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Abstract

Background: Myricetin (MYR) has attracted significant attention for its broad range of biological activities, including anti-inflammatory,
anti-cancer, and anti-obesity effects. MYR also exerts notable protective effects against cardiovascular diseases and osteoporosis. Thus,
this study aimed to investigate the therapeutic potential and underlying mechanisms of MYR in alleviating trimethylamine N-oxide
(TMAO)-induced mitochondrial dysfunction and oxidative stress in human umbilical vein endothelial cells (HUVECs), thereby provid-
ing insights into potential strategies for treating atherosclerosis. Methods: Mitochondrial dysfunction and oxidative stress in vitro were
modeled by treating HUVECs with TMAO. The protective effects of MYR were evaluated by assessing the levels of PTEN-induced
putative kinase 1 (PINK1) and Parkin RBR E3 ubiquitin-protein ligase (Parkin), measuring reactive oxygen species (ROS) production,
and determining the expression of cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS). Furthermore, the mechanisms
underlying the protective effects of MYR were explored. Results: MYR treatment reduced the expression of PINK1 and Parkin in
TMAO-treated HUVECs, thereby attenuating mitochondrial damage and lowering ROS levels, underscoring the role of MYR in pre-
serving mitochondrial integrity. Moreover, MYR suppressed COX-2 and iNOS expression in TMAO-treated HUVECs, reduced ROS
and malondialdehyde (MDA) levels, and increased reduced glutathione (GSH) levels, indicating its ability to alleviate oxidative stress.
Additionally, MYR facilitated the nuclear translocation of the nuclear factor erythroid 2–related factor 2 (NRF2) protein and upregulated
the expression of heme oxygenase-1 (HO-1) and NAD(P)H quinone dehydrogenase 1 (NQO-1). Notably, when NRF2 signaling was
inhibited by ML385, an NRF2 signaling inhibitor, MYR no longer mitigated oxidative stress in TMAO-treated HUVECs, suggesting
that its antioxidant effects are mediated by the NRF2 signaling pathway. Conclusion: These findings demonstrate that MYR protects
against mitochondrial dysfunction and oxidative stress in HUVECs, likely through associated antioxidant properties and activation of the
NRF2 signaling pathway.
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1. Introduction

Atherosclerosis, a chronic inflammatory condition af-
fecting medium and large arteries, is characterized by
plaque formation in the vascular intima, composed of vari-
ous cells, lipids, and debris [1]. As the leading cause of car-
diovascular disease (CVD) worldwide, it underlies severe
clinical outcomes, including myocardial infarction, stroke,
heart failure, and disabling peripheral artery disease [2,3].
The disease significantly contributes to morbidity and mor-
tality and remains one of the primary causes of death in
the elderly. Although the precise etiology of atheroscle-
rosis is multifactorial and not yet fully understood, both
high-density lipoprotein (HDL) and low-density lipoprotein
(LDL) are critical in cholesterol transport and central to the
disease’s progression [4].

Both animal models and atherosclerotic patients ex-
hibit elevated levels of free-radical peroxidation products,
accompanied by reduced antioxidant enzyme activity [5,6].
Reactive oxygen species (ROS) play pivotal roles in reg-

ulating cellular functions and biological processes; how-
ever, their overproduction can induce oxidative stress and
promote vascular injury [7]. Oxidative stress is char-
acterized by an imbalance between oxidants and the an-
tioxidant defense systems [8], and is considered a cen-
tral pathogenic mechanism in atherosclerosis [7]. Conse-
quently, it represents a potential therapeutic target for pa-
tients with atherosclerosis. Mitochondrial dysfunction has
been implicated in both the pathogenesis and progression
of atherosclerosis [9]. Beyond their well-established role
in ATP generation, mitochondria are significant sources of
ROS in various cell types [10]. Upon stimulation, mito-
chondria trigger inflammatory responses through ROS pro-
duction and the release of mitochondrial DNA into the cy-
tosol, initiating immune signaling. Mitochondrial impair-
ment not only disrupts cellular energy metabolism but also
increases ROS release, exacerbating oxidative stress and
promoting cellular damage and death. Both primary and
secondary mitochondrial dysfunction contribute to the on-
set and progression of atherosclerosis by enhancing ROS
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generation [11]. In conclusion, oxidative stress and mi-
tochondrial dysfunction play critical roles in the develop-
ment and progression of atherosclerosis, and targeting these
mechanisms may offer promising therapeutic strategies for
the disease.

Myricetin (MYR, 3, 5, 7, 3′, 4′, 5′-hexahydroxy
flavonol, C15H10O8), a polyhydroxyflavonol compound
characterized by light-yellow crystals [12], is widely dis-
tributed in plant families such as Vitaceae, Leguminosae,
Rosaceae, and Fagaceae. It is also found in common
dietary sources, including berries, vegetables, fruits, red
wine, and tea [13,14]. MYR exhibits a range of pharma-
cological properties, including anticancer [15], antidiabetic
[16], anti-inflammatory [17], antioxidant [18], and cardio-
vascular protective effects [19]. MYR protects against
H2O2-induced injury by inhibiting ROS generation [20],
and restoring the activity and protein expression of key an-
tioxidant enzymes, including superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GPx) [21].
These findings highlight the potent antioxidant capacity of
MYR in various conditions. However, despite substan-
tial research on MYR’s antioxidant properties, its protec-
tive role in TMAO-induced HUVECs, particularly regard-
ing the attenuation of oxidative stress and mitochondrial
dysfunction, remains unexplored. Therefore, this study
aims to investigate the protective effects of MYR against
oxidative stress and mitochondrial dysfunction in TMAO-
induced HUVECs.

