analysis of OP and TLR4 using autodock software. B The CETSA 
experiment further confirmed the interaction of OP and TLR4 (n = 3). C The statistics of protein levels of (B). D, E Biacore X100 detected the kinetics/
Affinity of OP with TLR4. F The effect of OP on the level of TLR4 and the phosphorylation levels of P38, ERK1/2 and JNK in tBHP‑induced H9C2 cells 
(n = 3). G The statistics of protein levels of (F). ###P < 0.005 vs Control; ***P < 0.005 vs tBHP (or DMSO)
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provide nutrients for the key metabolic processes of cell 
survival [39]. From this perspective, autophagy has obvi-
ous cardioprotective effects in cardiomyocytes. How-
ever, in the stage of ischemia–reperfusion, the promoter 
of autophagy is mainly ROS. Excessively increased 
autophagy and overactivated autophagy-lysosomal pro-
tein degradation system degrades important intracellular 
proteins and organelles, causing irreversible damage to 
cells and even leading to cell death [40]. In this study, we 
found that OP has an inhibitory effect on tBHP-induced 
autophagy, and the autophagy inhibitor CQ also showed 
a protective effect on tBHP-stimulated H9C2 cells. CQ 
is a late autophagy inhibitor, which inhibits the fusion of 
autophagosomes and lysosomes into autolysosomes. The 
results showed that compared with the model group, the 
CQ group further increased the ratio of LC3BII/I and 
increased the P62 levels by blocking autophagic degrada-
tion, while OP increased the level of P62 but decreased 
LC3B levels, indicating that OP may inhibit the forma-
tion of autophagosomes at the early stage for inhibiting 
autophagy (Fig. 3). Taken together, OP also exerts a pro-
tective effect by inhibiting autophagy.

The MAPK signaling pathway constitutes the serine/
threonine kinase family, which activates a wide range of 
extracellular stimuli and can generate different intracellu-
lar responses through transcriptional and non-transcrip-
tional regulation [41]. The activation of MAPK signaling 
pathway is involved in the myocardial injury process in 
ischemia/reperfusion mice. Zeng et  al. [42] found that 
notoginseng saponin R1 prevented MIRI in mice by 
inhibiting TAK1-JNK/p38 signaling. Jin et  al. [43] fur-
ther reported that dual-specificity protein phosphatase 1 
(DUSP1) can protect mitochondrial homeostasis in mice 
with myocardial infarction, and its mechanism is associ-
ated with the inactivation of JNK signaling pathway. Pei 
et  al. [44] reported that C-reactive protein can increase 
the infarct size of ischemia/reperfusion myocardial tissue 
through the continuous activation of the ERK1/2 signal-
ing pathway. Therefore, inhibiting the activity of MAPK 
signaling pathways (P38, ERK1/2, and JNK) has a positive 
recovery effect on MIRI. In the study, OP exhibited an 
inhibitory effect on the phosphorylation of P38, ERK1/2, 
and JNK induced by tBHP (Fig. 4F, G).

TLRs are an evolutionarily conserved family of recep-
tors that play a key role in activating the innate immune 

system in response to microbial invasion [45]. After 
being stimulated by corresponding ligands, intracellular 
adapter proteins are recruited to TLRs to form signaling 
complexes and subsequently mediate downstream sig-
nal transduction. TLR4 is one of the most well-studied 
members of the TLR family. In addition to exogenous 
lipopolysaccharide (LPS), various endogenous molecules 
released from damaged or ischemic tissues can also acti-
vate TLR4 signaling [46]. Thus, TLR4 has been identified 
as a mediator of inflammation and organ damage in sev-
eral sterile tissue injury models, including ischemia/rep-
erfusion injury [47].

