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Kaempferol-3-O-rutinoside protects myocardial cell injury by inhibiting the TXNIP/NLRP3 pathway
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Abstract

Kaempferol-3-O-rutinoside (KR), a compound commonly found in green tea, has demonstrated significant
myocardial protective effects. The aim of this study was to reveal the cardioprotective mechanism of KR. In this
study, molecular docking was employed to predict the binding affinity of KR to thioredoxin-interacting pro-
tein (TXNIP). An injury model of H9c2 cells was established using lipopolysaccharide (LPS) and adenosine tri-
phosphate (ATP). Lactate dehydrogenase (LDH) levels were measured using specific kits, while total superoxide
dismutase (T-SOD), malondialdehyde (MDA), glutathione (GSH), and catalase (CAT) activities were assessed
with colorimetric assays. The reactive oxygen species (ROS) level was determined using the DCFH-DA fluores-
cent probe assay. In addition, the expression levels of TXNIP, NLR-family pyrin domain-containing protein 3
(NLRP3), cysteinyl aspartate specific proteinase-1 (Caspase-1), and thioredoxin (TRX) were quantified by reverse
transcription polymerase chain reaction (RT-PCR) and Western blot (WB) assays. Levels of interleukin-1f (IL-
1P) and IL-18 were determined by ELISA. The results indicated that KR has a specific binding affinity for TXNIP.
KR was found to reduce LDH and MDA activities, increase CAT, GSH, T-SOD, and inhibit ROS production.
Mechanistically, KR decreased the gene and protein expressions of TXNIP, Caspase-1, and NLRP3, while increas-
ing the gene and protein expression of TRX. Also, KR decreased the levels of IL-1p and IL-18. In conclusion, the
protective mechanism of KR against cardiomyocyte injury involves the inhibition of the TXNIP/NLRP3 pathway,
providing experimental evidence for its potential clinical application.
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Introduction

The term “myocardial infarction” refers to the damage to
vulnerable atherosclerotic plaques or the erosion of cor-
onary artery endothelial cells (Palasubramaniam et al.,
2019). When cardiomyocytes die, they release specific
proteins that trigger inflammatory responses in the myo-
cardium (Frangogiannis, 2014). During acute myocardial
infarction, cardiomyocytes can produce large amounts of
reactive oxygen species (ROS), which significantly con-
tribute to oxidative stress (Zheng et al., 2022). In recent

years, it has been discovered that ROS not only cause oxi-
dative stress but also act as an important inflammatory
signal, playing a key role in activating the NLR-family
pyrin domain-containing protein 3 (NLRP3) inflam-
masome (Wang et al., 2020). In the absence of stimula-
tion, thioredoxin-interacting protein (TXNIP) binds to
the thioredoxin (TRX), inhibiting its activity (Yoshihara
et al., 2024). When cells are stimulated by external signals
and mitochondrial ROS release is increased, this com-
plex dissociates. TXNIP then binds to NLRP3 inflam-
masome, activating the NLRP3 inflammasome, which
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leads to an increase in cytokine secretion. This activation
triggers downstream inflammatory responses that results
in pyroptosis and ultimately cause cardiomyocyte injury
(Cheng et al., 2020; Zhao et al., 2023).

