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Quercetin attenuates ferroptosis-associated myocardial injury
in rats after coronary microembolization by activating the Nrf2/
HO-1 signaling pathway
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ABSTRACT

Objective(s): Coronary microembolization (CME) significantly contributes to the progression of heart
failure and is strongly associated with adverse clinical outcomes | - patients. Ferroptosis has been
implicated in CME-induced myocardial injury. Quercetin has weli-a cumented anti-inflammatory
and antioxidant properties and shows therapeutic potential in-c ona. artery disease. However,
its precise mechanism for regulating ferroptosis during CME- media ed myocardial injury remains
unclear. This study aims to elucidate the therapeutic effects ~f qu rcetin and its underlying molecular
mechanisms that regulate ferroptosis in cardiomyocytes follow 1g CME.

Materials and Methods: The Sprague-Dawley(SD) r.s ‘ere randomly divided into four groups
(n=7 each): Sham, CME, CME+Quercetin (7 ), nd CwviE+Quercetin+ML385 (Que+ML385).
The CME model was produced by injecting micr. sphe s into the left ventricles. We administered
pharmacological treatments as follows: The Due and Que+ML385 groups received daily oral
quercetin (250 mg/kg) starting 7 days before mc ‘=l induction until the procedure day. Additionally,
we pretreated the Que+ML385 group v ‘th intrape: oneal injection of ML385 (30 mg/kg) 2 hr before
CME induction. The comprehensive evaic 2tions include cardiac function assessment, quantification
of serum biomarkers of myocardial inj iry, c. *diac tissue histology, and analysis of ferroptosis-related
molecular markers to evaluate qu~ ~=t. ‘s tkerapeutic effects.

Results: Quercetin pretreatment signifizantly improved cardiac function, reduced serum markers of
myocardial injury, and decre sed . ‘=~ infarction size. At the molecular level, quercetin up-regulated
Nrf2 and HO-1 expression a d attenuated biochemical markers of cardiomyocyte ferroptosis.
However, ML385 co-treiitment auenuated this protective effect.

Conclusion: Quercetin . ~av  nhibit ferroptosis in cardiomyocytes by activating the Nrf2/HO-1
signaling pathway, thereby improving CME-related cardiac dysfunction and reducing myocardial

injury.
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Introduction

Coronary microemboli m (CME) results from the
disruption of unstable athc =lierotic plaques or the
occlusion of distal coronary arteries by microthrombi,
atherosclerotic debris, or other particulate matter. This
condition often occurs after percutaneous coronary
intervention (PCI). It may cause coronary slow-flow
or no-reflow phenomena, which can trigger dangerous
arrhythmias and localized myocardial systolic dysfunction.
Moreover, CME is a strong independent predictor of poor
long-term outcomes and major adverse cardiovascular
events (1-3). Routine use of interventional protection
devices has not demonstrated significant clinical benefits
in patient outcomes, and current management of CME
continues to depend on statins, platelet inhibitors, and
vasodilators (4). Therefore, novel therapeutic approaches
for CME prevention and treatment are urgently needed.

Ferroptosis, a recently discovered form of programmed
cell death, involves iron-dependent accumulation of lipid
peroxides within cells (5). This process has been implicated
in multiple cardiovascular pathologies (6-8). During
ischemia, the myocardium accumulates pathological iron
and ROS, leading to detrimental changes in membrane
lipids—the hallmark of ferroptosis. Ferroptotic myocardium
exhibits increased oxidative stress, elevated endoplasmic
reticulum stress, excessive iron overload, and impaired
mitochondrial function (9). Studies have demonstrated that
oxidative stress, inflammation, and ferroptosis contribute to
myocardial injury after CME (10, 11). Notably, atorvastatin
has been shown to reduce CME-mediated ferroptosis-
induced myocardial injury via the Hifla/Ptgs2 pathway.
These findings establish ferroptosis as a potential therapeutic
target for alleviating CME-induced myocardial injury (12).