TLR4 is the main mediator of myocardial injury 
and inflammation after ischemia/reperfusion [48]. 
Chong et  al. found that TLR4 mutant mice exhibited 
significantly smaller infarcts, reduced activation level 
of JNK and significantly lower transcriptional levels of 
pro-inflammatory cytokines after ischemia/reperfusion 
[49]. Further, Lu et  al. reported that astragaloside IV 
alleviated MIRI in rats by down-regulating the TLR4/
NF-κB signaling pathway and inhibiting apoptosis [50]. 
Therefore, TLR4 has the potential to be a key target in 
the treatment of MIRI. The results of molecular docking, 
CETSA, and Biacore all indicated that there was a strong 
binding between OP and TLR4 (Fig.  4A–D). Moreover, 
OP could inhibit TLR4 expression. Subsequently, TLR4 
inhibitor TAK242 could reduce tBHP-induced damage 
in H9C2 cells. Besides, TAK242 not only inhibits the 
TLR4/MAPK signaling pathway but also activates Nrf2 
signaling pathway and inhibits autophagy, verifying that 
TLR4 plays a key role in regulating oxidative stress and 
autophagy in MIRI. Overall, all the abovementioned 
findings indicate that OP, as a TLR4 inhibitor, may 
protect against MIRI by targeting TLR4.

Tumor Necrosis Factor α (TNF-α) is an autocrine 
factor that participates in the formation and devel-
opment of MIRI, and its expression level is increased 
during ischemia–reperfusion, which promotes ROS 
production and induces the sharp transcription of 
genes related to oxidative stress. Besides, TNF-α acti-
vates neutrophils and promotes adhesion and inter-
action between leukocytes and endothelial cells, 
increasing the infiltration of granulocytes into the 
ischemia–reperfusion area, resulting in myocar-
dial damage [51]. Interleukin-6 (IL-6) is an important 

(See figure on next page.)
Fig. 5 TAK242 suppresses the TLR4/MAPK/Nrf2 pathway and autophagy in tBHP‑induced H9C2 cells. A H9C2 cells were pretreated with TAK242 
(10 μM) for 1 h and then acted with tBHP (150 μM) for 4 h, the cell viability was detected by MTT assay. B The effect of TAK242 on the level of TLR4, 
p‑P38, p‑ERK1/2, p‑JNK. C The statistics of protein levels of (B). D The effect of TAK242 on the level of Nrf2, Keap1, HO‑1, NQO1. E The statistics 
of protein levels of (D). F The effect of TAK242 on the level of LC3B, P62. G The statistics of protein levels of (F). #P < 0.05, ##P < 0.01, ###P < 0.005 vs 
Control; *P < 0.05, **P < 0.01, ***P < 0.005 vs tBHP (or DMSO)
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Fig. 5 (See legend on previous page.)
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factor in the inflammatory storm, and is mainly pro-
duced by activated neutrophils in the pathological 
process. IL-6 can induce neutrophils to flow into the 
ischemic myocardial tissue and stimulate the expres-
sion of CDllb/ CDl8 on the surface of neutrophils and 
intercellular adhesion molecule 1 on cardiomyocytes in 

order to mediate the combination of the two. It plays a 
very important role in the process of acute myocardial 
infarction, and there is a positive correlation between 
the area of myocardial necrosis and IL-6 levels in the 
plasma [52]. Thus, the simultaneous inhibition of IL‐6, 

Fig. 6 OP alleviates myocardial ischemia reperfusion injury. A The Animal Experiment Schedule. B The electrocardiogram of rats (n = 10). C The 
TTC‑Even’s blue double staining of heart tissue. Infarct size (%) was expressed as the percentage of infarct area relative to the area at risk (AAR). 
the nonischemic section shown in blue area, red represent risk area, and the infarct region is stained white (n = 3). D The HE is staining of heart 
tissue (HE, original magnification, 200 ×, Scale bar = 50 µm) (n = 3). E Levels of TNF‑α and IL‑6 in serum detected by ELISA kits (n = 10). F–H Levels 
of WBC, NEU and LYM in blood detected by blood analyzer (n = 10). #P < 0.05, ###P < 0.005 vs Sham; *P < 0.05, **P < 0.01, ***P < 0.005 vs I/R
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TNF‐α, WBC, NEU and LYM observed in OP-treated 
rats could also have mediated the anti‐MIRI effect of 
OP. Moreover, in vitro, OP exhibited a good protective 
effect in the rat model of myocardial ischemia/reper-
fusion by including reducing ST-segment elevation, 
reducing heart infarct size, and reducing the degree of 
myocardial damage (Fig.  6). OP treatment induced a 
significant reduction in the expression of TLR4, p-P38, 
p-ERK1/2, p-JNK, and Keap1 and the ratio of LC3B-
II/I, and increased the levels of P62, Nrf2, HO-1 and 

NQO1 in heart tissues, which was consistent with the 
results of in vitro studies.

