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Abstract
Background  NOD-like receptor protein 3 (NLRP3) inflammasome activation is indispensable for atherogenesis. 
Mitophagy has emerged as a potential strategy to counteract NLRP3 inflammasome activation triggered by impaired 
mitochondria. Our previous research has indicated that dihydromyricetin, a natural flavonoid, can mitigate NLRP3-
mediated endothelial inflammation, suggesting its potential to treat atherosclerosis. However, the precise underlying 
mechanisms remain elusive. This study sought to investigate whether dihydromyricetin modulates endothelial 
mitophagy and inhibits NLRP3 inflammasome activation to alleviate atherogenesis, along with the specific 
mechanisms involved.

Methods  Apolipoprotein E-deficient mice on a high-fat diet were administered daily oral gavages of 
dihydromyricetin for 14 weeks. Blood samples were procured to determine the serum lipid profiles and quantify 
proinflammatory cytokine concentrations. Aortas were harvested to evaluate atherosclerotic plaque formation and 
NLRP3 inflammasome activation. Concurrently, in human umbilical vein endothelial cells, Western blotting, flow 
cytometry, and quantitative real-time PCR were employed to elucidate the mechanistic role of mitophagy in the 
modulation of NLRP3 inflammasome activation by dihydromyricetin.

Results  Dihydromyricetin administration significantly attenuated NLRP3 inflammasome activation and vascular 
inflammation in mice on a high-fat diet, thereby exerting a pronounced inhibitory effect on atherogenesis. Both 
in vivo and in vitro, dihydromyricetin treatment markedly enhanced mitophagy. This enhancement in mitophagy 
ameliorated the mitochondrial damage instigated by saturated fatty acids, thereby inhibiting the activation 
and nuclear translocation of NF-κB. Consequently, concomitant reductions in the transcript levels of NLRP3 and 
interleukin-1β (IL-1β), alongside decreased activation of NLRP3 inflammasome and IL-1β secretion, were discerned. 
Notably, the inhibitory effects of dihydromyricetin on the activation of NF-κB and subsequently the NLRP3 
inflammasome were determined to be, at least in part, contingent upon its capacity to promote mitophagy.
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Introduction
Vascular endothelial dysfunction, which leads to persis-
tent and chronic vascular inflammation, is the patho-
logical foundation of atherosclerosis [1]. Activation of 
the endothelial NOD-like receptor protein 3 (NLRP3) 
inflammasome directly leads to endothelial dysfunction 
during hypercholesterolemia [2]. Similarly, our previous 
study revealed that palmitic acid (PA), the most abundant 
saturated fatty acid in human blood, significantly induces 
NLRP3-mediated pyroptosis and the secretion of the 
proinflammatory cytokine interleukin-1β (IL-1β) in vas-
cular endothelial cells [3]. Moreover, recent studies have 
yielded substantial evidence underscoring the pivotal role 
of the NLRP3 inflammasome in the inflammatory pro-
cess associated with atherosclerosis. Consequently, the 
inhibition of endothelial NLRP3 inflammasome activa-
tion holds exceptional importance for the prevention and 
treatment of atherosclerosis.

The NLRP3 inflammasome is activated by the con-
vergence of two signals [4]. The priming signal (signal 
1) depends on the transcription factor nuclear factor 
kappa-B (NF-κB), which controls the transcription of 
NLRP3 and the proinflammatory cytokine IL-1β [5]. The 
activation signal (signal 2) encompasses the intracellu-
lar recruitment and assembly of the NLRP3 inflamma-
some, culminating in the caspase1-dependent release of 
the pro-inflammatory cytokines IL-1β and IL-18, as well 
as in the gasdermin D-mediated pyroptosis [6]. Stud-
ies have substantiated that mitochondrial dysfunction 
is indispensable for the activation of NLRP3 inflamma-
some [5, 7, 8]. However, the precise signal—whether sig-
nal 1 or signal 2—that mitochondrial damage induces to 
activate the NLRP3 inflammasome remains enigmatic. 
Notwithstanding, it is imperative to underscore that miti-
gating mitochondrial dysfunction or selectively eliminat-
ing damaged mitochondria may constitute efficacious 
strategies to impede NLRP3 inflammasome activation, 
thereby preserving normal mitochondrial functionality. 
The autophagic clearance of impaired mitochondria, a 
process known as mitophagy, epitomizes one of the most 
prevalent mechanisms through which cells sustain a 
healthy mitochondrial pool [9]. Consequently, augment-
ing mitophagy could emerge as an effective stratagem for 
inhibiting endothelial NLRP3 inflammasome activation.

Dihydromyricetin (DHM) is a natural flavonoid phyto-
chemical predominantly found in various plant species, 
such as Ampelopsis grossedentata and Hovenia dulcis. 
The abundance of DHM is particularly notable in the 

stems and leaves of Ampelopsis grossedentata, where the 
DHM content exceeds 20% (by dry weight). DHM exhib-
its multifaceted pharmacological activities, encompass-
ing antioxidant, anti-inflammatory, and lipid-lowering 
effects. Previous research has indicated that DHM ame-
liorates NLRP3 inflammasome-dependent inflammatory 
injury in the endothelium, alleviates hyperlipidaemia, 
and forestalls aortic inflammation, thereby suggesting its 
potential for treating atherosclerosis [3, 10]. However, the 
molecular mechanisms through which DHM influences 
endothelial function, vascular inflammation, and athero-
sclerosis remain largely unexplored. Studies have inti-
mated that DHM efficaciously upregulates MAP1LC3/
LC3 (LC3) expression and promotes autophagosome 
formation [11, 12], which may underpin the promotion 
of mitophagy. Nevertheless, it remains elusive whether 
DHM modulates endothelial mitophagy and thereby 
impedes NLRP3 inflammasome activation, along with 
the specific mechanisms involved.