Quercetin, a flavonoid found in apples, onions, tea,
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red wine, and berries, exhibits a broad spectrum of
beneficial effects, including cardiovascular protection, anti-
inflammatory effects, anti-cancer properties, and anti-ulcer
activity (13). Nrf2, a key transcription factor, regulates
antioxidant and anti-inflammatory responses, thereby
protecting cells from oxidative stress and inflammation-
mediated damage (14). Quercetin modulates ferroptosis
through the SIRT1/Nrf2/HO-1 pathway, reducing cartilage
degradation in rat models of osteoarthritis (15). Additionally,
Quercetin  has been shown to ameliorate diabetic
nephropathy by inhibiting ferroptosis and regulating Nrf2
in streptozotocin-induced diabetic rats (16). While these
benefits are established, it remains unknown whether
Quercetin protects against CME-induced myocardial
damage via Nrf2 activation. Therefore, this study aims to
investigate whether quercetin administration can mitigate
CME-induced myocardial damage and suppress ferroptosis
in cardiomyocytes from CME rats by activating the Nrf2/
HO-1 signaling pathway.

Materials and Methods
Animal grouping and model construction

Twenty-eight male Sprague-Dawley (SD) rats, 8 weeks old
and weighing 200-250 g, were obtained from the Laboratory
Animal Center of Guangxi Medical University (specific
pathogen-free grade). The rats were randomly assigned to
four experimental groups: Sham, CME, CME+Quercetin
(Que), and CME+Quercetin+ML385 (Que+ML385),
with 7 rats per group. All animals were maintained under
controlled environmental conditions at 25 “C with a 12-hour
light-dark cycle and had free access to food and water.

The CME model was established following previously
published protocols (6). Briefly, rats were anesthetized
by intraperitoneal injection of sodium pentobarbital (40
mg/kg). After standard aseptic preparation, mechanicar
ventilation was initiated with settings of 70 lLreaths/ ain
and 7 ml tidal volume to support respiration-ar ! a surgical
incision was made along the left sternal borc. >t to e..pose the
ascending aorta. The aorta was temporar.’ - oc luded using
a vascular clamp, and 0.2 ml-o1 mic-osphere suspension
(8,000 particles, 42 um dian eter; Polvsciences Inc., USA)
was injected into the left v¢ stricular apex. The vascular
clamp was removed after twel, 2=Conds. Sham-operated
animals received an equivalent volume of normal saline
using the identical procedure.

In the Que group, rats were pretreated with quercetin
(250 mg/kg/day) via oral gavage for 7 consecutive days,
including the day of model induction. The Que+ML385
group received the same quercetin pretreatment plus an
additional intraperitoneal injection of ML385 (30 mg/kg) 2
hr before model establishment.

The experimental protocol was approved by the Animal
Research Ethics Committee of Guangxi Medical University
(application number: 202401013) and complied with the
National Institutes of Health guidelines for laboratory
animals.

Heart echocardiography

Cardiac function was assessed six hours after surgery.
Under anesthesia, myocardial performance parameters
were evaluated using a high-frequency 12 MHz transducer
integrated with the MyLabSix echocardiography platform
(Esaote, Italy). Echocardiography data are obtained from
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M-shaped images of the short-axis section beside the
sternum at the level of the papillary muscle. Measurements
included left ventricular ejection fraction (LVEF),
fractional shortening (FS), left ventricular end-diastolic
diameter (LVEDD), and end-systolic diameters (LVESD).
Measurements were performed by an echocardiographer
blinded to treatment groups to ensure objective data
collection. Parameters represent the mean of three
consecutive cardiac cycles to improve measurement
reliability.

Sample collection

After assessing cardiac function, we euthanized the
experimental rats by intraperitoneal injection of a lethal
dose of pentobarbital sodium, then collected blood samples
from the abdominal aorta and centrifuged them to isolate
serum for biochemical analysis After excising the cardiac
tissue, we perfused it with cold saline, removed the auricular
and atrial components, and r.»idly froze the ventricular
apex in liquid nitrogen. We s.>red the cryopreserved
specimens at -80 °C for siibseq rert gqRT-PCR and western
blot analyses. We fixed *he emaining cardiac tissue in 4%
neutral buffered forraalde. yde for 12 hr before embedding
it in paraffin. Secriac eooltions of 4-pum thickness were
prepared- ror om, vehensive histopathological evaluation
and immu. ofiuorescence studies.

Seru. * markers

(Cominercial kits from Solarbio were used to measure
~>rL . _concentrations of ¢Tnl, CK-MB, Fe**, GSH, and
MDA, following the manufacturer’s instructions.