Kaempferol-3-O-rutinoside (KR), commonly present in
green tea, exhibits significant pharmacological activi-
ties, including anti-liver injury, anti-cerebral ischemia/
reperfusion injury, anti-multi-infarct dementia, anti-
hyperglycemia, and anti-coronavirus 2019 (COVID-19)
(Dubey and Dubey, 2021; Hua et al., 2018; Petpiroon et al.,
2015; Wang et al., 2015). Previous studies have found that
KR is the most abundant flavonoid glycoside in Chinese
traditional tea, Lu'an GuaPian tea (Hua et al., 2018). The
flavonoid glycoside derivatives in Luan GuaPian tea
showed good inhibition of lipid accumulation in 3T3-L1
adipocytes (Bai et al., 2017). Additionally, these derivatives
exhibited strong inhibitory effects on a-glucosidase and
a-amylase, among which KR showed a particularly strong
inhibition of a-amylase through hydrogen-bonding inter-
actions (Hua et al., 2018). KR has demonstrated obvious
anti-inflammatory effects, particularly in protecting H9¢2
cardiomyocytes from lipopolysaccharide (LPS)-induced
inflammatory injury. It significantly increases cell survival
and downregulates the protein expression levels of toll-
like receptor 4 (TLR4), myeloid differentiation primary
response 88 (MyD88), and nuclear factor kappa-B (NF-«kB)
(Hua et al., 2021). Recent studies have also shown that KR
had good therapeutic effects on rats in a model of ventric-
ular remodeling (VR) following acute myocardial infarc-
tion (AMI). It significantly improves cardiac function
and hemodynamic indexes, reduces pathological changes
and myocardial fibrosis, and inhibits the overexpres-
sion of NLRR3, cysteinyl aspartate specific proteinase-1
(Caspase-1), and gasdermin D (GSDMD) (Hua et al.,
2022). The NLRP3 signaling pathway is closely related to
its upstream ROS/TXNIP pathway (Zhu et al., 2024). KR
regulates inflammation and inhibits cellular pyroptosis by
inhibiting the ROS/TXNIP signaling pathway. However,
the effect of KR on VR after AMI is unclear. The present
study aims to further investigate this mechanism.

Molecular docking is a method of drug design that
involves characterizing the receptor and the interaction
mode between the receptor and the drug. It can also be
used to predict the possible targets of drugs and to clarify
their mechanism of action (Guedes et al., 2014). In recent
years, molecular docking has become a valuable tech-
nique for studying the mechanisms of traditional Chinese
medicine combinations (Zhou et al., 2023). Combining
molecular docking with experimental validation can
better elucidate the mechanisms by which traditional
Chinese medicines act against diseases.

In this study, we used molecular docking to predict the
binding affinity of KR and TXNIP. We then conducted

modern morphology and molecular biology experiments
to observe the effects of KR on the expression of key pro-
teins and genes in the model of cardiomyocyte pyroptosis
mediated by the ROS/TXNIP/NLRP3 pathway. Our aim
was to define the mechanism through which KR prevents
and treats cardiomyocyte pyroptosis, providing experi-
mental evidence for the clinical application and popular-
ization of natural products.

Materials and Methods

Cell

The H9c2 cell line was purchased from Procell Life
Technology Co. Ltd. (Wuhan, China).

Chemicals and regents

Kaempferol-3-O-rutinoside ~ was  purchased from
Shanghai Yuanye Bio-Technology Company (Shanghai,
China). Lipopolysaccharide (LPS) (L8880) was purchased
from Technology Co. Ltd (Beijing, China). Adenosine tri-
phosphate (ATP) (A832633) was purchased from Macklin
Biochemical Technology Co. Ltd (Shanghai, China).
Lactate dehydrogenase (LDH) (A020-2-2), malondial-
dehyde (MDA) (A003-1-2), total superoxide dismutase
(T-SOD) (A001-1-2), catalase (CAT) (A007-1-1), and
glutathione (GSH) (A006-2-1) were purchased from
Nanjing Jiancheng Bioengineering Insitute (Nanjing,
China). Interleukin (IL)-1 (MM-0047R2) and IL-18
(MM-0194R2) were bought from Meimian (Jiangsu,
China). ROS kit (CA1410) was purchased from Solarbio
Inc. Anti-TXNIP (DF7506) and anti-Cleaved-caspase-1
(AF4005) were purchased from Affinity Biosciences.
Anti-TRX (ab273877) and anti-NLRP3 (ab263899) were
obtained from Abcam. Penicillin-streptomycin solution
(BL505A) was purchased from Biosharp (China).

Culture of H9c2 cells

H9c2 cells were cultured in DMEM medium supple-
mented with 10% fetal bovine serum (FBS) and 1% pen-
icillin-streptomycin solution. The cells were maintained
at 37°C, 5% CO,, and 85%—-95% relative humidity.