Hence, this study delved into the role and underlying 
mechanisms of DHM in the modulation of endothelial 
NLRP3 inflammasome during atherogenesis, employing 
both in vivo and in vitro models. This study endeavored 
to furnish a robust experimental underpinning for the 
potential application of DHM as a preventive and thera-
peutic adjuvant for atherosclerosis and other diseases 
characterized by abnormal NLRP3 expression.

Materials and methods
Reagents
Human umbilical vein endothelial cells (HUVECs, 
PUMC-HUVEC-T1) were obtained from the Ameri-
can Type Culture Collection (ATCC). Endothelial cell 
medium (ECM; 1001) and endothelial cell growth 
supplement (ECGS, 1052) were obtained from Scien-
Cell Research Laboratories (San Diego, CA, USA). Foe-
tal bovine serum (FBS; 04-001-1ACS) was obtained 
from Biologic Industries (Kibbutz Beit Haemek, Israel). 
Trypsin-EDTA (0.25%) (25200-056) was obtained from 
Gibco (Grand Island, NY, USA). DHM (A0049tqw50g) 
was obtained from Chengdu MUST Bio-Technology 
Co., Ltd. (Sichuan, China). DHM (42866) and palmitic 
acid (P0500) for cell culture, dimethyl sulfoxide (DMSO, 
D2650), carbonyl cyanide m-chlorophenyl hydrazone 
(CCCP, C2759), chloroquine (CQ, C6628), anti-LC3B 
(L7543, 1:1000), and an anti-β-actin antibody (A5441, 
1:1000) were obtained from Sigma Aldrich (St. Louis, 
MO, USA). Antibodies against NF-κB p65 (sc-8008, 
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1:500), sequestosome 1 (SQSTM1/p62, sc-28359, 1:500), 
TIM23 (sc-514463, 1:500), and Parkin (sc-32282, 1:500) 
were obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Mitochondrial division inhibitor 1 
(Mdivi-1, HY-15886) was obtained from MedChem 
Express (Greenville, USA). An anti-NLRP3 antibody 
(NBP2-12446, 1:500) was purchased from Novus Biologi-
cals (Littleton, CO, USA). Antibodies against caspase-1 
(3866s, 1:1000), phospho-NF-κB p65 (p-p65, 3033s, 
1:1000), IL-1β (12703, 1:1000), and MitoTracker® Deep 
Red FM (MTDR, 8778) were obtained from Cell Signal-
ing Technology (Beverly, MA, USA). A cell counting kit-8 
(CCK-8; CK04) was obtained from Dojindo Laboratories 
(Kyushu, Japan). An anti-PINK1 antibody (GB114934) 
and human IL-1β (GEH0002), TNF-α (GEH0004), and 
IL-6 (GEH0001) enzyme-linked immunosorbent assay 
(ELISA) kits were obtained from Servicebio Technol-
ogy Co., Ltd. (Wuhan, China). Mouse IL-1β (GEM0002), 
IL-18 (GEM0010), TNF-α (GEM0004), and IL-6 
(GEM0001) ELISA kits were obtained from Servicebio 
Technology Co., Ltd. (Wuhan, China). NF-κB activa-
tion, a nuclear translocation assay kit (SN368), and a 
mitochondrial membrane potential assay kit with JC-1 
(C2006) were obtained from Beyotime Biotechnology 
(Jiangsu, China). A mouse NLRP3 ELISA kit (ml037234) 
was obtained from Shanghai Enzyme-linked Biotech-
nology Co., Ltd. (Shanghai, China). A mouse caspase-1 
ELISA kit (D721050) was obtained from Sangon Biotech 
(Shanghai) Co., Ltd. (Shanghai, China).

Mice and interventions
Referring to previous studies [13–15], this study utilized 
apolipoprotein E-deficient (ApoE-/-, C57BL/6J back-
ground) mice maintained on a high-fat diet (HFD) to 
establish a murine model of atherosclerosis. Six-week-
old male ApoE-/- mice were purchased from Cavens 
Lab Animal Co. (Changzhou, China) and maintained 
under SPF conditions at the Experimental Animal Cen-
ter of the Third Military Medical University (Chongq-
ing, China) under a 12-hour light/dark cycle. Following 
a two-week adaptation period, the mice were randomly 
allocated into four distinct groups: (i) the control group; 
(ii) the HFD group; (iii) the HFD + 50 mg/kg DHM group; 
and (iv) the HFD + 200  mg/kg DHM group. Mice in the 
control group were fed a normal diet, and those in the 
remaining three groups were fed a high-fat diet (contain-
ing 40  kcal% fat and 1.25% cholesterol, Supplementary 
Table 1) for 14 weeks. Throughout the study, the mice in 
the control and HFD groups received placebo, whereas 
those in the HFD + 50  mg/kg DHM and HFD + 200  mg/
kg DHM groups received DHM (50 mg/kg body weight 
or 200 mg/kg body weight) via oral gavage every day for 
14 weeks. The doses of DHM utilized in this study were 
determined based on previous reports documenting 

its beneficial pharmacological impacts on animals with 
diverse diseases [10, 16–18]. Throughout the 14-week 
study period, food consumption and body weight were 
monitored weekly. After 14 weeks of intragastric admin-
istration, the mice were fasted overnight and then eutha-
nized under pentobarbital sodium anaesthesia (50 mg/kg 
body weight). Blood, the aortic root, and the whole aorta 
(including the aortic arch and thoracic and abdominal 
regions) were collected as previously described [19, 20]. 
All experiments involving animals were conducted in full 
compliance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and were 
authorized by the Laboratory Animal Welfare and Eth-
ics Committee of the Third Military Medical University 
(Chongqing, China) (number: AMUWEC2020068).