HE and Heidenhain’s iron hematoxylin staining

HE and Heidenhain’s iron hematoxylin staining
were used to assess myocardial microinfarction areas
and histomorphological changes. Heidenhains iron
hematoxylin stain provides superior contrast for detecting
early myocardial ischemia. In normal myocardial tissue,
cardiomyocyte cytoplasm stains red with distinct black
nuclei, whereas ischemic cardiomyocytes and erythrocytes
exhibit characteristic black staining (17). Heidenhain’s
iron hematoxylin staining has been widely used to identify
early ischemic myocardial injury and microinfarction after
CME (18, 19). Staining was observed under a ZEISS Axio
Imager A2 microscope (Carl Zeiss AG, Germany). For each
section, five representative images from different fields were
systematically acquired, and the infarct area was measured
using Image] software. The percentage of the microinfarct
area was then calculated. Image acquisition and data
analysis were performed by an independent researcher who
was unaware of the grouping.

Immunofluorescence staining

To examine the subcellular localization and relative
abundance of ACSL4, Ferritin, and GPX4 in rat cardiac
tissue, we performed immunofluorescence analysis. Tissue
sections were incubated with the following primary
antibodies: anti-ACSL4 (1:500; Abcam, USA), anti-Ferritin
(1:500; Bioss, China), and anti-GPX4 (1:500; Abcam,
USA) at 4 °C overnight, then incubated with fluorescently
labeled secondary antibody (1:500; Abcam, USA) protected
from light for 60 min. Nuclear counterstaining with DAPI
was performed, with all procedures strictly following
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manufacturers’ protocols. Fluorescence imaging was
performed with an Olympus BX53F microscope (Japan),
and fluorescence intensity was quantified using Image].

Quantitative real-time PCR

Total RNA was extracted using Trizol reagent (Invitrogen)
following the manufacturer’s standard protocol, including
phase separation, RNA precipitation, and washing. RNA
concentration and purity (A260/A280 ratio >1.8) were
measured with a NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific). We synthesized complementary
DNA with a commercial reverse transcription kit (Takara)
and performed quantitative real-time PCR on an ABI 7500
platform (Applied Biosystems) using SYBR Green I master
mix (ACE Biotechnology). All qPCR reactions, performed
in technical triplicate, were normalized to the housekeeping
gene GAPDH. We quantified relative gene expression
using the 2-AACt method for comparative threshold cycle
analysis. Primer sequences are listed in Table 1.

Western blotting

Cardiac tissues were homogenized in RIPA buffer
supplemented with protease inhibitors using a mechanical
tissue homogenizer. Following centrifugation at 12,000xg
for 15 min at 4 °C, the protein-containing supernatant
was collected, and protein concentration was determined
via the bicinchoninic acid (BCA) assay. Equal amounts of
protein were loaded for SDS-PAGE. For immunoblotting,
samples were separated on 12% SDS-polyacrylamide gels
and then transferred by electrotransfer onto polyvinylidene
fluoride (PVDF) membranes. Membranes were blocked 1o
prevent nonspecific binding with 5% non-fat dry m.'x in
Tris-buffered saline containing 0.1% Tween-20 (T5HUT) 10
60 min at room temperature. After blocking, meubranes
were incubated with primary antibodies (argeting key
ferroptosis-related proteins: ACSL4 (Abcar.., ("SA-1:2000),
FTH1 (Bioss, China; 1:2000), GPX4 (Al a.». USA; 1:2000),
Nrf2 (Abcam, USA; 1:2000), and i 0D-1 (usioss, China;
1:2000) for 16 hr at 4 "C. After exteiis. = w. shing with TBST,
membranes were incubatea’ior 6( min .t room temperature
with species-matched luorescent secondary antibodies

Table 1. Primer sequences of the  ~oef gcnes used in qQRT-PCR analysis

Gene primer sequences

Nrf2 F 5" -CTGCTCCGACTAGCCATTGAC-3
Nrf2 R 5" TGTCTTGCCTCCAAAGGATGTC-3'
HO-1F 5'-CACGCATATACCCGCTACCT-3'
HO-1R 5'-AAGGCGGTCTTAGCCTCTTC-3'
ACSLAF 5'-CAGGGCTATGGGCTGACAGAAT-3'
ACSL4 R 5'-TGAACTGTATAACCACCTTCCTGC-3'
GPX4F 5'-TGAGGCAAAACCGACGTAAACT-3
GPX4 R 5-TTGATTACTTCCTGGCTCCTGC-3
GAPDHF 5-TGGAGAAACCTGCCAAGTATGATG-3
GAPDHR 5-TATCCTTGCTGGGCTGGGTG-3

Nrf2: Nuclear factor erythroid 2-related factor 2; HO-1: Heme oxygenase-1;
ACSL4:Acyl-CoA synthetase long-chain family member 4; Gpx4: Glutathione
peroxidase 4; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase
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(1:10,000 dilution). Protein signals were detected using
enhanced chemiluminescence reagents and captured using
the Pierce detection system. Band intensities were quantified
using Image] software (version 1.80) for densitometric
analysis.