Conclusion
Taken together, our findings suggest that OP plays a pro-
tective role against MIRI by regulating oxidative stress 
and autophagy through the TLR4/MAPK signaling path-
way (Fig. 8). Thus, OP may represent a new add‐on ther-
apy for MIRI.

Fig. 7 OP Regulates TLR4/MAPK/Nrf2 signaling pathway and autophagy in vivo A, C, E The protein expression of TLR4, p‑P38. P38, p‑ERK1/2, 
ERK1/2, p‑JNK, JNK, LC3B, P62, Nrf2, Keap1, HO‑1 and NQO in heart tissues were detected by western blotting (n = 4). B, D, F The statistics of protein 
levels of A, C, E. #P < 0.05, ###P < 0.005 vs Sham; *P < 0.05, **P < 0.01, ***P < 0.005 vs I/R



Page 16 of 18He et al. Chinese Medicine           (2024) 19:59 

Abbreviations
IHD  Ischemic heart disease
OP  Oleuropein
MIRI  Myocardial ischemia–reperfusion injury
TLR4  Toll‑like receptor 4
MAPK  Mitogen‑activated protein kinase
tBHP  Tert‑Butyl hydroperoxide
ROS  Reactive oxygen species
MMP  Mitochondrial membrane potential
Nrf2  Nuclear factor erythroid 2‑related factor 2
Keap1  Kelch‑like ECH‑associated protein 1
LC3B  Microtubule‑associated proteins light chain 3B
ERK1/2  Extracellular signal‐regulated kinase1/2
JNK  C‐Jun N‐terminal kinases
GAPDH  Glyceraldehyde‑3‑phosphate dehydrogenase
TNF‑α  Tumor necrosis factor‐ɑ
IL‑6  Interleukin 6
WBC  White blood cell
NEU  Neutrophils
LYM  Lymphocytes

Acknowledgements
Not applicable.

Author contributions
SY and HG provide formulation of overarching research goals and aims. JH, 
LH and KS conducted in vivo the experiments. JH, JL and QW conducted 
in vitro experiments. JH, LH, SH and XG collected the data and performed 
statistical analysis. JH and LH wrote the manuscript. SY, WS and HG revised the 
manuscript. All authors reviewed the manuscript.

Funding
We would like to appreciate the support from the project of Guangxi Science 
and Technology Base and Talent Project (2022AC18022), the China‑ASEAN 
International Innovative Center for Health Industry of Traditional Chinese 
Medicine (AD20297142), Qihuang High‑level Talent Team Cultivation Project 
of Guangxi University of Chinese Medicine (2021002), Guangxi overseas “100 
persons’ plan” high‑level expert, the Innovation Project of Guangxi Graduate 
Education (YCSW2019176), University of Chinese Medicine (2022BS008), 
Guangxi University young and middle‑aged teachers Research basic ability 
Improvement project (2023KY0303).

Availability of data and materials
All data generated or analysed during this study are included in this published 
article.

Declarations

Ethics approval and consent to participate
All animal care and experimental procedures were under the approval of the 
Ethics Committee on Laboratory Animal Management of Guangxi University 
of Chinese Medicine (Approval Document No. SYXK‑GUI‑2019‑0001).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Fig. 8 The molecular mechanism for OP regulating myocardial ischemia reperfusion