Serum lipid profile measurements
Blood samples were collected to determine the concen-
trations of serum triglycerides (TG, S03027), total cho-
lesterol (TC, S03042), low-density lipoprotein cholesterol 
(LDL-C, S03029), and high-density lipoprotein choles-
terol (HDL-C, S03025) using kits from Rayto Life and 
Analytical Sciences Co., Ltd. (Guangdong, China), with 
protocols provided by the manufacturer.

Inflammatory factor analysis
The serum concentrations of proinflammatory cytokines 
such as IL-1β, IL-18, TNF-α, and IL-6, as well as the lev-
els of NLRP3 and caspase-1, were quantified via ELISA 
following the manufacturer’s recommended procedures.

Atherosclerotic lesion analysis
The en face aorta, including the aortic arch and thoracic 
and abdominal regions, as well as the cross-sectional 
aortic sinus, were analysed using Oil Red O staining to 
quantify atherosclerotic lesions, following previously 
described methods [14, 20]. The whole aorta, from the 
aortic root to the common iliac artery bifurcation, was 
isolated and dissected, and all connective tissues were 
removed and then sectioned longitudinally. After stain-
ing with Oil Red O, digital images of the en face aortas 
were captured, and the atherosclerotic lesions were 
quantified as a percentage of the total surface area using 
ImageJ imaging software (Bethesda, MD, USA). For the 
analysis of atherosclerotic lesions in the aortic sinus, 
the aortic sinuses were embedded in OCT compound 
(Sakura, Chiba, Japan) and frozen at -20  °C. Sections 
with a thickness of 10  μm were then collected, starting 
from the aortic root and extending 400  μm, as detailed 
in previous studies [21]. Every tenth section was stained 
with Oil Red O and haematoxylin for visualization, after 
which the lesion areas were quantitatively analysed using 
ImageJ imaging software (Bethesda, MD, USA).
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Immunohistochemistry
Aortic vessel sections were subjected to staining with 
primary antibodies against Parkin (Servicebio, Wuhan, 
China, 1:200) at 4  °C overnight. Subsequently, second-
ary antibodies were applied. Thereafter, the sections were 
stained with diaminobenzidine. Ultimately, images of the 
tissues were captured using a fluorescence microscope.

Cell culture and treatment
HUVECs were cultured in ECM supplemented with 5% 
FBS, 1% ECGS, 100 µg/mL streptomycin, and 100 U/mL 
penicillin. The culture was maintained in a CO2 incubator 
at 37 °C with 5% CO2 and 100% relative humidity. When 
the cells reached 80-90% confluence, adherent HUVECs 
were isolated using trypsin-EDTA treatment and either 
passaged or used for subsequent experiments. To model 
endothelial injury, HUVECs were pretreated with PA for 
24 h, as previously described [3]. In addition, to examine 
the effect of DHM on mitophagy in vascular endothelial 
cells, HUVECs were treated with different concentra-
tions of DHM (0.1, 1, or 10 µmol/L) for 12  h and then 
treated with PA for another 24 h. The doses of DHM uti-
lized in this study were based on our previous study [3]. 
Alternatively, for mitophagy manipulation experiments, 
HUVECs were pretreated with either CCCP (10 µmol/L) 
or Mdivi-1 (20 µmol/L) for 1 h prior to DHM treatment 
to induce or inhibit mitophagy, respectively.

Cell viability assays
HUVECs in the logarithmic growth phase were seeded 
into a 96-well plate (Corning, NY, USA) at a density of 
5,000 cells per well in complete medium and then incu-
bated overnight for cell attachment before further treat-
ment. Following treatment of the cells according to the 
respective protocols, 10 µL of a solution from the Cell 
Counting Kit-8 (CCK-8) was added to each well, and the 
plates were incubated for an additional 1 to 2 h. There-
after, the optical density at a wavelength of 450  nm 
was measured using a microplate spectrophotometer 
(Thermo, MA, USA).

Detection of the mitochondrial membrane potential (ΔΨm)
HUVECs in the logarithmic growth phase were seeded 
into a 12-well microplate (Corning, USA), with three rep-
licate wells for each treatment condition. After exposing 
the HUVECs to the designated treatments, the alterations 
in the mitochondrial membrane potential were assessed 
with a JC-1 mitochondrial membrane potential detec-
tion kit (Beyotime, Shanghai, China). The analyses were 
performed using a multifunctional microplate reader or 
a fluorescence microscope following protocols described 
in the literature [22, 23]. JC-1 fluorescence intensity was 
measured at excitation/emission (Ex/Em) wavelengths of 
514/529 nm for green fluorescence (JC-1 monomers) and 

585/590 nm for red fluorescence (JC-1 aggregates). Mito-
chondrial depolarization was defined as a decrease in the 
ratio of red to green fluorescence.