Statistical analysis

Statistical analyses were performed using SPSS 25.0 (IBM
Corp.), with quantitative data presented as mean+standard
deviation. We used the Shapiro-Wilk test to assess whether
the data were normally distributed, and Levene’s test to
assess homogeneity of variance. If the data were normally
distributed and had homogeneity of variance, we used
one-way ANOVA, followed by Fisher’s LSD post hoc test to
compare differences between groups. If the variances were
unequal, we used Dunnetts T3 post hoc test to compare
differences between groups. The statistical significance level
was set at P<0.05.

Results
Quercetin improves carduw < function after CME in rats
Cardiac functian s assessed by echocardiography.
Compared witar the Sham group, rats in the CME
group exhihited “gnificantly reduced LVEF and LVFS,
accoinpa ied v a marked increase in LVESD, indicating
impa. »d" left ‘ventricular systolic function. Quercetin
pretreat. ent significantly attenuated these functional
. bnormalities, as evidenced by increased LVEF and LVFS
and decreased LVESD compared with the CME group.
Notaply, concurrent administration of ML385 abolished
the cardioprotective benefits of quercetin. Comprehensive
echocardiographic data for all experimental groups are
presented in Figure 1.

Effects of quercetin on myocardial injury and ferroptosis
marker levels

Serum levels of ¢Tnl and CK-MB reflect myocardial
injury in rats following CME. Additionally, markers such as
MDA, GSH, and Fe?** are closely associated with ferroptosis
and redox reactions. Results showed significant increases in
cTnl, CK-MB, MDA, and Fe**levels in the CME group versus
Sham controls. Conversely, GSH levels were substantially
reduced. Importantly, quercetin pretreatment significantly
attenuated CME-induced myocardial injury. The Que group
showed decreased serum levels of cTnl, CK-MB, MDA,
and Fe** but increased GSH compared to the CME group.
However, co-administration of ML385 partially reversed
quercetins protective effects (Figure 2). These findings
demonstrate that quercetin mitigates myocardial damage
and suppresses ferroptosis in CME rats.

Quercetin reduces microinfarct size in CME rats

HE staining revealed no microembolic lesions or
myocardial infarction in the Sham group, with myocardial
fibers intact and neatly arranged. In contrast, intravascular
microemboli were observed in the other groups. In these
groups, myocardial fibers were disorganized around the
microemboli, myocardial cell nuclei showed dissolution or
disappearance, and leukocyte infiltration with erythrocyte
exudation was observed. Additionally, Heidenhain’s iron
hematoxylin staining showed that the myocardial infarction
area in the Sham, CME, Que, and Que+ML385 groups was
1.74+0.47%, 17.95+3.87%, 10.28+1.81%, and 17.12+0.48%,
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Figure 1. Quercetin improves cardiac function in rats after CME

(A) Representative echocardiograms of each group. (B-E) LVEF, LVFS, LVEDd, and LVESd in each group of rats. The data were analyzea  <ing one-way ANOVA with post hoc
Fisher’s LSD test and presented as mean+SD (n = 7). "P<0.05 vs Sham group; “P<0.05 vs CME group; “P<0.05 vs Que group

LVEF: Left ventricular ejection fraction; LVFS: left ventricular fractional shortening; LVEDd: left ventricular end-diastolic diamete ;; LVES : left ventricular end-systolic diameters

respectively. Compared to the CME group, the infarct size edema and inflammg¢tory ‘ell infiltration. However, ML385
in the Que group was significantly reduced, indicating that co-administration si, nificantly reversed these beneficial
quercetin pretreatment reduces infarct size in CME-induced effects (Figui. 3).
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Figure 2. Quercetin reduces myocardial injury and fer: »tosis inarker levels in rats