2. Materials and Methods
2.1 Materials

MYR (purity ≥99.6%) was obtained from Shanghai
Yuanye Bio-Technology (Cat # B21458, Shanghai, China).
The yellow powder was dissolved in dimethyl sulfoxide
(DMSO) to prepare stock solutions. Based on prior research
by Bertin et al. [22], a working concentration of 1 μM was
selected for MYR. TMAO was purchased from TargetMol
(Cat # T41245, Shanghai, China), and its usage concentra-
tion was referenced from a previous study [23].

2.2 Cell Culture and Treatment
HUVECs were sourced fromBeNa Culture Collection

(BNCC342387, Beijing, China). The cells were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco,
Suzhou, China) supplemented with 10% fetal bovine serum
(FBS, SORFA, Beijing, China) and incubated at 37 °C in
a 5% CO2 atmosphere. Cells at passages 3–6 were used
for the experiments. HUVECs were seeded at a density of
5 × 104 cells/cm2. All cell lines were validated by STR
profiling and tested negative for mycoplasma.

The experimental design comprised distinct sets of
treatment groups. In the first experiment, four groups were
established: Control, MYR, TMAO, and TMAO+MYR.
Following a 2 h starvation period, cells were pretreated with
1 μM MYR for 1 h and subsequently exposed to 0.6 mM

TMAO for 12 h. The second experiment consisted of two
groups: Control and ML385. Following 2 h of starvation,
cells were pretreated with 5 μMML385 for 1 h. A third ex-
periment involved five groups: Control, ML385, TMAO,
TMAO+MYR, and TMAO+ML385+MYR. After 2 h of
starvation, HUVECs were first treated with 5 μM ML385
for 1 h, followed by 1 μM MYR for 1 h, and then exposed
to 0.6 mM TMAO for 12 h.

2.3 Western Blot

Following treatment with MYR and TMAO, total pro-
teins were extracted from HUVECs using RIPA lysis buffer
(Solarbio, Beijing, China) containing 0.1% phenylmethyl-
sulfonyl fluoride (PMSF, Solarbio, Beijing, China). Protein
concentration was determined using a bicinchoninic acid
(BCA) Protein Assay Kit (Solarbio, Beijing, China) and
then boiled at 100 °C for 5–10 minutes. Proteins were sep-
arated by sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS-PAGE) on 10% gels, initially at 80 V for
30 minutes, followed by 110 V for 90 minutes. Proteins
were transferred to a polyvinylidene difluoride (PVDF)
membrane at 110 V for 1 h. The membranes were blocked
with 5% nonfat milk in Tris-buffered saline with Tween 20
(TBST) for 2 h at room temperature. After washing with
TBST, the membranes were incubated overnight at 4 °C
with the following primary antibodies: cyclooxygenase-
2 (COX-2) (1:2000, R23971), inducible nitric oxide syn-
thase (iNOS) (1:2000, R381545), nuclear factor ery-
throid 2–related factor 2 (NRF2) (1:2000, R380773), heme
oxygenase-1 (HO-1) (1:2000, R24541), NAD(P)H quinone
dehydrogenase 1 (NQO-1) (1:2000, R381695), Parkin
(1:2000, R381626), and PTEN-induced putative kinase
1 (PINK 1) (1:2000, 507131) purchased from Zenbio
(Chengdu, Sichuan, China), and β-actin (1:5000, AB0011)
purchased from Abways Technology (Shanghai, China).
After five 10-minute washes with TBST, the membranes
were incubated with a horseradish peroxidase-conjugated
secondary antibody (1:5000, AF594, Abways Technol-
ogy, Shanghai, China). After washing with TBST, pro-
tein bands were visualized using an enhanced chemilumi-
nescence (ECL) western blot substrate (Solarbio, Beijing,
China).

2.4 ROS Measurement

Intracellular ROS levels in HUVECs were measured
using a commercial ROS Assay Kit (BTK023, Bioswamp,
Wuhan, China). After treatment with MYR and TMAO,
the culture medium was replaced with DMEM containing
10 μM of 2′,7′-dichlorofluorescin diacetate (DCFH-DA)
(CA1410, Solarbio, Beijing, China) and 10 μg/mL Hoechst
(C00212, Solarbio, Beijing, China). The cells were then in-
cubated at 37 °C for 20minutes andwashed three timeswith
ice-cold PBS to remove residual probes and Hoechst. Flu-
orescence microscopy was used for observation and image
acquisition.
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2.5 MDA Measurement
Malondialdehyde (MDA) levels in HUVECs were

quantified using theMDAAssay Kit (BTK022, Bioswamp,
Wuhan, China). After treatment with MYR and TMAO,
cells were collected in PBS and lysed using a tissue homog-
enizer. The lysate was centrifuged at 10,000 ×g for 10 min-
utes to obtain the supernatant for MDA measurement. To
prepare the MDA working solution, 50 μL of 0.37% TBA
stock solution, 150 μL of TBA diluent, and 3 μL of antiox-
idant were mixed. For analysis, 100 μL of supernatant was
combined with 200 μL of the MDA working solution and
heated at 100 °C for 15 minutes. After centrifugation at
1000 ×g for 10 minutes, the samples were transferred to
a 96-well plate. MDA levels were measured using a mi-
croplate reader at a wavelength of 532 nm.

2.6 GSH Measurement
Glutathione (GSH) levels in HUVECs were measured

using the GSH Assay Kit (BTK034, Bioswamp, Wuhan,
China). After treatment with MYR and TMAO, cells were
collected using ice-cold PBS and centrifuged to remove the
supernatant. A triple volume of protein reagent Swas added
to the cell pellet. The samples underwent two rapid freeze-
thaw cycles using liquid nitrogen and a 37 °C water bath.
After centrifugation at 10,000 ×g for 10 minutes, the su-
pernatant was collected for GSH quantification. To pre-
pare the GSH working solution, 6.6 μL of 5,5′-dithiobis(2-
nitrobenzoic acid) (DTNB) stock solution was mixed with
150 μL of GSH detection buffer. For measurement, 50 μL
of sample and 150 μL of the GSH working solution were
added to a 96-well plate, incubated at room temperature for
5 minutes, and GSH levels were determined using a mi-
croplate reader.