Mitophagy determination by flow cytometry
Mitophagy was evaluated via a flow cytometry-based 
approach, as previously described [24, 25], employing 
MTDR, a widely used mitochondria-selective probe. 
Briefly, adherent HUVECs were dissociated using tryp-
sin and resuspended in complete medium containing 10 
nM MTDR. The plates were subsequently incubated for 
20 min at 37 °C. Following two washes with PBS, the cells 
were resuspended in cold PBS for flow cytometry analysis 
using a BD Accuri™ C6 Plus flow cytometer (BD Biosci-
ences Systems, CA, USA). The resulting data were ana-
lysed using FlowJo software (ver. 10.5.3, BD Biosciences 
Systems, CA, USA). The mean fluorescence intensity in 
the FL4 channel, corresponding to the viable cell popu-
lation, was plotted and normalized to the mean fluores-
cence intensity of the control group.

ELISA of inflammatory factors in culture supernatant
Upon completion of the assigned treatments, the culture 
supernatants were retrieved and centrifuged to elimi-
nate any sedimentation. Thereafter, the concentrations 
of proinflammatory cytokines such as IL-1β, IL-6, and 
TNF-α were quantified using ELISA kits (Servicebio, 
Wuhan, China) in accordance with the manufacturer’s 
instructions.

NF-κB activation and nuclear translocation assay
After the cells were subjected to the designated treat-
ments, NF-κB activation and nuclear translocation assays 
were performed using an NF-κB activation and nuclear 
translocation assay kit (Beyotime, Shanghai, China) 
according to the manufacturer’s protocols. Images were 
captured under a fluorescence microscope. NF-κB p65 
was visualized by red fluorescence, while the DAPI-
stained nuclei appeared blue.

Western blotting analysis
After the indicated treatments, the cells were detached 
and homogenized in RIPA lysis buffer (Beyotime, Shang-
hai, China) supplemented with PMSF solution (Beyo-
time, Shanghai, China). The total protein concentration 
was quantified using the BCA Protein Assay Kit (Beyo-
time, Shanghai, China) following the manufacturer’s 
recommended procedures. Forty micrograms of total 
protein extracted per sample was then separated via 
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS‒PAGE) and transferred onto polyvinylidene 
difluoride (PVDF) membranes using standard West-
ern blotting techniques. The membranes were subse-
quently blocked with a 5% (wt/vol) solution of bovine 
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serum albumin in phosphate-buffered saline with 0.1% 
Tween 20 and then incubated with the designated pri-
mary antibodies. This was followed by the addition of 
the corresponding secondary antibodies. The blots were 
developed with a BeyoECL Plus kit (Beyotime, Shanghai, 
China) and visualized on an Odyssey imager (LI-COR 
Biosciences, USA). Densitometric analysis of the scanned 
images was performed using ImageJ software. β-actin 
(ABclonal, Wuhan, China) served as a loading control. 
The values are expressed as the fold change relative to the 
control group.

Quantitative real-time PCR
Cells or aortas from ApoE−/− mice that had been treated 
according to the designated protocol were lysed in 
TRIzol reagent (Invitrogen, CA, USA) to extract total 
RNA following the manufacturer’s instructions. Reverse 
transcription was then performed to synthesize com-
plementary DNA (cDNA) using reverse transcriptase 
(Servicebio, Wuhan, China). Subsequently, triplicate 
RT-PCR analyses were conducted using Universal Blue 
SYBR Green qPCR Master Mix (Servicebio, Wuhan, 
China). The mRNA expression levels in each sample 
were normalized to the GAPDH expression level and are 
expressed as the fold change relative to the control using 
the comparative Ct (ΔΔCT) method. The gene-specific 
sequences of the primers used are listed in Table 1.

Statistical analysis
The data are presented as the mean ± standard deviation 
(SD), and the experiments were repeated at least three 
times. For between-group comparisons, one-way analysis 
of variance (ANOVA) followed by Bonferroni’s multiple 
comparison test was employed. All statistical analyses 
were carried out using SPSS statistical software (version 
26.0, IBM). A P value < 0.05 was considered to indicate 
statistical significance.

Results
DHM protects against HFD-induced atherosclerosis in vivo
Previous research has demonstrated that DHM can 
mitigate endothelial inflammatory injury and amelio-
rate hyperlipidaemia, suggesting that DHM is a potential 

therapeutic adjuvant for treating atherosclerosis [3, 17]. 
To test this hypothesis, we established an atherosclero-
sis mouse model in ApoE-/- mice fed a HFD and admin-
istered DHM via gastric perfusion. After 14 weeks of 
intragastric administration, the ApoE−/− mice were sacri-
ficed under anaesthesia, and their blood and aortas were 
collected for analysis. Given that dyslipidaemia is one of 
the major risk factors for atherosclerosis, we first inves-
tigated the impact of DHM intervention on the serum 
levels of lipids in mice. Compared with those in the HFD 
group, the serum TC (Fig. 1A), TG (Fig. 1B), and LDL-C 
(Fig.  1C) levels were significantly lower in the DHM 
intervention group. Moreover, DHM treatment markedly 
increased the level of HDL-C (Fig.  1D). On this basis, 
we further explored the impact of DHM intervention on 
plaque formation. Grossly obvious atherosclerotic lesions 
were observed after staining the aortas with Oil Red O 
(Fig.  1E and G). As shown in Fig.  1, there were notice-
ably more plaques on the whole aorta or aortic roots in 
the HFD groups than in the control group. However, the 
administration of DHM (50  mg/kg bw and 200  mg/kg 
bw) significantly decreased the plaque area (Fig.  1E-H). 
Taken together, these findings suggest that DHM miti-
gates atherogenesis.