H9¢c2 cell treatment

In 6-well plates, H9c2 cells were divided into a control
group, model group (10 pg/mL LPS intervention for 12 h,
and 8 mM ATP intervention for 2 h), and KR group (after
pretreatment of 25 pM KR for 12 h, 10 pg/mL LPS inter-
vention for 12 h, and 8 mM ATP intervention for 2 h).
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Molecular docking

The structure of KR was downloaded from PubChem
(https://pubchem.ncbi.nlm.nih.gov/) which was processed
by adding hydrogens and partial charges. TXNIP (PDB:
4GEI) was obtained from RCSB (https://www.rcsb.org/)
(Polekhina et al., 2013). To obtain the sizes of the docking
box, distances between the center and each atom along the
three axes (x, y, and z) were calculated. CB-DOCK (http://
clab.labshare.cn/cb-dock/) was used to predict the binding
affinity of the chemical and target (Liu et al., 2020).

Determination of enzymology parameters

The LDH activity in cell supernatants was measured
according to the manufacturer’s instructions. T-SOD
(550 nm), MDA (532 nm), GSH (405 nm), and CAT (405
nm) activities were measured by colorimetric assay.

Detection of cellular ROS levels

H9c2 cells were inoculated into 6-well plates at 90% den-
sity, with a density of 3x10° cells/well. After treatment in
groups, they were mixed with 10 uyM DCFH-DA and incu-
bated in a serum-free medium for 15 min. After washing
with PBS, the fluorescence intensity was observed with a
fluorescence microscope (Olympus IX81, Japan).

RT-qPCR for mRNA expression

H9c2 cells were inoculated at a density of 2x10° cells
in 6-well plates and cultured for 24 h. The mRNA
assay was conducted based on the methods described
in a previous study (Yang et al., 2024). The amplifica-
tion procedure includes the following: pre-denatur-
ing at 95°C for 5 min, then denaturing at 95°C for 15
s, annealing at 60°C for 60 s, and performing 40 cycles
of PCR. The melting curve is from 60°C to 95°C. The
mRNA expression levels of the genes were analyzed
using the 2444 method with B-actin as a reference
control. The primer sequence for TXNIP (Forward:
5-CCAGACCAAAGTGCTCACTCAGAAG-3/,
Reverse: 5-GAGACTCTTGCCACGCCATGATG-3),
TRX (Forward: 5'-AAGCCCTTCTTTCATTCCCTCTG
TG-3’, Reverse: 5-CAGCAACATCCTGGCAGTCA
TCC-3'), NLRP3 (Forward: 5-GAGCTGGACCTCAG
TGACAATGC-3’, Reverse: 5'-AGAACCAATGCGAGA
TCCTGACAAC-3’), Caspase-1 (Forward: 5'-GCACAA
GACTTCTGACAGTACCTTCC-3', Reverse: 5'-GCTTG
GGCACTTCAATGTGTTCATC-3'), and B-actin
(Forward: 5'-CCCATCTATGAGGGTTACGC-3,
Reverse: 5-TTTAATGTCACGCACGATTTC-3’) were
used in the study.

Cardioprotective mechanism of Kaempferol-3-O-rutinoside

Western blot for protein expression

H9c2 cells were seeded in 6-well plates at a density of
2x10° cells per well and cultured for 24 h. Equal amounts
of total protein were separated using 10%-12% SDS-
PAGE and transferred to a PDVF membrane following
protein quantification with a BCA kit. The membrane
was blocked with 5% skim milk for 2 h. After blocking,
the membrane was incubated with primary antibod-
ies overnight at 4 °C following three washes with TBST
solution. The protein assay was performed according
to a previous study (Hua et al., 2022). TXNIP (1:1000),
TRX (1:500), NLRP3 (1:1000), Cleaved-caspase-1
(1:1000), and GAPDH (1:5000) were incubated at 4°C
overnight. The protein bands were photographed using
the Tanon5200 imaging system (Tanon, China), and the
optical density values of the bands were analyzed using
Image]J software.

ELISA for the expression of IL-1f and IL-18

IL-1p and IL-18 levels in rat serum were detected by test
kits. Fluorescence was measured on a SpectraMax i3x
(Molecular Devices, USA) microplate reader at 450 nm.