2.7 MitoSOX Red Staining
Mitochondrial ROS levels in HUVECs were assessed

with the MitoSOX Red kit (S0061S, Beyotime, Beijing,
China) following the manufacturer’s protocol. Briefly, af-
ter treatment with MYR and TMAO, cells were incubated
with MitoSOX Red solution and Hoechst (C00212, Solar-
bio, Beijing, China) at 37 °C for 20 minutes. After incuba-
tion, residual staining solutions were removed by washing
with ice-cold PBS. Images were then acquired using fluo-
rescence microscopy.

2.8 Mito-Tracker Staining
Mitochondrial dysfunction in HUVECs was assessed

using the Mito-Tracker Green kit (C1048, Beyotime, Bei-
jing, China) according to the manufacturer’s protocol. A
working solution of Mito-Tracker Green was prepared at
a concentration of 100 nM in Hank’s balanced salt solu-
tion. The cell culture medium was replaced with the Mito-
Tracker Green working solution and Hoechst (C00212, So-
larbio, Beijing, China), followed by incubation at 37 °C
for 30 minutes. After incubation, residual staining reagents

were removed by washing with ice-cold PBS. Fluorescence
microscopy was used to observe and record the results.

2.9 ATP Assay
ATP production was measured using an ATP Assay

Kit (S0026, Beyotime, Beijing, China) following the man-
ufacturer’s instructions. Briefly, 200 μL of lysis buffer was
added to each well of a 6-well plate. After complete cell
lysis, samples were centrifuged at 12,000 ×g for 5 minutes
at 4 °C. The supernatant was carefully collected for analy-
sis. Next, 100 μL of ATP detection working solution was
added to each well of a 96-well plate, followed by 20 μL of
the sample. Relative light unit (RLU) values were recorded
using a chemiluminescence analyzer, and ATP levels were
determined based on a standard curve.

2.10 Cell Immunofluorescence
HUVECs were seeded into a 24-well plate. After

reaching 60% confluency, the cells were treated with MYR
and TMAO, then washed with ice-cold PBS. Fixation was
performed using 4% paraformaldehyde (P1110, Solarbio,
Beijing, China) for 10 minutes, followed by washing with
ice-cold PBS. Cells were permeabilized with 0.1% Triton
X-100 in PBS for 10 minutes and washed again with ice-
cold PBS. Blocking was carried out with 5% BSA (Solar-
bio, Beijing, China) at room temperature for 1 h. The cells
were then incubated overnight at 4 °C with an anti-NRF2
antibody (1:200) diluted in 5% BSA. After an additional
wash with ice-cold PBS, the cells were incubated for 1 h at
room temperature with Goat Anti-Rabbit IgG (H+L) FITC
(1:5000) diluted in 5% BSA, followed by another ice-cold
PBS wash. The cells were then stained with DAPI for 5
minutes at room temperature. Finally, the cells were ob-
served and imaged using fluorescence microscopy.

2.11 Statistical Analysis
Data are presented as mean ± SEM. Statistical anal-

ysis was performed using GraphPad Prism 10 (GraphPad
Software, San Diego, CA, USA). One-way ANOVA fol-
lowed by Tukey’s multiple comparisons test (three groups)
was used, while an unpaired t-test was employed to com-
pare differences between two groups. Significance levels
are denoted as *p < 0.05, **p < 0.01, and ***p < 0.001. All
results represent data from three or more independent bio-
logical experiments. Technical replicates within each ex-
periment were averaged before statistical analysis.

3. Results
3.1 MYR Suppresses Mitochondrial Dysfunction in
TMAO-Induced HUVECs

Dysfunctional mitochondria not only impair energy
production but also act as a primary source of ROS, con-
tributing to oxidative stress and promoting the development
of atherosclerosis through enhanced ROS generation. To
investigate the effects of MYR on TMAO-induced mito-
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Fig. 1. Effects of MYR on mitochondrial dysfunction in TMAO-induced HUVECs. After a 2 h starvation, cells were pretreated with
1 μM of MYR for 1 h, followed by exposure to 0.6 mM of TMAO for 12 h. (A,B) Western blot (WB) analysis was performed to assess
the expression of PINK1 and Parkin in HUVECs. (C) Mitochondrial morphology was visualized using Mito-Tracker staining according
to the manufacturer’s protocol. Images were magnified at 150×, with a scale bar representing 20 μm. (D) ATP levels were measured in
HUVECs using a commercial kit. Statistical significance is denoted as *p < 0.05, **p < 0.01, ****p < 0.0001 and ns, not significant. The
white box indicates the characteristics of mitochondria. MYR, Myricetin; TMAO, trimethylamine N-oxide; HUVECs, human umbilical
vein endothelial cells; PINK1, PTEN-induced putative kinase 1.

chondrial dysfunction inHUVECs, the expression of Parkin
and PINK was evaluated. TMAO treatment moderately
upregulated PINK expression (Fig. 1A,B), with a partic-
ularly significant increase in PINK levels. However, MYR
supplementation effectively decreased the expression of
PINK (Fig. 1B). Additionally, Mito-Tracker staining re-
vealed that TMAO treatment induced a punctate and frag-
mented mitochondrial morphology in HUVECs; however,

this fragmentation was ameliorated by MYR supplemen-
tation (Fig. 1C). To further assess the protective effects
of MYR on mitochondrial dysfunction, ATP production in
HUVECs was measured. The results showed that TMAO
significantly reduced ATP production, while MYR supple-
mentation effectively restored ATP levels (Fig. 1D). These
results suggest that MYR mitigates TMAO-induced mito-
chondrial dysfunction in HUVECs.
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Fig. 2. MYR attenuates mitochondrial ROS production in TMAO-induced HUVECs. After a 2 h starvation period, cells were
pretreated with 1 μM of MYR for 1 h, followed by exposure to 0.6 mM of TMAO for 12 h. Mitochondrial ROS levels were assessed
using MitoSox staining according to the manufacturer’s protocol. Images were magnified at 10×, with a scale bar representing 200 μm.
The white arrows denote ROS-positive cells. ROS, reactive oxygen species.