DHM impedes NLRP3 inflammasome activation and 
reduces vascular inflammation in vivo
Given the association between the NLRP3 inflamma-
some and atherosclerosis [26], as well as the mitigating 
effect of DHM treatment on NLRP3-mediated inflamma-
tion [3], we sought to investigate whether DHM interven-
tion could inhibit NLRP3 inflammasome activation and 
attenuate vascular inflammation in vivo. As illustrated 
in Fig.  2, DHM significantly abrogated the upregula-
tion of NLRP3 and caspase-1 expression under high-fat 
diet conditions, leading to decreases in the serum IL-1β, 
IL-18, IL-6, and TNF-α levels. Additionally, compared to 
those in the control group, the transcript levels of NLRP3 
and IL-1β in the aorta were significantly greater in the 
HFD group, and these changes were notably attenu-
ated by DHM administration (Fig.  2G and H). Taken 
together, these results demonstrate that DHM inhibits 
NLRP3 inflammasome activation and relieves vascular 

Table 1  Primers used for real-time PCR
Gene NCBI Reference Sequence Primer sequence

Forwards Reverse
Mouse NLRP3 NM_001359638.1 ​G​C​T​A​A​G​A​A​G​G​A​C​C​A​G​C​C​A​G​A​G​T​G ​T​T​A​C​A​A​A​T​G​G​A​G​A​T​G​C​G​G​G​A​G​A
Mouse IL-1β NM_008361.4 ​A​G​G​C​T​C​C​G​A​G​A​T​G​A​A​C​A​A​C​A​A​A ​G​T​G​C​C​G​T​C​T​T​T​C​A​T​T​A​C​A​C​A​G​G​A
Mouse LC3 NM_001364358.1 ​C​C​G​T​C​C​G​A​G​A​A​G​A​C​C​T​T​C​A​A ​T​C​T​T​G​C​G​G​C​A​G​G​A​G​A​A​C​C​T​A
Mouse GAPDH NM_008084.2 ​C​C​T​C​G​T​C​C​C​G​T​A​G​A​C​A​A​A​A​T​G ​T​G​A​G​G​T​C​A​A​T​G​A​A​G​G​G​G​T​C​G​T
Human NLRP3 NM_001079821.2 ​A​T​T​G​A​G​C​A​C​C​A​G​C​C​A​T​T​C​C​C ​G​A​G​T​G​T​T​G​C​C​T​C​G​C​A​G​G​T​A​A​A​G
Human IL-1β NM_000576.2 ​C​G​A​T​C​A​C​T​G​A​A​C​T​G​C​A​C​G​C​T​C ​A​C​A​A​A​G​G​A​C​A​T​G​G​A​G​A​A​C​A​C​C​A​C​T​T
Human GAPDH NM_002046 ​G​G​A​A​G​C​T​T​G​T​C​A​T​C​A​A​T​G​G​A​A​A​T​C ​T​G​A​T​G​A​C​C​C​T​T​T​T​G​G​C​T​C​C​C
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inflammation, ultimately decelerating the progression of 
atherosclerosis.

DHM reduces NLRP3 expression and inflammasome 
activation in endothelial cells
Endothelial cell dysfunction is an important contribu-
tor to the pathophysiology of atherosclerosis and has 
a profound influence on the coordination of both acute 
and chronic inflammation within the arterial wall [27, 
28]. Next, we investigated the specific mechanisms 
by which DHM hampers the activation of the NLRP3 
inflammasome in endothelial cells. PA, the most abun-
dant saturated fatty acid in blood, is commonly found in 
animal fat and can increase LDL-C levels in blood and 
induce inflammation and oxidative stress in endothelial 

cells, both of which are implicated in the pathogenesis 
of atherosclerosis. As expected, PA treatment notably 
increased the secretion of the endothelial inflammatory 
factors IL-1β, IL-6, and TNF-α (Fig.  3A-C). Moreover, 
PA significantly increased caspase-1 cleavage and IL-1β 
maturation (Fig.  3D-E), indicating that PA activated the 
NLRP3 inflammasome. In contrast, DHM pretreatment 
significantly inhibited caspase-1 cleavage and IL-1β 
maturation and secretion in PA-stimulated endothelial 
cells (Fig.  3F-H). These results indicate that DHM pre-
treatment suppresses NLRP3 inflammasome activation. 
Furthermore, considering the essential role of NLRP3 
expression in the assembly and activation of the NLRP3 
inflammasome, we investigated the effects of DHM 
on NLRP3 expression. DHM pretreatment markedly 

Fig. 1  DHM protects against HFD-induced atherosclerosis in vivo. The serum concentrations of TC (A), TG (B), LDL-C (C), and HDL-C (D) were measured 
(n = 5). (E) Oil Red O staining was performed to visualize atherosclerotic lesions in the whole aorta. (F) The bars show the lesion area percentage. (G) 
Representative images of aortic sinus lesions stained with Oil Red O (counterstained with haematoxylin) were obtained. Scale bars = 200 μm. (H) The bars 
show the lesion area percentage. The values are expressed as the mean ± SD. aP < 0.05 or bP < 0.01 (versus the control group); cP < 0.05 or dP < 0.01 (versus 
the HFD group). DHM, dihydromyricetin; HDL-C, high-density lipoprotein cholesterol; HFD, high-fat diet; SD, standard deviation; LDL-C, low-density lipo-
protein cholesterol; TC, total cholesterol; TG, triglycerides
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inhibited NLRP3 protein expression (Fig.  3G-H). Addi-
tionally, NLRP3 mRNA expression was also notably 
decreased by DHM pretreatment (Fig.  6D). These data 
indicate that DHM blocks NLRP3 expression at both the 
protein and mRNA levels, thereby substantially inhibit-
ing NLRP3 inflammasome activation.