(A-E) Levels of serum c¢Tnl, CK-MB, Fe2+, GSH, and MZ... Data . > presented as the mean+SD (n=6). Statistical analyses for Figure 2A, Figure 2D, and Figure 2E were performed
using one-way ANOVA followed by Dunnett’s T2 post | oc test, hile Figure 2B and Figure 2C were analyzed using one-way ANOVA followed by Fisher’s LSD post hoc test. "P<0.05
vs Sham group; “P<0.05 vs CME group; *P<0.05 vs Qu_2roup

cTnl: Cardiac troponin I; CK-MB: Creatir * kinase MB isocuizyme; GSH: Glutathione; MDA: Malondialdehyde

A Sham CME Que+ML385

microinfarct area(%)

Heidenhain’s
Iron hematoxylin

Figure 3. Hematoxylin and Eosin (HE) and Heidenhain iron hematoxylin staining of rat tissue

(A) HE staining. Microspheres with inflammatory cell infiltration were observed in the CME, Que, and Que+ML385 groups, but not in the sham surgery group. Black arrows
indicate microspheres (x100 magnification; scale bar=100um)(n=3). (B) Heidenhain iron hematoxylin staining. Ischemic myocardium is prominently displayed in brown-black.
Red arrows indicate the area of microinfarction. (C) The microinfarct size in each group. The data were analyzed using one-way ANOVA with post hoc Fisher’s LSD test and
presented as mean+SD. "P<0.05 vs Sham group; “P<0.05 vs CME group; *P<0.05 vs Que group

HE: Hematoxylin and eosin staining
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Figure 4. (A-D) Changes in mRNA expression levels of Nrf2, HO-1, ACSL4, and Gpx4 across rat groups

Data are presented as mean+SD (n=4). Statistical analyses for Figures 4A and 4C were performed using one-way ANOVA with Dunnett’s T3 post hoc test, whereas Figures 4B and
4D were analyzed using one-way ANOVA with Fisher’s LSD post hoc test. "P<0.05 vs Sham group; #P<0.05 vs CME group; “P<0.05 vs Que group

Nrf2: Nuclear factor erythroid 2-related factor 2; HO-1: Heme oxygenase-1; ACSL4: Acyl-CoA synthetase long-chain family member 4; Gpx4: Glutathione peroxidase 4

4A and 4C were performed using one-way ANOVA with
Dunnett’s T3 post hoc test, whereas Figures 4B and PCR
for mRNA and western blot for protein analysis were
performed. We measured ACSL4 and GPX4 expression
in rat heart tissue. The CME group showed significantly
increased ACSL4 and decreased GPX4 levels (P<0.05).
Quercetin treatment resulted in a pronounced reduction
in ACSL4 expression and a corresponding increase in
GPX4 levels. Combined quercetin and ML385 treatment
further altered the expression patterns, decreasing ACSL4
and increasing GPX4 and ferritin levels (Figures 4 and 5).
Immunohistochemistry (Figures 6 and 7) showed results
consistent with qRT-PCR and western blot. The results
indicate that quercetin pretreatment can effectively reduce
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the levels of ferroptosis-related marker proteins, suggesting
that quercetin may alleviate CME-induced ferroptosis in
cardiomyocytes.

Quercetin pretreatmen’ ac. vates the Nrf2/HO-1 signaling
pathway

Both gRT-PCK a1 western blot analyses showed
that Nrf2 and (Z2IC-1 expression levels were significantly
decreass 2 ‘u.> CME group. In contrast, Nrf2 and HO-1
expres.'on were .narkedly increased in the Que group
comparec. with the CME group (P<0.05)(Figures 4 and 5).
1 ese findin s suggest quercetin pretreatment may attenuate
Ci."-induced cardiomyocyte ferroptosis by activating the
17rf2/1.0-1 signaling pathway.
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Figure 5. Quercetin inhibits cardiomyocyte ferroptosis through the Nrf2/HO-1 signaling pathway in rats

(A-F): Changes of relative expression levels of Nrf2, HO-1, ACSL4, Ferritin, and Gpx4 proteins in each group.The data were analyzed using one-way ANOVA with post hoc Fisher’s
LSD test and presented as mean+SD (n=4). "P<0.05 vs Sham group; “P<0.05 vs CME group; “P<0.05 vs Que group

