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Abstract

Kaempferol-3-O-rutinoside (KR) is a flavonoid glycoside derived from traditional Chinese medicine, plants, and 
tea, and has good myocardial protection. This study focuses on the mechanism of myocardial protection with 
KR and whether myocardial protection can be achieved by activating the adenosine monophosphate-activated 
protein kinase–silent mating-type information regulation 2 homolog 1 (sirtuin) (AMPK/SIRT1) signal pathway. 
Molecular docking technique was used to predict the binding affinity of KR to AMPK. The inflammatory injury 
model of H9c2 cells was established by lipopolysaccharide (LPS) induction. H9c2 cell proliferation was detected 
by cell counting kit-8 assay. The apoptosis rate was measured by flow cytometry. Levels of interlukin (IL)-1β, 
IL-6, and tumor necrosis factor-α (TNF-α) were determined by enzyme-linked-immunosorbent serologic assay. 
AMPK and SIRT1 expression levels were quantified through reverse transcription-polymerase chain reaction and 
Western blotting assay. Results indicated that KR has a certain binding affinity with AMPK. KR could increase 
the growth of H9c2 inhibited by LPS, reduce apoptosis rate, and reverse the elevated levels of IL-1β, IL-6, and 
TNF-α. Furthermore, KR could suppress the expression levels of AMPK and SIRT1, and AMPK-specific inhibitor 
(Compound C) could significantly counteract the activation of KR, indicating that its anti-inflammatory effect is 
achieved by regulating the AMPK/SIRT1 signaling pathway.
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Introduction

At present, the incidence of cardiovascular diseases 
(CVD) and accounted mortality are on the rise in China. 
CVD mortality ranks first among all causes, accounting 
for more than 40% of the disease deaths in China (Zhao 
et al., 2019). Chronic heart failure (CHF) is a common 
cardiovascular disease and a serious end-stage of various 
heart diseases, which seriously threatens the health of 
patients (D’Alessandra et al., 2020). Ventricular remod-
eling (VR) after acute myocardial infarction (AMI) is the 
pathophysiological basis for the development of CHF 

(Zhao et al., 2021). The myocardium in the infarcted area 
becomes thinner and dilated, while the myocardium in 
the non-infarcted area becomes hypertrophic and elon-
gated, leading to the enlargement and deformation of 
the ventricular cavity, resulting in decrease of ventricular 
systolic function (Schumacher et al., 2019). The resulting 
VR extends through the whole course of the disease and 
is an important risk factor for long-term death. Therefore, 
to explore how to prevent or reverse VR after AMI and 
delay or inhibit the pathophysiological process of AMI 
after CHF is an inevitable choice to effectively improve 
the prognosis of AMI patients and prevent and treat CHF.
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Materials and Methods

Chemicals and materials

The purity of KR is more than 98% (Desite Biotechnology 
Co. Ltd., Chengdu, China). AMPK-specific inhibitor 
(Compound C) was obtained from Abmole Bioscience 
Inc. (USA). Lipopolysaccharide (LPS, Cat. No. L8880) 
was obtained from Solarbio Science & Technology Co. 
Ltd. (Beijing, China). Fetal bovine serum (FBS, BL201A) 
and Dulbecco’s modified eagle medium (DMEM, 
BL304A) were purchased from Biosharp (China). 
Penicillin–streptomycin solution was purchased from 
Shandong SparkJade Biotechnology Co. Ltd. (China). 
Mouse tumor necrosis factor-α (TNF-α; MM-0180R1), 
interlukin (IL)-1β (MM-0047R1), IL-6 (MM-0190R1) and 
enzyme-linked-immunosorbent serologic assay (ELISA) 
kits were bought from Meimian (Jiangsu, China). Anti-
p-AMPKα (AF3423) and anti-SIRT1 (DF6033) were pur-
chased from Affinity Biosciences (Melbourne, Australia). 
Anti-glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH, 380626) was purchased from ZEN-Bio Science 
(Chengdu, China). Trizol (G3013), SYBR (G3326), and 
Annexin V-FITC/PI cell apoptosis detection kit (G1511) 
were purchased from Servicevbio Biotechnology Co. Ltd. 
(Wuhan, China). 