DHM enhances endothelial mitophagy and mitigates 
mitochondrial damage
Given the close association between mitochondrial dys-
function and NLRP3 inflammasome activation [29, 30], 
this study further investigated the effects of DHM on 
mitochondrial function in response to PA stimulation. As 
shown in Fig.  4, these results revealed that PA-induced 
mitochondrial damage, as evidenced by a decrease in 
the mitochondrial membrane potential, was alleviated 
by DHM treatment (Fig.  4A-B). Mitophagy is a critical 
process for regulating mitochondrial number and main-
taining normal mitochondrial function. Therefore, we 
proceeded to assess the effect of DHM on mitophagy 

in endothelial cells. Using a previously described flow 
cytometry-based methodology [24], this study revealed 
that DHM significantly increased the fluorescence inten-
sity of MTDR in endothelial cells pretreated with CQ 
which inhibits lysosomal function (Fig. 4C). This finding 
suggested that DHM promotes mitophagy in these cells. 
Moreover, an elevated LC3II/I ratio and Parkin expres-
sion, along with decreased expression of the mitochon-
drial protein TIM23, serve as well-recognized mitophagy 
markers [31]. PCR and Western blot analyses revealed 
that DHM significantly increased the LC3-II/LC3-I 
ratio and PINK1 and Parkin expression in endothelial 
cells while decreasing p62 levels and the expression of 
the mitochondrial protein TIM23 (Fig. 4D and F). Con-
currently, DHM markedly elevated Parkin and PINK1 
expression, as well as LC3 mRNA and protein levels, in 
mouse aortas (Fig. 4G and J). These findings confirm that 
DHM promotes mitophagy both in vitro and in vivo.

Fig. 2  DHM impedes NLRP3 inflammasome activation and reduces vascular inflammation in vivo. (A-F) Blood samples were centrifuged to separate the 
serum, which was subsequently subjected to ELISA to evaluate the levels of IL-18 (A), IL-6 (B), and TNF-α (C) and those of NLRP3 (D), caspase-1 (E), and 
IL-1β (F) (n = 5). (G-H) RT‒PCR was performed to estimate the mRNA expression of NLRP3 (G) and IL-1β (H) in the aorta. The values are expressed as the 
mean ± SD. aP < 0.05 or bP < 0.01 (versus the control group); cP < 0.05 or dP < 0.01 (versus the HFD group). DHM, dihydromyricetin; ELISA, enzyme-linked 
immunosorbent assay; HFD, high-fat diet; IL-6, interleukin-6; IL-18, interleukin-18; IL-1β, interleukin-1β; NLRP3, NOD-like receptor protein 3; SD, standard 
deviation; TNFα, tumor necrosis factor α
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Mitophagy hinders NF-κB from activating the endothelial 
NLRP3 inflammasome
In light of these findings, additional research is needed 
to determine whether mitophagy participates in the 
modulation of NLRP3 inflammasome activation in endo-
thelial cells and to elucidate the underlying mechanisms 
involved. PA treatment with or without CQ significantly 
reduced the MTDR fluorescence intensity in endothelial 

cells. Pretreatment with CQ did not result in a signifi-
cant change in MTDR fluorescence intensity compared 
to that in the PA single-treated group (Fig. 5A) [24], sug-
gesting that mitophagy was suppressed by PA, as sup-
ported by reduced Parkin signalling, as shown in Fig. 4D. 
Therefore, CCCP, a potent inducer of mitophagy, was 
used to explore the involvement of mitophagy in the 
PA-induced activation of the NLRP3 inflammasome in 

Fig. 3  DHM reduces NLRP3 expression and inflammasome activation in endothelial cells. HUVECs were treated with the indicated concentrations of PA 
(0, 100, 200, or 300 µmol/L) for 24 h, after which the supernatant was collected. ELISA was used to measure the levels of IL-1β (A), TNF-α (B), and IL-6 (C) re-
lease. (D) The protein expression of NLRP3, caspase-1, and IL-1β was analysed via Western blotting. (E) The bands show the quantification of the indicated 
proteins. Cells were pretreated with DHM for 12 h and then exposed to PA (300 µmol/L) for an additional 24 h. (F) ELISAs were performed to measure the 
levels of IL-1β. (G) Western blotting was used to detect the protein expression of NLRP3, caspase-1, and IL-1β. (H) The bands show the quantification of 
the indicated proteins, and the values are expressed as the fold change relative to the control group. The values are expressed as the mean ± SD (n = 3). 
aP < 0.05 or bP < 0.01 (versus the control group); cP < 0.05 or dP < 0.01 (versus the PA-treated group). DHM, dihydromyricetin; ELISA, enzyme-linked immu-
nosorbent assay; HUVECs, human umbilical vein endothelial cells; IL-6, interleukin-6; IL-1β, interleukin-1β; NLRP3, NOD-like receptor protein 3; PA, palmitic 
acid; SD, standard deviation; TNFα, tumor necrosis factor α
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vascular endothelial cells. Interestingly, the reduction in mitochondrial membrane potential and cell viability 