Nrf2: Nuclear factor erythroid 2-related factor 2; HO-1: Heme oxygenase-1; ACSL4: Acyl-CoA synthetase long-chain family member 4; Gpx4: Glutathione peroxidase 4
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A Sham CME Que Que+ML385

B Sham CME Que

Figure 6. Subcellular localization and relative abundance of ACSL4 and
GPX4 in rat myocardial tissue for each group (n=3)

(A) Representative immunofluorescence images of ACSL4. (B) Representative
immunofluorescence images of GPX4. Magnification,x200; Scale bar =100 pm
ACSL4: Acyl-CoA synthetase long-chain family member 4; Gpx4: Glutathione
peroxidase 4

ACSL4

DAPI

Que+ML385

GPX4

DAPI

Discussion

In this study, we successfully established a rat model to
investigate coronary microembolization (CME). Our results
showed that CME damage increases levels of myocardia.
oxidative and ferroptosis-related biochemical merkers:
Pretreatment with quercetin may attenuate myoca. dis’
ferroptosis by activating the Nrf2/HO-1 pathv.ay, ‘hereby
reducing cardiomyocyte damage and impro.'ng curdiac
function in rats.

The pathophysiological mechsnisms ~f CME involve
multiple processes, including inflammauon, oxidative
stress, and apoptosis (10, 18, 20, 1). Ferroptosis, a form of
regulated cell death, contributes to _z.diovascular disease
progression and is a therapeutic target for myocardial
injury, cardiomyopathy, cardiac stress injury, and ischemia/
reperfusion injury (22). For example, Yang et al. reported
that ferroptosis is activated in mice with acute myocardial
infarction, and its inhibition significantly improved cardiac
function while reducing myocardial inflammation and
fibrosis (23). Similarly, Tan et al. showed that ferroptosis
occurs in both in vitro and in vivo models of myocardial I/R
injury, and that TMZ attenuated I/R-induced ferroptosis
by activating the Sirt3-Nrf2/GPX4/SLC7A11 pathway,
thereby decreasing myocardial damage (24). Furthermore,
Wu et al. found that LBH-CRYAB signaling was activated
in cardiomyocytes during I/R injury, and that LBH
overexpression inhibited both apoptosis and ferroptosis,
enhancing the heart’s protective response to I/R injury (25).

Ferroptosis activation after CME is a key mechanism
contributing to CME-induced myocardial injury, and
its inhibition holds therapeutic potential for alleviating
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Figure 7. Immunofluorescence imag<s o, “errit .1 in rat myocardial tissue
for each group (n=3)

(A) Representative immunofluorescence  ~ages of Ferritin. Magnification,x200;
Scale bar =100 um. (B-D): The flvorescc e intensity of ACSL4, Ferritin, and Gpx4
for each group. The data were ~nai zed usi ig one-way ANOVA with post hoc Fisher’s
LSD test and presented as m an+SL -2}, "P<0.05 vs Sham group; “P<0.05 vs CME
group; “P<0.05 vs Gue , up

ACSL4: Acyl-Cl. synt etase 1 ig-chain family member 4; Gpx4: Glutathione
peroxidase 4

cardion, ~cyte damage in CME (12). Ferroptosis is an iron-
depen lent, 'ipid peroxide-driven programmed cell death
peti. va, - Mechanistically, ACSL4 is a lipid metabolism
e12yme that promotes the generation of lipid peroxides,
thetcuy promoting ferroptosis. However, SLC7A11
treasports cysteine into the cell, where cysteine is the
precursor of glutathione (GSH), the main intracellular
antioxidant. GSH plays a critical role in ferroptosis. It can
reduce lipid peroxides to normal lipids via GPX4, preventing
the accumulation of lipid peroxides and thus inhibiting
the occurrence of ferroptosis. Therefore, the SLC7A11/
GSH/GPX4 pathway has been established as one of the key
mechanisms for protecting cells from ferroptosis(26). In our
research, we used molecular biology techniques to measure
the levels of biochemical markers related to cardiomyocyte
ferroptosis after CME. Quercetin pretreatment markedly
reduced the expression of ACSL4, a ferroptosis-associated
protein, while increasing levels of anti-ferroptosis markers,
including GSH, ferritin, and GPX4. These findings indicate
quercetin may protect the heart by preventing CME-
induced cardiomyocyte ferroptosis.