Molecular docking

The CB-Dock molecular docking platform was used to 
calculate center and size of the target cavity, and ligand 
was uploaded for molecular docking. Protein data bank 
(PDB) formats of AMPK (PDB code: 4CFF) (Xiao et al., 
2013) and KR or A-769662 in Spatial Data File (SDF) for-
mat were input to CB-Dock for molecular docking (Liu 
et al., 2020).

In vitro experiment 

Cell culture and treatment
DMEM containing 10% FBS, 1% penicillin–streptomycin 
in DMEM were used to culture H9c2 cells at 37°C and 
5% CO2. H9c2 cells in logarithmic growth phase were 
trypsinized with 0.25% and seeded in six-well plates. For 
pharmacodynamic study, H9c2 cells were divided into 
the following three groups: control group, model group 
(10-μg·ml-1 LPS), and KR group (25-μM KR). H9c2 cells 
were pre-incubated with KR for 12 h. Then, H9c2 cells 
were stimulated with 10-μg·ml-1 LPS for 6 h (Fanghua). 
To further investigate the effect of KR on AMPK, H9c2 
cells were divided into the following five groups: con-
trol group, model group, KR group, Compound C group 
(10-μM Compound C), and KR+Compound C group 
(25-μM KR + 10-μM Compound C). H9c2 cells were 

Adenosine monophosphate-activated protein kinase 
(AMPK) is an evolutionarily conserved serine/threonine 
protein kinase, known as the “cellular energy regulator.” 
It plays an important role in maintaining cell and energy 
balance (Herzig and Shaw, 2018). AMPK exists in the 
form of α, β, and γ, and is directly activated by interaction 
between Sestrin1 and Thr 172, which have been demon-
strated in cardiomyocytes (Yuan et al., 2022). When acti-
vated, AMPK maintains cell energy balance, turning on 
the productive catabolic pathway while shutting down 
the energy-consuming synthetic pathway, which contrib-
utes to cell survival and cardiovascular system function 
when cells are hypoxic (Wu and Zou, 2020; Zhao et al., 
2022). Studies have shown that normal energy metabo-
lism of the myocardium is the material basis for main-
taining the stability of cardiac internal environment and 
myocardial systolic function. After myocardial ischemia, 
the substrate of myocardial tissue energy supply is trans-
formed from fatty acid β oxidation to anaerobic glycol-
ysis of glucose, leading to the accumulation of free fatty 
acid (FFA) and lactic acid and insufficient myocardial 
energy supply (Wang et al., 2019). Therefore, it is possible 
to improve the activity of AMPK and promote its anti-
inflammatory effect to achieve anti-VR after AMI.

Kaempferol-3-O-rutinoside (KR) is a flavonoid glycoside 
extracted from traditional Chinese medicine, plants, and 
tea. A previous study has found that Lu´an GuaPian tea 
has the highest content of KR (Bai et al., 2017). Evidence 
has found that KR is beneficial for human health, includ-
ing anti-diabetic activity, and cerebral protective, hepato-
protective, anti-cancer, and cardioprotective effects (Hua 
et al., 2018; Li et al., 2021; Wang et al., 2015, 2021; Yu et 
al., 2021). The outstanding effect of KR is that it has a good 
protective effect on myocardial cells. Previous studies 
have found that KR improves hemodynamics and cardiac 
function, reduces myocardial fibrosis and cardiomyocyte 
apoptosis, and decreases excessive release of inflammatory 
factors by inhibiting nuclear factor kappa B–oligomeriza-
tion domain-like receptor family pyrin domain-containing 
3–caspase-1 (NF-κB/NLRP3/Caspase-1) signaling path-
way. The myocardial protective effect of KR is related to 
its regulation of NF-κB/NLRP3/Caspase-1 signaling path-
way (Hua et al., 2022). However, the activation of NF-κB 
is regulated by the upstream AMPK–silent mating type 
information regulation 2 homolog 1 (sirtuin) (SIRT1) sig-
naling pathway, which leads to myocardial cell damage 
(Chen et al., 2018). It is speculated that KR may be one 
of the important pathways to prevent and treat myocar-
dial cell injury by regulating the inflammatory response of 
AMPK/SIRT1 signal pathway. 