3.2 MYR Inhibits the Production of Mitochondrial ROS in
TMAO-Induced HUVECs

In addition to compromising energy production, dys-
functional mitochondria are a major source of ROS. To
assess the effect of MYR on mitochondrial ROS levels
in TMAO-treated HUVECs, MitoSOX staining was per-
formed. The results showed that TMAO treatment in-
creasedmitochondrial ROS production, whereasMYR sup-
plementation suppressed ROS generation (Fig. 2). These
results suggest that MYR may exert antioxidant effects
by inhibiting mitochondrial ROS production in TMAO-
induced HUVECs.

3.3 MYR Inhibits Oxidative Stress in TMAO-Induced
HUVECs

To further explore the antioxidant activity ofMYR, the
levels of iNOS, COX-2, ROS, MDA, and GSH in TMAO-
treatedHUVECswere quantified. Our results demonstrated
that TMAO upregulated the expression of iNOS and COX-
2, while pretreatment with MYR significantly reduced their
levels (Fig. 3A,B). Moreover, TMAO increased ROS gen-
eration in HUVECs, and MYR pretreatment effectively
suppressed ROS production (Fig. 3C). TMAO decreased

GSH levels and increased MDA content, whereas MYR
supplementation elevated GSH levels and inhibited MDA
accumulation (Fig. 3D,E). These results highlight the po-
tential antioxidant role of MYR in mitigating oxidative
stress in TMAO-induced HUVECs.

3.4 MYR Activates NRF2 Signaling in TMAO-Induced
HUVECs

The transcription factor NRF2 signaling pathway
plays a critical role in cellular defense against oxidative
stress, making it essential for maintaining cellular home-
ostasis. In contrast, TMAO promotes atherosclerosis de-
velopment and induces oxidative stress, negatively impact-
ing vascular health. To explore whether MYR can mitigate
TMAO-induced oxidative stress, a series of experiments
were conducted. MYR treatment stimulated the nuclear
translocation of NRF2 protein in HUVECs (Fig. 4A). Ad-
ditionally, MYR upregulated the expression of downstream
targets NQO-1 in TMAO-treated HUVECs (Fig. 4B,C).
Additionally, our findings revealed that MYR moderately
upregulates the expression of HO-1 and NQO-1; however,
under TMAO treatment, MYR produced an additional en-
hancement of HO-1 and NQO-1 expression.
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Fig. 3. MYR attenuates oxidative stress in TMAO-induced HUVECs. (A,B) WB analysis was performed to evaluate the expression
of iNOS and COX-2 in HUVECs. (C) Intracellular ROS levels were evaluated using Hoechst/ROS staining. Images were magnified at
10×, with a scale bar representing 200 μm. (D,E) The levels of GSH andMDA in HUVECs were quantified using relevant kits. Statistical
significance is indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 and ns, not significant. iNOS, inducible nitric oxide
synthase; COX-2, cyclooxygenase-2; GSH, glutathione; MDA, malondialdehyde.
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Fig. 4. MYR activates NRF2 signaling in TMAO-induced HUVECs. (A) After a 2-h starvation period, cells were pretreated with 1
μM of MYR for 6 h. Cellular immunofluorescence analysis was conducted to evaluate the nuclear localization of NRF2 protein, with
images magnified at 100× and a scale bar indicating 20 μm. (B,C) After a 2 h starvation period, cells were pretreated with MYR for
1 h and then exposed to TMAO for 6 h. WB analysis was employed to measure the expression of heme oxygenase-1 (HO-1) (B) and
NAD(P)H quinone dehydrogenase 1 (NQO-1) (C). Statistical significance is indicated as *p < 0.05, **p < 0.01 and ns, not significant.

3.5 The Antioxidant Properties of MYR Depend on the
Activation of NRF2 Signaling Pathway

To further validate the dependence of MYR’s antiox-
idant properties on NRF2 signaling activation, ML385,
a specific NRF2 signaling inhibitor, was used. The re-
sults showed that ML385 treatment reduced the expression
of NRF2, HO-1, and NQO-1 in HUVECs (Fig. 5A–C),
confirming the effective inhibition of the NRF2 pathway.
Moreover, in TMAO-treated HUVECs, MYR no longer

suppressed the production of iNOS and COX-2 follow-
ing ML385 blockade (Fig. 5D,E). Additionally, ML385-
mediated inhibition abolished MYR’s ability to reduce
MDA levels and elevate GSH levels in TMAO-treated HU-
VECs (Fig. 5F,G). These results suggest that MYR exerts
its antioxidant properties through the NRF2 signaling path-
way. To further confirm these results, intracellular ROS
levels were measured in TMAO-treated HUVECs. While
TMAO increased ROS production, MYR failed to reduce
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Fig. 5. The antioxidant properties of MYR depend on the activation of the NRF2 signaling pathway. (A–C) HUVECs were treated
withML385 for 1 h, followed byWB analysis to assess the levels of NRF2 protein (A), HO-1 (B), and NQO-1 (C) proteins. Following 2 h
serum-free starvation, HUVECs were pretreated with ML385 for 1 h, followed by a 1 h incubation with MYR, and subsequently exposed
to TMAO for 12 h. (D,E) WB analysis was performed to evaluate the protein expression of iNOS (D) and COX-2 (E). (F,G) GSH and
MDA levels in HUVECs were measured using relevant kits. (H) Intracellular ROS levels in HUVECs were assessed by Hoechst/ROS
staining. Images were magnified at 10×, with a scale bar representing 200 μm. Statistical significance is indicated as *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001 and ns, not significant.