Fig. 4  DHM enhances endothelial mitophagy and mitigates mitochondrial damage. HUVECs were pretreated with DHM (1 µmol/L) for 12 h and then 
exposed to PA (300 µmol/L) for an additional 24 h. Subsequently, the ΔΨm was determined via JC-1 staining via a fluorescence microscope (A) or multi-
functional microplate reader (B). A decrease in the ratio of red to green fluorescence indicated mitochondrial depolarization; scale bars = 50 μm. (C) Flow 
cytometry was used to analyse mitophagy via the detection of MTDR fluorescence. Cells were pretreated with DHM at various concentrations (0.1, 1, and 
10 µmol/L) for 12 h, followed by PA stimulation for 24 h. (D) Western blotting was conducted to detect the expression of Parkin, PINK1, TIM23, p62, and 
LC3. (E) The bars show the densitometry of the bands, and the values are expressed as the fold change relative to the control group. (F) Analysis of the 
relative LC3-II:LC3 I- ratio. The values are expressed as the mean ± SD (n = 3). aP < 0.05 or bP < 0.01 (versus the control group); cP < 0.05 or dP < 0.01 (versus 
the PA-treated group); fP < 0.01 (versus the CQ-treated group). (G-H) Western blotting was conducted to detect the expression of Parkin, PINK1 and LC3 
in mouse aortas. (I) RT‒PCR was performed to assess LC3 mRNA expression in mouse aortas. (J) Immunohistochemistry of Parkin in mouse aortas. Scale 
bars = 50 μm. The values are expressed as the mean ± SD (n = 3). aP < 0.05 or bP < 0.01, compared to the control group; cP < 0.05 or dP < 0.01, compared to 
the HFD group. CQ, chloroquine; DHM, dihydromyricetin; HFD, high-fat diet; HUVECs, human umbilical vein endothelial cells; LC3, MAP1LC3/LC3; MTDR, 
MitoTracker® Deep Red FM; PA, palmitic acid; Parkin, Parkin RBR E3 Ubiquitin Protein Ligase; SD, standard deviation; SQSTM1/p62, sequestosome 1; TIM23, 
translocase of inner mitochondrial membrane 23
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caused by PA was effectively mitigated when HUVECs 
were pretreated with CCCP (Fig. 5B and C). More signifi-
cantly, a decrease in PA-induced NLRP3 inflammasome 
activation was also observed after CCCP pretreatment, as 
reflected by the decrease in caspase-1 cleavage and IL-1β 
maturation (Fig.  5D). Collectively, these data demon-
strate that increasing mitophagy inhibits NLRP3 inflam-
masome activation in vascular endothelial cells.

The cellular NLRP3 level is a critical determinant of 
the assembly and activation of the NLRP3 inflammasome 
[32]. The above results illustrated that mitophagy inhibits 

NLRP3 protein expression. Additionally, we found that 
the mitophagy inducer CCCP significantly reduced the 
mRNA expression of NLRP3 and IL-1β (Fig.  5E and F), 
indicating that mitophagy selectively regulates NLRP3 
expression at both the protein and mRNA levels. These 
findings prompted us to investigate the potential effects 
of mitophagy on the expression and activation of NF-κB, 
a key transcription factor that governs NLRP3 and IL-1β 
transcription [33]. As anticipated, increasing mitoph-
agy via CCCP significantly suppressed PA-induced 
expression and phosphorylation of NF-κB p65 (Fig. 5G) 

Fig. 5  Mitophagy hinders NF-κB from activating the endothelial NLRP3 inflammasome. (A) HUVECs were treated with 300 µmol/L PA for 24 h and co-
treated with or without CQ (a lysosomal inhibitor, 25 µmol/L) for 3 h before analysis to inhibit lysosomal degradation. MTDR staining was analysed using 
flow cytometry. The cells were incubated with PA (300 µmol/L) for 24 h in the presence of the mitophagy inducer CCCP (10 µmol/L) or the mitophagy 
inhibitor Mdivi-1 (20 µmol/L). (B) The mitochondrial membrane potential (ΔΨm) was assessed using JC-1 staining and was examined with a multifunc-
tional microplate reader. (C) Cell viability was determined using CCK-8 kits. (D) Western blot analysis was performed to evaluate the expression of NLRP3, 
Casp1 p20, IL-1β, p62, and LC3. The densitometry of the bands was quantified, and the values are expressed as the fold change relative to the control 
group. (E-F) RT‒PCR analysis was performed to measure the mRNA expression of NLRP3 (E) and IL-1β (F). (G) Western blot analysis of NF-κB p65 and p-p65 
expression; the bars show the densitometric analysis of the bands. (H) NF-κB activity was measured using an NF-κB Activation-Nuclear Translocation Assay 
Kit and a fluorescence microscope. Scale bar = 200 μm. The values are expressed as the mean ± SD (n = 3). aP < 0.05 or bP < 0.01 (versus the control group); 
cP < 0.05 or dP < 0.01 (versus the PA-treated group); eP < 0.05 or fP < 0.01 (versus the CCCP + PA group). Casp1 p20, caspase-1 p20; CCCP, carbonyl cyanide 
m-chlorophenyl hydrazone; CCK-8, cell counting kit; DHM, dihydromyricetin; HUVECs, human umbilical vein endothelial cells; IL-1β, interleukin-1β; LC3, 
MAP1LC3/LC3; Mdivi-1, mitochondrial division inhibitor 1; MTDR, MitoTracker® Deep Red FM; NF-κB, nuclear factor kappa-B; NLRP3, NOD-like receptor 
protein 3; PA, palmitic acid; SD, standard deviation; SQSTM1/p62, sequestosome 1
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and reduced the nuclear translocation of NF-κB p65 
(Fig. 5H). Collectively, these data suggest that increasing 
mitophagy can hinder PA-mediated activation of NF-κB 
p65, thereby reducing NLRP3 expression and inflamma-
some activation in endothelial cells.