In this study, molecular docking was used to predict the 
target AMPK of KR. It was verified by in vitro experi-
ments, which were used to explore the role of KR in vitro 
underlying molecular mechanisms.
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reaction system on ice in RNase free tube: The dose of 
RNA was determined by using Eppendorf BioPhotometer 
plus (OD 1.8–2.0), μL 5*Reaction Mix, 3-μL supreme 
enzyme mix, and diethyl pyrocarbonate (DEPC)-treated 
water was replenished to 20 μL. After mixing, the pro-
gram was run as follows: at 25°C for 10 min, random 
primers were paired with RNA templates to remove 
genomic DNA, and at 55°C for 15 min, reverse transcrip-
tion reaction and double-stranded DNA (dsDNase) were 
rapidly inactivated. Reverse transcriptase was inactivated 
at 85°C for 5 min, and the final complementary DNA 
(cDNA) product was obtained. RT-PCR was performed 
using the SYBR Green PCR Kit. All PCR reactions 
were performed up to 10-µL volume using the Roche 
LightCycler 96. The amplification procedure includes the 
following: pre-denaturing at 95°C for 5 min, then dena-
turing at 95°C for 15 s, annealing at 60°C for 60 s, and 
performing PCR under 40 cycles. The melting curve is 
from 60°C to 95°C. mRNA expression levels of AMPK 
and SIRT1 were analyzed using 2‑ΔΔCq method, and were 
normalized to GAPDH. The primer sequences used are 
shown in Table 1.

Results

Molecular docking results

Molecular docking results showed that KR had a certain 
binding activity with AMPK (Table 2 and Figure 1). Vina 
score of KR was significantly higher than its ligand (SBI-
0206965). The docking results were further verified by in 
vitro experiments.

KR promoted H9c2 cells proliferation under  
LPS treatment 

H9c2 cells were cultured with KR at 25 μM for 12 h. 
CCK8 assay confirmed that KR significantly increased 
LPS-induced H9c2 cell survival (p < 0.01). KR appre-
ciably increased the growth of H9c2 inhibited by LPS 
(Figure 2).

pre-incubated with KR, Compound C, or KR+Compound 
C for 12 h, and stimulated with LPS for 6 h. 

Detection of  H9c2 cells proliferation by cell counting kit-8 
(CCK-8) assay
H9c2 cells were seeded into 96-well plates at a density 
of 3 × 103 cells/well. The cells were incubated with 10% 
CCK-8 (SparkJade, 10 μL) solution at 37°C for 1 h. After 
mixing, optical density (OD) at 450 nm was measured 
with LabServ K3 microplate reader.

Detection of  apoptosis by flow cytometry
Cell culture supernatants were collected, digested with 
ethylenediaminetetraacetic acid (EDTA)-free trypsin, 
and centrifuged. After obtaining H9c2 cells, washed 
twice with phosphate-buffered saline (PBS) solution, and 
harvested and dissociated into single-cell suspensions. 
A 100-μL cell suspension was added with 5-μL Annexin 
V-FITC and 5-μL propidium iodide (PI), mixed and incu-
bated for 10 min at room temperature in the dark (Tang 
et al., 2022). Then, 400-μL staining buffer was added 
prior to detection by Beckman DxFlex flow cytometer 
(Beckman, USA) and analyzed using FlowJo V10.

Detection of  IL-1β, IL-6, and TNF-α by ELISA
H9c2 cells were seeded in a 6-well plate (5 × 104 cells/
well) and incubated at 37°C and 5% CO2. With appropri-
ate intervention, the supernatant was collected by cen-
trifugation at 1,000 g for 10 min. IL-1β, IL-6, and TNF-α 
were detected by ELISA.

Detection of  protein expression by Western Blotting assay
The bicinchoninic acid assay (BCA) kit was used to deter-
mine the concentration of protein. Proteins were separated 
by sodium dodecyl sulfate–polyacrylamide gel electropho-
resis (SDS-PAGE). After lysis of H9c2 cells in lysate, the 
supernatant was removed after centrifugation, 4X load-
ing buffer was added, and the protein was fully denatured 
through boiling. The proteins were separated on 10% poly-
acrylamide gel and transferred to a polyvinylidene fluoride 
(PVDF) membrane; then blocked in 5% skimmed milk 
powder for 2 h and incubated overnight at 4°C. Specific 
proteins were identified using antibodies against p-AMPK 
(1:1,000), SIRT1 (1:500), and GAPDH (1:5,000). The mem-
branes were incubated for 2 h the next day with horserad-
ish peroxidase (HRP)-conjugated secondary antibodies 
corresponding to primary antibody. Electrogenerated che-
miluminescence (ECL) (Biosharp, BL520B) was used 
to develop and fix, and gel imager (Tanon 5200 Imaging 
System, China). The experiment was repeated thrice. 
Image J was used to analyze gray values of the bands.