Statistical analysis

The data were presented as mean + standard deviation,
and statistical analysis was conducted using SPSS 26.0.
One-way ANOVA was performed, and the results indi-
cated that a P-value of less than 0.05 was considered sta-
tistically significant.

Results
Molecule docking for KR

The lower the Vina score, the stronger the binding affin-
ity between KR and TXNIP. Verapamil had a Vina score
of 5.5, while KR had a score of -6.7, indicating that the
binding affinity of KR to TXNIP was higher than that of
the TXNIP inhibitor. KR had a good binding affinity to
TXNIP, suggesting that KR may act on TXNIP (Table 1,
Figure 1), as supported by cellular experiments.

Table 1. Docking scores of KR with TXNIP targets.

Chemicals Vina Cavity Center Size
score score (x, Y, 2) (x,y,2)

Verapamil 55 555 17, 39, -8 27,27, 27

KR -6.7 555 17, 39, -8 26, 26, 26
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(A)

Figure 1. Docking of KR to TXNIP. (A) Verapamil (B) KR.

Effect of LGZGD on LDH activity

LDH activity was significantly higher in the model
group (P<0.01), and KR could decrease the LDH activ-
ity (P<0.01) (Figure 2). The results indicated that KR
intervention could effectively ameliorate the myocardial
injury caused by LPS+ATP on H9c2 cells.

Effect of LGZGD on cellular oxidative stress

In the model group, CAT, GSH, and T-SOD activities
were significantly lower, while MDA content was sig-
nificantly higher (P<0.01). However, following KR inter-
vention, these oxidative stress indicators were notably
reversed (P<0.01) (Figure 3).

Effect of KR on the level of ROS

The effect of KR on ROS was assessed using a kit in H9c2
cells. Induction with LPS+ATP significantly increased
ROS production in the model group (P<0.01). However,
ROS production was significantly inhibited following KR
intervention (P<0.01) (Figure 4).

KR inhibited the expression of key genes

In the model group, gene expression levels of TXNIP,
Caspase-1, and NLRP3 were significantly increased, and
TRX gene expression was significantly decreased (P<0.01).
However, in the KR group, these gene expressions were
significantly reduced, and TRX gene expression was sig-
nificantly increased (P<0.01) (Figure 5).

KR inhibited the expression of key proteins

In the model group, protein expression levels of TXNIP,
Cleaved-caspase-1, and NLRP3 were significantly

60 =
** 1Ht

LDH (u/L)

> @ &

o°°\K
Figure 2. Effect of LGZGD on LDH activity. Compared

with the control group, **P < 0.01; compared with the model
group, #P < 0.01.

@0

elevated, while TRX protein expression was decreased
(P<0.01). After KR treatment, these protein expression
levels were significantly reversed (P<0.01) (Figure 6).

KR improved IL-1f and IL-18 in myocardial injury

In the model group, the levels of IL-1p and IL-18 were
significantly increased (P<0.01). In contrast, KR treat-
ment significantly suppressed these inflammation levels
(P<0.01) (Figure 7).

Discussion

TXNIP is a marker associated with metabolism, oxi-
dation, and inflammation in cardiovascular diseases
(CVDs). Its overexpression is closely linked to the onset
and progression of CVDs (Zhou et al., 2023). Inhibiting
TXNIP is crucial for mitigating the excessive activation of
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Figure 5. KR inhibited the expression of key genes. (A) TXNIP; (B) TRX; (C) NLRP3; (D) Caspase-1. Compared with the control

group, *P < 0.01; compared with the model group, #P < 0.01.

downstream signaling pathways, thereby reducing myo-
cardial cell damage (Xi et al., 2024). TXNIP also interacts
with NLRP3, which activates NLRP3 inflammasome and
promotes inflammatory processes, including pyroptosis
(Bharti et al., 2019; Luo et al., 2022).