ROS levels after NRF2 inhibition by ML385 (Fig. 5H).
Overall, our findings demonstrate that the antioxidant prop-
erties of MYR depend on the activation of the NRF2 signal-
ing pathway in TMAO-treated HUVECs.

4. Discussion
Atherosclerosis is a chronic inflammatory disorder

primarily characterized by vascular endothelial injury, in-
flammation of the vascular wall, and the accumulation of
cholesterol and other lipids within the arterial wall. It is

closely linked to various CVDs, including coronary heart
disease, hypertension, and stroke [2,3]. Atherosclerosis can
lead to vessel narrowing or complete occlusion, thereby
compromising blood and oxygen delivery to vital organs
[24,25], potentially resulting in severe outcomes such as
myocardial infarction and stroke. Therefore, the prevention
and management of atherosclerosis are critical for reducing
the risk of cardiovascular events. This study aims to investi-
gate whether MYR can alleviate mitochondrial dysfunction
and oxidative stress in a TMAO-induced cellular model of
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atherosclerosis, with the goal of providing insights for the
development of new anti-atherosclerotic drugs.

Mitochondrial dysfunction affects various arterial
wall cell types, including macrophages, smooth muscle
cells, lymphocytes, and endothelial cells. This dysfunction
leads to increased ROS levels, inducing oxidative stress,
chronic inflammation, and intracellular lipid accumulation
[26]. In addition to impairing energy production, dysfunc-
tional mitochondria generate excessive ROS, which pro-
motes oxidative stress and contributes to cellular damage
and death. Mitochondrial dysfunction is currently consid-
ered a key factor in the onset and progression of atheroscle-
rosis [27]. Thus, maintaining mitochondrial integrity is vi-
tal for the prevention and management of atherosclerosis.
PINK1 accumulates on the outer membrane of damaged
mitochondria, where it recruits Parkin and activates its E3
ubiquitin ligase activity. Parkin-mediated ubiquitination of
proteins on the outer mitochondrial membrane induces se-
lective autophagy, a hallmark of mitochondrial dysfunc-
tion, with PINK1 and Parkin serving as key biomarkers
[28]. The present study demonstrates that MYR supple-
mentation downregulates the expression of both Parkin
and PINK1, while reducing mitochondrial ROS levels in
TMAO-induced HUVECs. Consistent with these findings,
Mito-Tracker staining revealed that MYR decreased mito-
chondrial spot aggregation under TMAO induction. These
results are in line with previous studies reporting MYR’s
protective effects against mitochondrial dysfunction, in-
cluding its ability to ameliorate Aβ-induced deficits in N2a-
SW cells [29] and counteract aluminum phosphide-induced
damage in cardiomyocytes [30]. Our data support the role
of MYR as a potent agent against TMAO-induced mito-
chondrial impairment in HUVECs.

Mitochondrial damage represents a critical cellular
event that, upon induction by external stressors, promotes
the release of ROS and subsequent oxidative stress [31].
Oxidative stress arises from an imbalance between exces-
sive free radical production and impaired antioxidant de-
fenses, ultimately leading to macromolecular damage (e.g.,
lipids, DNA, proteins) [32] and contributing to the patho-
genesis of various diseases. Notably, both animal models of
atherosclerosis and human patients exhibit increased levels
of lipid peroxidation markers (e.g., MDA) and reduced ac-
tivity of antioxidant enzymes (e.g., GSH) [5,6], supporting
the view that oxidative stress serves as a unifying mecha-
nistic pathway in atherosclerosis progression [7] and rep-
resents a potential therapeutic target. In this study, MYR
supplementation suppressed the expression of iNOS and
COX-2, attenuated ROS generation, reduced MDA levels,
and restored GSH content in TMAO-stimulated HUVECs.
These findings demonstrate that MYR provides antioxidant
efficacy by mitigating oxidative injury in TMAO-induced
HUVECs.

TheNRF2/HO-1 pathway, a critical cascade in the cel-
lular response to oxidative stress, plays an essential role

in regulating antioxidant defense, anti-inflammatory pro-
cesses, and apoptosis. This pathway has thus been iden-
tified as a promising therapeutic target for atherosclerosis
[33]. Under conditions of oxidative stress or pathogen stim-
ulation, NRF2 protein dissociates from Keap1 and translo-
cates to the nucleus, where it forms a heterodimer with
the musculoaponeurotic fibrosarcoma oncogene homolog
(Maf) protein to initiate the expression of cytoprotective
genes. Due to its capacity to alleviate oxidative injury
in vascular endothelial cells, NRF2 signaling has become
a key focus for herbal medicine–based interventions in
atherosclerosis [34]. The present study observed that MYR
enhances the nuclear translocation of NRF2, suggesting
that MYRmay exert antioxidant effects on TMAO-induced
HUVECs via activation of the NRF2 signaling pathway.
Moreover, while the effect was not statistically significant,
MYR led to a moderate upregulation in HO-1 and NQO-
1 expression. This observation aligns with earlier studies
showing thatMYR enhances the expression of these antiox-
idant enzymes [35,36]. The absence of statistical signifi-
cance in the present study may be attributed to variations in
cell types or animal models, which could affect the sensi-
tivity to MYR. To confirm these results, ML385, an NRF2
signaling inhibitor, was applied. The results showed that in-
hibition of NRF2 signaling preventedMYR from regulating
iNOS, COX-2, and ROS production, as well as MDA and
GSH levels in TMAO-induced HUVECs. This suggests
that the antioxidant properties of MYR depend on NRF2
signaling activation.