Detection of  messenger RNA (mRNA) expression by reverse 
transcription-polymerase chain reaction (RT-PCR)
After KR treatment, defrost template RNA and reagent 
on ice, mix, and centrifuge the solution. Preparation of 

Table 1.  Primers used in RT-qPCR.

Primers Sequence (5′ → 3′)

AMPK Forward 5′-GCCGAGAAGCAGAAGCACGAC-3′ 
Reverse 5′-GCTTGCCCACCTTCACTTTCCC-3′

SIRT1 Forward 5′-AGTAACAGTGACAGTGGCACATGC-3′ 
Reverse 5′-CCTCCGTCAGCTCCAGATCCTC-3′

GAPDH Forward 5′-AAGAGGGATGCTGCCCTTAC-3′
Reverse 5′-ATCCGTTCACACCGACCTTC-3′
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Table 2.  Docking results of SBI-0206965 and KR with AMPK.

Compound Vina score Cavity score Center (x, y, and z) Size (x, y, and z)

SBI-0206965 –7.0 459 49, –43, 34 23, 23, 23

KR –8.5 459 49, –43, 34 26, 26, 26

(A) (B)

(C) (D)

Figure 1.  Docking results of SBI-0206965 and KR with AMPK. (A) 3D complex of SBI-0206965–AMPK. (B) Amino acid binding 
of SBI-0206965–AMPK. (C) 3D complex of KR-AMPK. (D) Amino acid binding of KR to AMPK. KR: kaempferol-3-O-rutinoside.

KR reduced the apoptosis rate of H9c2 cells induced  
by LPS

Compared to the control group, the apoptosis rate was 
significantly higher in the model group (p <  0.001). In 
contrast, KR can significantly reduce the apoptosis rate 
(p <  0.001) (Figure 3).

KR reduced the overexpression of inflammatory 
cytokines

Levels of IL-1β, IL-6, and TNF-α were increased signifi-
cantly in the model group, compared to the control group 
(p < 0.05 and <0.01). KR could reverse the elevated levels 
of IL-1β, IL-6, and TNF-α (p < 0.05 and <0.01) (Figure 4). 
KR could inhibit the overexpression of inflammatory 
cytokines.
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Figure 2.  Kaempferol-3-O-rutinoside resists the prolifera-
tion of H9c2 cells inhibited by LPS. The values are expressed 
as mean ± SD (n = 3). **p <  0.01 vs the model group.
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Figure 3.  Kaempferol-3-O-rutinoside reduces the apoptosis rate of H9c2 cells induced by LPS. (A) The apoptosis rate is mea-
sured by flow cytometry. (B) Statistical chart of apoptosis rate. The values are expressed as mean ± SD (n = 3). ***p <  0.001 vs 
the model group. 
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Figure 4.  Kaempferol-3-O-rutinoside reduced the overexpression of inflammatory cytokines. (A) IL-1β, (B) IL-6, and (C) TNF-α. 
The values are expressed as mean ± SD (n = 6). *p <  0.05, **p <  0.01 vs the model group.

KR increased the mRNA expression levels of AMPK  
and SIRT1

Compared to the control group, the mRNA expression 
levels of AMPK and SIRT1 decreased considerably in the 

model group (p < 0.01). Compared to the model group, 
KR was able to reverse mRNA overexpression (p < 0.01) 
(Figure 5). The results pointed out that the protective 
effect of KR on LPS-induced myocardial cell damage 
was related to the activation of AMPK/SIRT1 signaling 
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IL-6, and TNF-α (Sun et al., 2021). Inflammatory response 
plays an important role in the occurrence and develop-
ment of VR. Therefore, it is very important to treat the 
over release of inflammatory factors against VR after AMI.