Page 17 of 18He et al. Chinese Medicine           (2024) 19:59  

Author details
1 College of Pharmacy, Jiangxi University of Chinese Medicine, 
Nanchang 330004, China. 2 College of Pharmacy, Guangxi University 
of Chinese Medicine, Nanning 530000, China. 3 Research Center for Traditional 
Chinese Medicine Resources and Ethnic Medicine, Jiangxi University 
of Chinese Medicine, Nanchang 330004, China. 4 Guangxi Engineering 
Technology Research Center of Advantage Chinese Patent Drug and Ethnic 
Drug Development, Nanning 530020, China. 5 State Key Laboratory of Stem 
Cell and Reproductive Biology, Institute of Zoology, Chinese Academy 
of Sciences, Beijing 100101, China. 6 Institute for Stem Cell and Regeneration, 
Chinese Academy of Sciences, Beijing 100101, China. 7 Beijing Institute 
for Stem Cell and Regenerative Medicine, Beijing 100101, China. 

Received: 4 January 2024   Accepted: 27 March 2024

References
 1. Gaba P, Gersh BJ, Ali ZA, Moses JW, Stone GW. Complete versus incom‑

plete coronary revascularization: definitions, assessment and outcomes. 
Nat Rev Cardiol. 2021;18(3):155–68.

 2. Algoet M, Janssens S, Himmelreich U, Gsell W, Pusovnik M, Van den 
Eynde J, et al. Myocardial ischemia‑reperfusion injury and the influence 
of inflammation. Trends Cardiovasc Med. 2022. https:// doi. org/ 10. 1016/j. 
tcm. 2022. 02. 005.

 3. Li H, Yang D‑H, Zhang Y, Zheng F, Gao F, Sun J, et al. Geniposide sup‑
presses NLRP3 inflammasome‑mediated pyroptosis via the AMPK signal‑
ing pathway to mitigate myocardial ischemia/reperfusion injury. Chin 
Med. 2022;17(1):73.

 4. Li Y, Lu R, Niu Z, Wang D, Wang X. Suxiao Jiuxin Pill alleviates myocardial 
ischemia–reperfusion injury through the ALKBH5/GSK3β/mTOR pathway. 
Chin Med. 2023;18(1):31.

 5. Liao X, Song X, Li J, Li L, Fan X, Qin Q, et al. An injectable co‑assembled 
hydrogel blocks reactive oxygen species and inflammation cycle resisting 
myocardial ischemia‑reperfusion injury. Acta Biomater. 2022;149:82–95.

 6. Zhao T, Wu W, Sui L, Huang Q, Nan Y, Liu J, et al. Reactive oxygen species‑
based nanomaterials for the treatment of myocardial ischemia reperfu‑
sion injuries. Bioactive Mater. 2022;7:47–72.

 7. Qin GW, Lu P, Peng L, Jiang W. Ginsenoside Rb1 inhibits cardiomyocyte 
autophagy via PI3K/Akt/mTOR signaling pathway and reduces myocar‑
dial ischemia/reperfusion injury. Am J Chin Med. 2021;49(8):1913–27.

 8. Johnson GL, Lapadat R. Mitogen‑activated protein kinase path‑
ways mediated by ERK, JNK, and p38 protein kinases. Science. 
2002;298(5600):1911–2.

 9. Ornatowski W, Lu Q, Yegambaram M, Garcia AE, Zemskov EA, Maltepe E, 
et al. Complex interplay between autophagy and oxidative stress in the 
development of pulmonary disease. Redox Biol. 2020;36:101679.

 10. Takata T, Araki S, Tsuchiya Y, Watanabe Y. Oxidative stress orchestrates 
MAPK and nitric‑oxide synthase signal. Int J Mol Sci. 2020;21(22):8750.

 11. Guo Z, Liu FY, Yang D, Wang MY, Li CF, Tang N, et al. Salidroside amelio‑
rates pathological cardiac hypertrophy via TLR4‑TAK1‑dependent signal‑
ing. Phytother Res. 2023;37(5):1839–49.

 12. Cui Y, Gao H, Han S, Yuan R, He J, Zhuo Y, et al. Oleuropein attenuates 
lipopolysaccharide‑induced acute kidney injury in vitro and in vivo 
by regulating toll‑like receptor 4 dimerization. Front Pharmacol. 
2021;12:617314.