This study has several limitations. First, the find-
ings were obtained only from an in vitro TMAO-induced
HUVEC model, which cannot fully reflect the complex
pathological environment of atherosclerosis in vivo. Sec-
ond, MYR was tested mainly at a single concentration and
treatment duration; therefore, its optimal dose, effective
time window, and potential cytotoxicity require further in-
vestigation. Third, although NRF2 involvement was sup-
ported using the inhibitor ML385, genetic approaches such
as NRF2 knockdown would provide stronger mechanistic
evidence. Finally, the bioavailability and metabolism of
MYR were not evaluated, limiting direct extrapolation of
these findings to clinical application. Future in vivo and
clinical studies are needed to confirm the protective ef-
fects of MYR against TMAO-related endothelial dysfunc-
tion and atherosclerosis.

5. Conclusions
Atherosclerosis, a major contributor to CVDs, is

closely linked to mitochondrial dysfunction and oxidative
stress. Therefore, targeting these pathological processes
may represent a key strategy for the prevention and treat-
ment of atherosclerosis and related cardiovascular condi-
tions. This study demonstrates that MYR effectively alle-
viates TMAO-inducedmitochondrial damage and oxidative
stress in HUVECs, with its antioxidant properties poten-
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tially mediated through activation of the NRF2 signaling
pathway. These findings not only reveal a novel protec-
tive function of MYR but also provide a molecular basis
for its potential application in the prevention and therapy of
atherosclerosis.

Availability of Data and Materials
The datasets used and analyzed during the current

study are available from the corresponding author on rea-
sonable request.

Author Contributions
DZ, conceived the study and designed the experi-

ments. HT, performed the experiments. HT, analyzed the
data, HL and HB carried out the statistical analysis, LS pre-
pared figures. HT, wrote the original draft. DZ, reviewed
and edited the manuscript. All authors have read and agreed
to the published version of the manuscript. All authors con-
tributed to editorial changes in the manuscript. All authors
have participated sufficiently in the work and agreed to be
accountable for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgments
We thank Bullet Edits Limited for the linguistic edit-

ing and proofreading of the manuscript. The graphical ab-
stract was created using BioRender (https://biorender.com).

Funding
This study was supported by the Medical Scientific

Research Project (grant number 20250377).

Conflicts of Interest
The authors declare no conflicts of interest.

References
[1] Basatemur GL, Jørgensen HF, Clarke MCH, Bennett MR, Mal-

lat Z. Vascular smooth muscle cells in atherosclerosis. Nature
Reviews. Cardiology. 2019; 16: 727–744. https://doi.org/10.
1038/s41569-019-0227-9

[2] Frostegård J. Immunity, atherosclerosis and cardiovascular dis-
ease. BMC Medicine. 2013; 11: 117. https://doi.org/10.1186/
1741-7015-11-117

[3] Libby P, Buring JE, Badimon L, Hansson GK, Dean-
field J, Bittencourt MS, et al. Atherosclerosis. Nature Re-
views. Disease Primers. 2019; 5: 56. https://doi.org/10.1038/
s41572-019-0106-z

[4] Fisher EA, Feig JE, Hewing B, Hazen SL, Smith JD. High-
density lipoprotein function, dysfunction, and reverse choles-
terol transport. Arteriosclerosis, Thrombosis, and Vascular Bi-
ology. 2012; 32: 2813–2820. https://doi.org/10.1161/ATVBAH
A.112.300133

[5] El Hadri K, Smith R, Duplus E, El Amri C. Inflammation, Ox-
idative Stress, Senescence in Atherosclerosis: Thioredoxine-

1 as an Emerging Therapeutic Target. International Journal of
Molecular Sciences. 2021; 23: 77. https://doi.org/10.3390/ijms
23010077

[6] Niki E. Oxidant-specific biomarkers of oxidative stress. Asso-
ciation with atherosclerosis and implication for antioxidant ef-
fects. Free Radical Biology & Medicine. 2018; 120: 425–440.
https://doi.org/10.1016/j.freeradbiomed.2018.04.001

[7] Kattoor AJ, Pothineni NVK, Palagiri D, Mehta JL. Oxida-
tive Stress in Atherosclerosis. Current Atherosclerosis Reports.
2017; 19: 42. https://doi.org/10.1007/s11883-017-0678-6

[8] Peluso I, Morabito G, Urban L, Ioannone F, Serafini M. Ox-
idative stress in atherosclerosis development: the central role
of LDL and oxidative burst. Endocrine, Metabolic & Immune
Disorders Drug Targets. 2012; 12: 351–360. https://doi.org/10.
2174/187153012803832602

[9] Staiculescu MC, Foote C, Meininger GA, Martinez-Lemus LA.
The role of reactive oxygen species in microvascular remod-
eling. International Journal of Molecular Sciences. 2014; 15:
23792–23835. https://doi.org/10.3390/ijms151223792

[10] Murphy MP. How mitochondria produce reactive oxygen
species. The Biochemical Journal. 2009; 417: 1–13. https://do
i.org/10.1042/BJ20081386

[11] Suárez-Rivero JM, Pastor-Maldonado CJ, Povea-Cabello S,
Álvarez-Córdoba M, Villalón-García I, Talaverón-Rey M, et al.
From Mitochondria to Atherosclerosis: The Inflammation Path.
Biomedicines. 2021; 9: 258. https://doi.org/10.3390/biomedicin
es9030258

[12] SongX, Tan L,WangM, Ren C, Guo C, Yang B, et al. Myricetin:
A review of the most recent research. Biomedicine & Phar-
macotherapy = Biomedecine & Pharmacotherapie. 2021; 134:
111017. https://doi.org/10.1016/j.biopha.2020.111017

[13] Bridi R, Atala E, Pizarro PN, Montenegro G. Honeybee Pollen
Load: Phenolic Composition and Antimicrobial Activity and
Antioxidant Capacity. Journal of Natural Products. 2019; 82:
559–565. https://doi.org/10.1021/acs.jnatprod.8b00945