AMPK system is a novel anti-inflammatory signaling path-
way, connecting with SIRT1 (sirtuin), p53, FoxO3α, and 
p300 to control the occurrence and development of inflam-
mation (Chen et al., 2022). Therefore, AMPK activity can 
be improved to promote its anti-inflammatory effect and 
achieve the purpose of anti-VR after AMI. SIRT1 is a class 
of highly conserved protein deacetylases that catalyzes the 
deacetylation of histone and non-histone lysine residues, 
and is associated with important life activities, such as 
cell survival, proliferation, aging, apoptosis, cell metab-
olism, and energy restriction (Wu, 2021). SIRT1 exists in 
the nucleus and cytoplasm and plays an anti-inflammatory 
role, which is considered a potential therapeutic target for 
CVD (Chen et al., 2020). AMPK promotes the transcrip-
tion and activity of nicotinamide (NAM) phosphoribosyl-
transferase (Nampt) synthesized by nicotinamide adenine 
dinucleotide+ (NAD+), increases the level of [NAD+]/
[NADPH], and mediates the activation of SIRT1, thus play-
ing an anti-inflammatory function (Hurley et al., 2021). 
SIRT1 then interacts with the RelA/p65 subunit of the 
NF-κB complex, which could deacetylate NF-κB p65 sub-
unit Lys310 to inhibit NF-κB transcriptional activity (Deng 
et al., 2021). In short, the anti-inflammatory mechanism 
of VR after AMI is closely related to the AMPK/SIRT1/
NF-κB signaling pathway, that is, activation of AMPK may 
up-regulate SIRT1 expression, inhibit the activity of NF-κB 
inflammatory proteins, and down-regulate the expression 
of downstream inflammatory factors, thereby inhibiting 
the inflammatory response.

Kaempferol-3-O-rutinoside has a good cardiovascu-
lar protective effect, so it is important to further study 
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Figure 5.  Kaempferol-3-O-rutinoside increased the mRNA expression levels of (A) AMPK and (B) SIRT1. The values are 
expressed as mean ± SD (n = 3). **p <  0.01 vs the model group.

pathway. Next, the mechanism was verified by using 
AMPK-specific inhibitors.

Effects of KR and Compound C on the protein expression 
level of AMPK/SIRT1 signal pathway

Protein expression levels of AMPK and SIRT1 in the 
model group decreased considerably, compared to the 
control group (p < 0.05 and <0.01). After treatment with 
KR, the expression levels of p-AMPK and SIRT1 was aug-
mented (p < 0.05 and <0.01). After the intervention of 
Compound C, the expression levels of AMPK and SIRT1 
were returned to the original level. After the combined 
application of KR and Compound C, Compound C could 
significantly counteract the activation of KR (p < 0.05) 
(Figure 6). Therefore, KR could play a role in myocardial 
protection by activating the AMPK/SIRT1 signal pathway. 

Effects of KR and Compound C on the mRNA expression 
level of AMPK/SIRT1 signal pathway

The mRNA expression levels of AMPK and SIRT1 in 
the model group was consistent with the protein expres-
sion. After KR treatment, the mRNA expression levels 
of p-AMPK and SIRT1 were increased (p < 0.01). After 
combined application of KR and Compound C, the effect 
of Compound C on mRNA expression was consistent 
with those of protein, both of which have the effect of 
resisting KR (p < 0.01) (Figure 7). 

Discussion

An acute inflammatory response occurs in the short term 
after AMI, and inflammatory cytokines, including IL-1β, 
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Figure 7.  Effects of kaempferol-3-O-rutinoside (KR) and Compound C on the proteins of AMPK/SIRT1 signal pathway.  
(A) p-AMPK, (B) SIRT1. The values are expressed as mean ± SD (n = 3). **p < 0.01 vs the model group; **p < 0.01 vs the KR group.
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human umbilical vein endothelial cells (HUVEC) injury 
model established in vitro, and its mechanism is related 
to its anti-inflammatory and endothelial cell protection 
(Yu et al., 2021). Previous research has demonstrated 
that KR could decrease the protein expression levels of 
TLR4, MyD88, and NF-κB in LPS-induced H9c2 cell 
injury, indicating that it inhibits inflammatory response 
through TLR4/MyD88/NF-κB signaling pathway (Hua 
et al., 2021). Our latest finding has indicated that KR 
could decrease IL-1β level and inhibited the expression 
levels of NF-κB, NLRP3, ASC, Caspase-1 p20, GSDMD, 
and IL-1β, suggesting that the protective effect of KR 
was related to regulating the NF-κB/NLRP3/Caspase-1 
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found that KR is closely related to NF-κB. Therefore, 
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