Pyroptosis is a form of programmed cell death char-
acterized by the continuous swelling of cells until their
membranes rupture. This process leads to the release
of cellular contents and activation of a potent inflam-
matory cascade (de Torre-Minguela et al, 2021; Zhang
et al., 2024). It is an important natural immune response,
dependent on Caspase-1, and involves the release of
pro-inflammatory factors. Pyroptosis can be detected

by measuring the levels of intracellular expression of
inflammatory factors and Caspase-1 proteins (Toldo and
Abbate, 2024). The NLRP3/Caspase-1 pathway is one
of the classical pathways of cellular pyroptosis, involv-
ing several key components: NLRP3, Caspase-1, ASC,
GSDMD, and GSDMD-N (Imre, 2024).

Upon stimulation by pyroptosis signals, intracellular pat-
tern recognition receptors bind to pattern recognition
molecules. NLRP3, initially inactivate in the cytoplasm,
undergoes oligomerization upon relevant stimulation,
which is a crucial step for its activation. The PYD struc-
tural domain of NLRP3 binds to the PYD structural
domain of ASC, while the CARD structural domain
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of ASC binds to the CARD structural domain of pro-
Caspase-1, leading to the formation of the NLRP3 inflam-
masome (NLRP3-ACS-proCaspase-1). Upon activation
of the NLRP3 inflammasome, caspase-1 is activated and
specifically cleaves the precursors of IL-1f and IL-18, con-
veting them into their active forms. This process triggers
an inflammatory cascade and induces cellular pyroptosis
(Abbate and Booz, 2019; Li et al., 2022; Liang et al., 2020).
During myocardial ischemia, large amounts of ROS are
generated, playing a crucial role in oxidative stress and
acting as key regulators of the NLRP3 inflammasome.
At the onset of AMI, damage-associated molecular pat-
terns (DAMPs)-induced ROS stimulate the detachment
of TXNIP from its binding partner, TRX. TXNIP then
translocates from the nucleus to the cytoplasm, where it

binds to NLRP3, leading to the activation of the NLRP3
inflammasome. This activation results in the activation
of Caspase-1, which cleaves the precursors of IL-1p and
IL-18 into their active forms. These active cytokines then
trigger cellular pyroptosis (Qiu et al, 2019; Sukhanov
et al., 2021). Inhibition of NLRP3 using small interfering
RNA (siRNA) in animal models of permanent myocardial
infarction has been shown to suppress inflammasome
activation, reduce cardiomyocyte death, and attenuate
VR after AMI (Mezzaroma et al., 2011). After the estab-
lishment of myocardial ischemia/reperfusion model
using ASC knockout mice (ASC-/-mice) and Caspase-1
knockout mice (Caspase-1-/-mice), it was found that the
inflammatory response was significantly reduced com-
pared to wild-type mice. This reduction was evidenced
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by decreased inflammatory cell infiltration, lower expres-
sion of cytokines and chemokines, and a smaller myo-
cardial infarction area in the knockout mice (Kawaguchi
etal., 2011).

In this study, CB-dock was used to predict the binding
affinity of KR to TXNIP. CB-dock can automatically pre-
dict binding modes without prior binding site informa-
tion by using a novel curvature-based cavity detection
approach to identify potential binding sites and calculate
the center and size of the binding site (Liu et al., 2020).
The molecular docking results showed that KR had a bet-
ter binding affinity with TXNIP. The experimental results
of this study demonstrated that NLRP3 expression sig-
nificantly increased after combined LPS+ATP modeling,
indicating successful model establishment. KR signifi-
cantly reduced oxidative stress injury and decreased the
expression of cellular pyroptosis-related proteins and
genes in H9c2 cells, suggesting that the cardioprotective
effect of KR is associated with the inhibition of the ROS/
NLRP3 signaling pathway. Although this study provides
insights into the cardioprotective mechanism of KR,
it only established a correlation between KR and myo-
cardial protection. The detailed mechanisms were not
clarified using specific agonists or gene overexpression
techniques.

In conclusion, the mechanism by which KR protects car-
diomyocytes from injury is related to the inhibition of the
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KR improved IL-1f and IL-18 in myocardial injury. (A) IL-18; (B) IL-18. Compared with the control group, **P < 0.01,

TXNIP/NLRP3 pathway. This provides a theoretical and
experimental basis for its possible clinical application.
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