[14] Nardini M, Garaguso I. Characterization of bioactive com-
pounds and antioxidant activity of fruit beers. Food Chemistry.
2020; 305: 125437. https://doi.org/10.1016/j.foodchem.2019.
125437

[15] Li M, Chen J, Yu X, Xu S, Li D, Zheng Q, et al. Myricetin
Suppresses the Propagation of Hepatocellular Carcinoma via
Down-Regulating Expression of YAP. Cells. 2019; 8: 358. https:
//doi.org/10.3390/cells8040358

[16] Karunakaran U, Lee JE, Elumalai S, Moon JS, Won KC.
Myricetin prevents thapsigargin-induced CDK5-P66Shc sig-
nalosome mediated pancreatic β-cell dysfunction. Free Radi-
cal Biology & Medicine. 2019; 141: 59–66. https://doi.org/10.
1016/j.freeradbiomed.2019.05.038

[17] Jang JH, Lee SH, Jung K, Yoo H, Park G. Inhibitory Effects of
Myricetin on Lipopolysaccharide-Induced Neuroinflammation.
Brain Sciences. 2020; 10: 32. https://doi.org/10.3390/brainsci
10010032

[18] Hassan SM, Khalaf MM, Sadek SA, Abo-Youssef AM. Protec-
tive effects of apigenin and myricetin against cisplatin-induced
nephrotoxicity in mice. Pharmaceutical Biology. 2017; 55: 766–
774. https://doi.org/10.1080/13880209.2016.1275704

[19] Zhang S, Wang Q, Gao S. Pharmacokinetics and Pharmacody-
namics Provide Insights into the Possible Action Mechanism of
Ginkgo Flavonoids in Cardiovascular Disease Treatment. Inter-
national Journal of Pharmacology. 2024; 20: 926–935. https:
//doi.org/10.3923/ijp.2024.926.935

[20] Kang KA, Wang ZH, Zhang R, Piao MJ, Kim KC, Kang SS,
et al. Myricetin Protects Cells against Oxidative Stress-Induced
Apoptosis via Regulation of PI3K/Akt and MAPK Signaling
Pathways [published erratum in International Journal of Molec-
ular Sciences. 2015; 16: 1482–1483]. International Journal of

10

https://biorender.com
https://doi.org/10.1038/s41569-019-0227-9
https://doi.org/10.1038/s41569-019-0227-9
https://doi.org/10.1186/1741-7015-11-117
https://doi.org/10.1186/1741-7015-11-117
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1038/s41572-019-0106-z
https://doi.org/10.1161/ATVBAHA.112.300133
https://doi.org/10.1161/ATVBAHA.112.300133
https://doi.org/10.3390/ijms23010077
https://doi.org/10.3390/ijms23010077
https://doi.org/10.1016/j.freeradbiomed.2018.04.001
https://doi.org/10.1007/s11883-017-0678-6
https://doi.org/10.2174/187153012803832602
https://doi.org/10.2174/187153012803832602
https://doi.org/10.3390/ijms151223792
https://doi.org/10.1042/BJ20081386
https://doi.org/10.1042/BJ20081386
https://doi.org/10.3390/biomedicines9030258
https://doi.org/10.3390/biomedicines9030258
https://doi.org/10.1016/j.biopha.2020.111017
https://doi.org/10.1021/acs.jnatprod.8b00945
https://doi.org/10.1016/j.foodchem.2019.125437
https://doi.org/10.1016/j.foodchem.2019.125437
https://doi.org/10.3390/cells8040358
https://doi.org/10.3390/cells8040358
https://doi.org/10.1016/j.freeradbiomed.2019.05.038
https://doi.org/10.1016/j.freeradbiomed.2019.05.038
https://doi.org/10.3390/brainsci10010032
https://doi.org/10.3390/brainsci10010032
https://doi.org/10.1080/13880209.2016.1275704
https://doi.org/10.3923/ijp.2024.926.935
https://doi.org/10.3923/ijp.2024.926.935
https://www.imrpress.com


Molecular Sciences. 2010; 11: 4348–4360. https://doi.org/10.
3390/ijms11114348

[21] Wang ZH, Ah Kang K, Zhang R, Piao MJ, Jo SH, Kim JS, et
al. Myricetin suppresses oxidative stress-induced cell damage
via both direct and indirect antioxidant action. Environmental
Toxicology and Pharmacology. 2010; 29: 12–18. https://doi.or
g/10.1016/j.etap.2009.08.007

[22] Bertin R, Chen Z, Marin R, Donati M, Feltrinelli A, Montopoli
M, et al. Activity of myricetin and other plant-derived polyhy-
droxyl compounds in human LDL and human vascular endothe-
lial cells against oxidative stress. Biomedicine & Pharmacother-
apy = Biomedecine & Pharmacotherapie. 2016; 82: 472–478.
https://doi.org/10.1016/j.biopha.2016.05.019

[23] Chen ML, Zhu XH, Ran L, Lang HD, Yi L, Mi MT.
Trimethylamine-N-Oxide Induces Vascular Inflammation by
Activating the NLRP3 Inflammasome Through the SIRT3-
SOD2-mtROS Signaling Pathway. Journal of the American
Heart Association. 2017; 6: e006347. https://doi.org/10.1161/
JAHA.117.006347

[24] JoudaH, LarreaMurillo L,Wang T. Current Progress in Vascular
Engineering and Its Clinical Applications. Cells. 2022; 11: 493.
https://doi.org/10.3390/cells11030493

[25] Qasim A, Peesapati VSR, Patel J, Davidson J. Enigma of Bowel
Angina: Unraveling Celiac Trunk Stenosis. Cureus. 2023; 15:
e40258. https://doi.org/10.7759/cureus.40258