 13. Leto G, Flandina C, Crescimanno M, Giammanco M, Sepporta MV. Effects 
of oleuropein on tumor cell growth and bone remodelling: potential 
clinical implications for the prevention and treatment of malignant bone 
diseases. Life Sci. 2021;264:118694.

 14. Mirsanei Z, Heidari N, Hazrati A, Asemani Y, Niknam B, Yousefi Z, et al. 
Oleuropein reduces LPS‑induced inflammation via stimulating M2 mac‑
rophage polarization. Biomed Pharmacother. 2023;163:114857.

 15. Micheli L, Bertini L, Bonato A, Villanova N, Caruso C, Caruso M, et al. Role 
of hydroxytyrosol and oleuropein in the prevention of aging and related 
disorders: focus on neurodegeneration, skeletal muscle dysfunction and 
gut microbiota. Nutrients. 2023;15(7):1767.

 16. Kim Y, Choi Y, Park T. Hepatoprotective effect of oleuropein in mice: 
mechanisms uncovered by gene expression profiling. Biotechnol J. 
2010;5(9):950–60.

 17. Kerimi A, Nyambe‑Silavwe H, Pyner A, Oladele E, Gauer JS, Stevens 
Y, et al. Nutritional implications of olives and sugar: attenuation of 
post‑prandial glucose spikes in healthy volunteers by inhibition of 
sucrose hydrolysis and glucose transport by oleuropein. Eur J Nutr. 
2019;58(3):1315–30.

 18. Hermans MP, Lempereur P, Salembier JP, Maes N, Albert A, Jansen O, 
et al. Supplementation effect of a combination of olive (Olea europea 
L.) leaf and fruit extracts in the clinical management of hypertension 
and metabolic syndrome. Antioxidants. 2020;9(9):872.

 19. Merola N, Castillo J, Benavente‑García O, Ros G, Nieto G. The effect of 
consumption of citrus fruit and olive leaf extract on lipid metabolism. 
Nutrients. 2017;9(10):1062.

 20. Mahmoudi A, Ghorbel H, Feki I, Bouallagui Z, Guermazi F, Ayadi L, et al. 
Oleuropein and hydroxytyrosol protect rats’ pups against bisphenol A 
induced hypothyroidism. Biomed Pharmacother. 2018;103:1115–26.

 21. Yang L, Wang X, Deng W, Mo W, Gao J, Liu Q, et al. Using HEK293T 
expression system to study photoactive plant cryptochromes. Front 
Plant Sci. 2016;7:940.

 22. Martinez NJ, Asawa RR, Cyr MG, Zakharov A, Urban DJ, Roth JS, et al. A 
widely‑applicable high‑throughput cellular thermal shift assay (CETSA) 
using split Nano Luciferase. Sci Rep. 2018;8(1):9472.

 23. Li W, Shi G. How Ca(V)1.2‑bound verapamil blocks Ca(2+) influx into 
cardiomyocyte: atomic level views. Pharmacol Res. 2019;139:153–7.

 24. Syed AM, Ram C, Murty US, Sahu BD. A review on herbal Nrf2 activators 
with preclinical evidence in cardiovascular diseases. Phytother Res. 
2021;35(9):5068–102.

 25. Zhou J, Li XY, Liu YJ, Feng J, Wu Y, Shen HM, et al. Full‑coverage regula‑
tions of autophagy by ROS: from induction to maturation. Autophagy. 
2022;18(6):1240–55.

 26. Mauthe M, Orhon I, Rocchi C, Zhou X, Luhr M, Hijlkema KJ, et al. 
Chloroquine inhibits autophagic flux by decreasing autophagosome‑
lysosome fusion. Autophagy. 2018;14(8):1435–55.

 27. de Vicente LG, Pinto AP, da Rocha AL, Pauli JR, de Moura LP, Cintra DE, 
et al. Role of TLR4 in physical exercise and cardiovascular diseases. 
Cytokine. 2020;136:155273.

 28. Wang S, Song X, Zhang K, Deng S, Jiao P, Qi M, et al. Overexpression of 
toll‑like receptor 4 affects autophagy, oxidative stress, and inflamma‑
tory responses in monocytes of transgenic sheep. Front Cell Dev Biol. 
2020;8:248.