Quercetin, a prominent flavonoid compound first isolated
in the early 20th century, has emerged as a molecule of
significant pharmacological interest due to its multifaceted
biological effects. Extensive research has documented its
wide-ranging therapeutic properties, including immune
response modulation, antimicrobial activity, anticancer
potential, neuroprotection, allergy suppression, and potent
antioxidative and anti-inflammatory actions (13, 27-29).
In the cardiovascular domain, quercetin has demonstrated
remarkable cardioprotective capabilities through multiple
mechanisms. Notably, it modulates cardiac autophagy and
prevents programmed cell death in diabetic cardiac tissue
by influencing the AMPK/mTOR axis, leading to improved
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myocardial performance (30). Furthermore, quercetin
exhibits protective effects against ischemia-reperfusion-
induced cardiac injury by maintaining mitochondrial
homeostasis through the DNA-PKcs-SIRT5 pathway and
mitigating oxidative damage in cardiomyocytes (31). In
the in vitro human coronary endothelial cell hypoxia/
reoxygenation (H/R) model, quercetin up-regulated the
expression of Nrf2 and HO-1, reduced MDA levels, and
increased SOD and CAT activities, thereby alleviating
H/R-induced oxidative stress, mitochondrial damage, and
apoptosis (32). Our experiments showed that quercetin
pretreatment produced two key benefits: (1) suppression
of oxidative stress and (2) attenuation of ferroptosis in
cardiomyocytes. These combined effects led to reduced
myocardial damage and improved cardiac function in our
coronary microembolization models. These observations
position quercetin as a promising therapeutic candidate for
coronary microembolization syndrome.

The Nrf2/HO-1 signaling axis represents a critical
defensive mechanism against cardiovascular pathologies,
with its activity intimately linked to oxidative stress
regulation and ferroptosis prevention (33, 34). Previous
investigations have established that pharmacological
activation of this pathway can counteract doxorubicin-
induced cardiotoxicity by suppressing ferroptotic processes
in myocardial cells (35). Similarly, isoglycyrrhizin has been
shown to confer myocardial protection through Nrf2/HO-1-
mediated up-regulation of the SLC7A11/GPX4 antioxidant
system (36). Quercetin can also exert its antioxidant effect
by activating the Nrf2/HO-1 signaling pathway in various
disease models. In the diabetic nephropathy model,
quercetin inhibits ferroptosis by activating the Nrf2/HC-1
signaling pathway, thereby alleviating diabetic kidney iniu.
(37). In rat cerebral ischemia models, quercetin att>nuates
cerebral ischemic injury by inhibiting ferroptec<is viilie
Nrf2/HO-1 signaling pathway (38). Our resea.ch g -oup has
previously documented the involvement ot his pathway
in coronary microembolization pathology, len.onstrating
its capacity to reduce cardiomyocyte @ optosis and limit
myocardial injury (39-41). In {1e current investigation, we
observed marked down-regula. »n of both transcriptional
and translational expression of Nri.'and HO-1 in coronary
microembolization subjects. Quercetin  intervention
effectively restored the expression of these protective
factors, consequently inhibiting ferroptotic processes and
improving cardiac outcomes. The reversal of quercetin’s
beneficial effects upon administration of the Nrf2 antagonist
ML385, along with corroborative immunofluorescence
findings, provides compelling evidence for the central
role of the Nrf2/HO-1 pathway in mediating quercetin’s
cardioprotective actions in coronary microembolization.

These encouraging results have several limitations.
The study examined acute myocardial injury in coronary
microembolization models but did not assess long-term
therapeutic outcomes. Furthermore, the study used a
relatively small animal cohort. Future research should use
primary cardiomyocyte cultures for in vitro analysis. This
study detected changes only in oxidative-related myocardial
injury and in ferroptosis-related biochemical markers.
Future studies need to employ direct ferroptosis detection
methods (such as aldehyde oxidation measurements
and transmission electron microscopy of mitochondrial
morphology) to confirm cellular ferroptosis. We need to
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fully elucidate the molecular mechanism of quercetin and
assess whether quercetin can provide a sustained therapeutic
effect on CME.

Conclusion

In summary, as this study reveals, Quercetin may inhibit
ferroptosis in cardiomyocytes by activating the Nrf2/HO-1
signaling pathway, thereby improving CME-related cardiac
dysfunction and reducing myocardial injury. Overall,
quercetin is a promising treatment for CME that deserves
further research.
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