[26] Ciccarelli G, Conte S, Cimmino G, Maiorano P, Morrione A,
Giordano A. Mitochondrial Dysfunction: The Hidden Player in
the Pathogenesis of Atherosclerosis? International Journal of
Molecular Sciences. 2023; 24: 1086. https://doi.org/10.3390/ij
ms24021086

[27] Salnikova D, Orekhova V, Grechko A, Starodubova A, Bez-
sonov E, Popkova T, et al. Mitochondrial Dysfunction in Vas-
cular Wall Cells and Its Role in Atherosclerosis. International
Journal of Molecular Sciences. 2021; 22: 8990. https://doi.org/
10.3390/ijms22168990

[28] Pickrell AM, Youle RJ. The roles of PINK1, parkin, and mi-

tochondrial fidelity in Parkinson’s disease. Neuron. 2015; 85:
257–273. https://doi.org/10.1016/j.neuron.2014.12.007

[29] Yao X, Zhang J, Lu Y, Deng Y, Zhao R, Xiao S. Myricetin
Restores Aβ-Induced Mitochondrial Impairments in N2a-SW
Cells. ACS Chemical Neuroscience. 2022; 13: 454–463. https:
//doi.org/10.1021/acschemneuro.1c00591

[30] Salimi A, Jamali Z, Shabani M. Antioxidant Potential and
Inhibition of Mitochondrial Permeability Transition Pore by
Myricetin Reduces Aluminium Phosphide-Induced Cytotoxic-
ity and Mitochondrial Impairments. Frontiers in Pharmacology.
2021; 12: 719081. https://doi.org/10.3389/fphar.2021.719081

[31] Chistiakov DA, Shkurat TP, Melnichenko AA, Grechko AV,
Orekhov AN. The role of mitochondrial dysfunction in cardio-
vascular disease: a brief review. Annals of Medicine. 2018; 50:
121–127. https://doi.org/10.1080/07853890.2017.1417631

[32] Zhang H, Gong W, Wu S, Perrett S. Hsp70 in Redox Homeosta-
sis. Cells. 2022; 11: 829. https://doi.org/10.3390/cells11050829

[33] Fiorelli S, Porro B, Cosentino N, Di Minno A, Manega CM,
Fabbiocchi F, et al. Activation of Nrf2/HO-1 Pathway and Hu-
man Atherosclerotic Plaque Vulnerability:an In Vitro and In
Vivo Study. Cells. 2019; 8: 356. https://doi.org/10.3390/cell
s8040356

[34] Zhang Q, Liu J, Duan H, Li R, Peng W, Wu C. Activation of
Nrf2/HO-1 signaling: An important molecular mechanism of
herbal medicine in the treatment of atherosclerosis via the pro-
tection of vascular endothelial cells from oxidative stress. Jour-
nal of Advanced Research. 2021; 34: 43–63. https://doi.org/10.
1016/j.jare.2021.06.023

[35] Xia SF, Le GW, Wang P, Qiu YY, Jiang YY, Tang X. Regres-
sive Effect of Myricetin on Hepatic Steatosis in Mice Fed a
High-Fat Diet. Nutrients. 2016; 8: 799. https://doi.org/10.3390/
nu8120799

[36] Wu S, Yue Y, Peng A, Zhang L, Xiang J, Cao X, et al. Myricetin
ameliorates brain injury and neurological deficits via Nrf2 ac-
tivation after experimental stroke in middle-aged rats. Food
& Function. 2016; 7: 2624–2634. https://doi.org/10.1039/c6f
o00419a

11

https://doi.org/10.3390/ijms11114348
https://doi.org/10.3390/ijms11114348
https://doi.org/10.1016/j.etap.2009.08.007
https://doi.org/10.1016/j.etap.2009.08.007
https://doi.org/10.1016/j.biopha.2016.05.019
https://doi.org/10.1161/JAHA.117.006347
https://doi.org/10.1161/JAHA.117.006347
https://doi.org/10.3390/cells11030493
https://doi.org/10.7759/cureus.40258
https://doi.org/10.3390/ijms24021086
https://doi.org/10.3390/ijms24021086
https://doi.org/10.3390/ijms22168990
https://doi.org/10.3390/ijms22168990
https://doi.org/10.1016/j.neuron.2014.12.007
https://doi.org/10.1021/acschemneuro.1c00591
https://doi.org/10.1021/acschemneuro.1c00591
https://doi.org/10.3389/fphar.2021.719081
https://doi.org/10.1080/07853890.2017.1417631
https://doi.org/10.3390/cells11050829
https://doi.org/10.3390/cells8040356
https://doi.org/10.3390/cells8040356
https://doi.org/10.1016/j.jare.2021.06.023
https://doi.org/10.1016/j.jare.2021.06.023
https://doi.org/10.3390/nu8120799
https://doi.org/10.3390/nu8120799
https://doi.org/10.1039/c6fo00419a
https://doi.org/10.1039/c6fo00419a
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Materials
	2.2 Cell Culture and Treatment
	2.3 Western Blot
	2.4 ROS Measurement
	2.5 MDA Measurement
	2.6 GSH Measurement
	2.7 MitoSOX Red Staining
	2.8 Mito-Tracker Staining
	2.9 ATP Assay
	2.10 Cell Immunofluorescence
	2.11 Statistical Analysis

	3. Results
	3.1 MYR Suppresses Mitochondrial Dysfunction in TMAO-Induced HUVECs
	3.2 MYR Inhibits the Production of Mitochondrial ROS in TMAO-Induced HUVECs
	3.3 MYR Inhibits Oxidative Stress in TMAO-Induced HUVECs
	3.4 MYR Activates NRF2 Signaling in TMAO-Induced HUVECs
	3.5 The Antioxidant Properties of MYR Depend on the Activation of NRF2 Signaling Pathway

	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgments
	Funding
	Conflicts of Interest
	References