 29. Son Y, Cheong YK, Kim NH, Chung HT, Kang DG, Pae HO. Mitogen‑
activated protein kinases and reactive oxygen species: how can ROS 
activate MAPK pathways? J Signal Transduct. 2011;2011:792639.

 30. Fujiwara M, Matoba T, Koga JI, Okahara A, Funamoto D, Nakano K, et al. 
Nanoparticle incorporating Toll‑like receptor 4 inhibitor attenuates 
myocardial ischaemia‑reperfusion injury by inhibiting monocyte‑
mediated inflammation in mice. Cardiovasc Res. 2019;115(7):1244–55.

 31. Pac‑Soo CK, Mathew H, Ma D. Ischaemic conditioning strategies 
reduce ischaemia/reperfusion‑induced organ injury. Br J Anaesth. 
2015;114(2):204–16.

 32. Tsoumani M, Georgoulis A, Nikolaou PE, Kostopoulos IV, Dermintzoglou 
T, Papatheodorou I, et al. Acute administration of the olive constitu‑
ent, oleuropein, combined with ischemic postconditioning increases 
myocardial protection by modulating oxidative defense. Free Radical 
Biol Med. 2021;166:18–32.

 33. Senoner T, Dichtl W. Oxidative stress in cardiovascular diseases: still a 
therapeutic target? Nutrients. 2019;11(9):2090.

 34. Sun Y, Lu Y, Saredy J, Wang X, Drummer Iv C, Shao Y, et al. ROS systems 
are a new integrated network for sensing homeostasis and alarming 
stresses in organelle metabolic processes. Redox Biol. 2020;37:101696.

 35. Muntean DM, Sturza A, Dănilă MD, Borza C, Duicu OM, Mornoș C. The 
role of mitochondrial reactive oxygen species in cardiovascular injury 
and protective strategies. Oxid Med Cell Longev. 2016;2016:8254942.

 36. Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxy‑
gen species (ROS) and ROS‑induced ROS release. Physiol Rev. 
2014;94(3):909–50.

 37. Hassen I, Casabianca H, Hosni K. Biological activities of the natural anti‑
oxidant oleuropein: exceeding the expectation—a mini‑review. J Funct 
Foods. 2015;18:926–40.

 38. Nah J, Zhai P, Huang CY, Fernández ÁF, Mareedu S, Levine B, et al. Upregu‑
lation of Rubicon promotes autosis during myocardial ischemia/reperfu‑
sion injury. J Clin Investig. 2020;130(6):2978–91.

https://doi.org/10.1016/j.tcm.2022.02.005
https://doi.org/10.1016/j.tcm.2022.02.005


Page 18 of 18He et al. Chinese Medicine           (2024) 19:59 

 39. Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. 
Cell. 2011;147(4):728–41.

 40. Matsui Y, Kyoi S, Takagi H, Hsu CP, Hariharan N, Ago T, et al. Molecular 
mechanisms and physiological significance of autophagy during myocar‑
dial ischemia and reperfusion. Autophagy. 2008;4(4):409–15.

 41. Bogoyevitch MA, Gillespie‑Brown J, Ketterman AJ, Fuller SJ, Ben‑Levy R, 
Ashworth A, et al. Stimulation of the stress‑activated mitogen‑activated 
protein kinase subfamilies in perfused heart: p38/RK mitogen‑activated 
protein kinases and c‑Jun N‑terminal kinases are activated by ischemia/
reperfusion. Circ Res. 1996;79(2):162–73.

 42. Zeng JJ, Shi HQ, Ren FF, Zhao XS, Chen QY, Wang DJ, et al. Notoginse‑
noside R1 protects against myocardial ischemia/reperfusion injury in 
mice via suppressing TAK1‑JNK/p38 signaling. Acta Pharmacol Sin. 2023. 
https:// doi. org/ 10. 1038/ s41401‑ 023‑ 01057‑y.

 43. Jin Q, Li R, Hu N, Xin T, Zhu P, Hu S, et al. DUSP1 alleviates cardiac 
ischemia/reperfusion injury by suppressing the Mff‑required mitochon‑
drial fission and Bnip3‑related mitophagy via the JNK pathways. Redox 
Biol. 2018;14:576–87.

 44. Pei WN, Hu HJ, Liu F, Xiao B, Zuo YB, Cui W. C‑reactive protein aggravates 
myocardial ischemia/reperfusion injury through activation of extracellu‑
lar‑signal‑regulated kinase 1/2. J Geriatr Cardiol. 2018;15(7):492–503.

 45. Xu J, Liu J, Li Q, Mi Y, Zhou D, Wang J, et al. Loureirin C ameliorates 
ischemia and reperfusion injury in rats by inhibiting the activation of the 
TLR4/NF‑κB pathway and promoting TLR4 degradation. Phytother Res. 
2022;36(12):4527–41.

 46. Fullard N, O’Reilly S. Role of innate immune system in systemic sclerosis. 
Semin Immunopathol. 2015;37(5):511–7.

 47. Kaczorowski DJ, Nakao A, McCurry KR, Billiar TR. Toll‑like receptors and 
myocardial ischemia/reperfusion, inflammation, and injury. Curr Cardiol 
Rev. 2009;5(3):196–202.

 48. Arslan F, Keogh B, McGuirk P, Parker AE. TLR2 and TLR4 in ischemia reper‑
fusion injury. Mediat Inflamm. 2010;2010:704202.

 49. Chong AJ, Shimamoto A, Hampton CR, Takayama H, Spring DJ, Rothnie 
CL, et al. Toll‑like receptor 4 mediates ischemia/reperfusion injury of the 
heart. J Thorac Cardiovasc Surg. 2004;128(2):170–9.

 50. Lu M, Tang F, Zhang J, Luan A, Mei M, Xu C, et al. Astragaloside IV attenu‑
ates injury caused by myocardial ischemia/reperfusion in rats via regula‑
tion of toll‑like receptor 4/nuclear factor‑κB signaling pathway. Phytother 
Res. 2015;29(4):599–606.

 51. Song YF, Zhao L, Wang BC, Sun JJ, Hu JL, Zhu XL, et al. The circular RNA 
TLK1 exacerbates myocardial ischemia/reperfusion injury via targeting 
miR‑214/RIPK1 through TNF signaling pathway. Free Radical Biol Med. 
2020;155:69–80.

 52. Wang J, Xiong M, Fan Y, Liu C, Wang Q, Yang D, et al. Mecp2 protects kid‑
ney from ischemia‑reperfusion injury through transcriptional repressing 
IL‑6/STAT3 signaling. Theranostics. 2022;12(8):3896–910.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1038/s41401-023-01057-y

	Oleuropein alleviates myocardial ischemia–reperfusion injury by suppressing oxidative stress and excessive autophagy via TLR4MAPK signaling pathway
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Reagents
	Cell culture
	Cell viability assay
	LDH release assay
	Flow cytometry
	Fluorescence assay
	Immunofluorescence analysis
	Autophagic flux assay
	Western blot assay
	Quantitative real-time PCR (qRT-PCR) assay
	Molecular docking
	Cellular thermal shift assay (CETSA)
	Molecular interaction analysis
	Myocardial ischemia–reperfusion animal model
	Blood routine
	Enzyme-linked immunosorbent assay (ELISA)
	2,3,5-triphenyltetrazolium chloride (TTC)-evens’ blue double staining
	Hematoxylin and eosin (HE) staining
	Data analysis

	Results
	OP improves cell viability and mitochondrial homeostasis in tBHP-induced H9C2 cells
	OP activates Nrf2 signal pathway in tBHP-induced H9C2 cells
	OP inhibits autophagy in tBHP-induced H9C2 cells
	OP binds to TLR4 and regulates the MAPK pathway
	TLR4 inhibitor TAK242 reverses the tBHP-induced cellular damage and regulates TLR4MAPKNrf2 pathway and autophagy in H9C2 cells
	OP alleviates MIRI in rats

	Discussion
	Conclusion
	Acknowledgements
	References