Further analysis revealed that pretreatment with 
Mdivi-1, a mitophagy inhibitor, did not significantly 
alter the activation of NF-κB or NLRP3 compared to PA 
treatment alone (Fig. 5). This could be attributed to the 
considerable inhibition of endothelial mitophagy already 
exerted by PA and the robust activating impact of PA on 
the NLRP3 inflammasome. Consequently, the additional 
suppression of mitophagy by Mdivi-1 did not intensify 
the PA-induced activation of the NLRP3 inflammasome.

DHM impedes endothelial NLRP3 inflammasome 
activation by promoting mitophagy
As mentioned above, DHM suppressed NLRP3 inflam-
masome activation in vascular endothelial cells [3]. 
Moreover, based on the results presented in Fig.  4, 
which demonstrated that DHM promoted mitophagy 
and maintained mitochondrial homeostasis, we hypoth-
esized that mitophagy could be a critical factor through 
which DHM inhibits NLRP3 inflammasome activation. 
To confirm this, endothelial cells were pretreated with 
DHM in the presence of the mitophagy inducer CCCP 
or the mitophagy inhibitor Mdivi-1 and then stimulated 
with PA for another 24  h. DHM significantly abrogated 
the PA-induced reduction in cell viability, but this pro-
tective effect was diminished by the mitophagy inhibitor 

Fig. 6  DHM impedes endothelial NLRP3 inflammasome activation by promoting mitophagy. HUVECs were pretreated with DHM (1 µmol/L) for 12 h in 
the presence of the mitophagy inducer CCCP (10 µmol/L) or the mitophagy inhibitor Mdivi-1 (20 µmol/L) and then stimulated with PA (300 µmol/L) for 
another 24 h. (A) Cell viability was determined using CCK-8 kits. (B) Western blot analysis of NLRP3, caspase-1, IL-1β, p62 and LC3 expression. (C) The bars 
show the densitometry of the bands. (D-E) RT‒PCR analysis of NLRP3 (D) and IL-1β (E) mRNA expression. (F-G) Western blot analysis of NF-κB p65 and 
p-p65 expression; the bars show the densitometry of the bands. (H) NF-κB activity was measured using an NF-κB Activation-Nuclear Translocation Assay 
Kit and a fluorescence microscope. Scale bars = 200 μm. The values are expressed as the mean ± SD (n = 3). aP < 0.05 or bP < 0.01, versus the control group; 
cP < 0.05 or dP < 0.01, versus the PA-treated group; eP < 0.05 or fP < 0.01, versus the DHM + PA group. Casp1 p20, caspase-1 p20; CCCP, carbonyl cyanide 
m-chlorophenyl hydrazone; CCK-8, cell counting kit; DHM, dihydromyricetin; HUVECs, human umbilical vein endothelial cells; IL-1β, interleukin-1β; LC3, 
MAP1LC3/LC3; Mdivi-1, mitochondrial division inhibitor 1; MTDR, MitoTracker® Deep Red FM; NF-κB, nuclear factor kappa-B; NLRP3, NOD-like receptor 
protein 3; PA, palmitic acid; SD, standard deviation; SQSTM1/p62, sequestosome 1
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Mdivi-1 (Fig.  6A). Moreover, we found that the down-
regulation of NLRP3, Casp1 p20, and IL-1β p17 pro-
tein expression in the DHM group, compared to the PA 
group, was further intensified by the mitophagy agonist 
CCCP, while this change was partially reversed by the 
mitophagy inhibitor Mdivi-1 (Fig. 6B and C). These find-
ings indicate that mitophagy likely plays a pivotal role in 
DHM-mediated blockade of endothelial NLRP3 inflam-
masome activation.

As shown in Fig.  6, DHM pretreatment significantly 
reduced the mRNA expression of NLRP3 and IL-1β 
(Fig. 6D and E), indicating that DHM may also regulate 
the priming process (signal 1) of NLRP3 inflammasome 
activation. These findings encouraged us to investigate 
the potential effects of DHM on the activation of NF-κB, 
a key transcription factor that governs NLRP3 and IL-1β 
[33]. As anticipated, DHM pretreatment markedly inhib-
ited the PA-induced expression and phosphorylation of 
NF-κB p65 (Fig. 6F and G) and simultaneously inhibited 
NF-κB activation and nuclear translocation (Fig.  6H). 
Furthermore, the inhibition of NF-κB p65 activation by 
DHM was further enhanced by CCCP pretreatment, 
while this effect was partially abrogated when mitoph-
agy was inhibited by the mitophagy inhibitor Mdivi-1 
(Fig.  6F and H). Collectively, these results suggest that 
DHM inhibits the activation of NF-κB p65 by promoting 
mitophagy, thereby reducing endothelial NLRP3 inflam-
masome activation in response to PA stimuli.

Discussion
The present study demonstrated that DHM emerges as 
a potential mitophagy promoter, and DHM administra-
tion reduces atherogenesis by inhibiting NLRP3 inflam-
masome activation and diminishing inflammation. In 
vascular endothelial cells, excessive PA (a saturated fatty 
acid) engenders mitochondrial damage, activating NF-κB 
and the subsequent NLRP3 inflammasome. However, 
either promoting mitophagy or administering DHM can 
attenuate these effects. Notably, DHM inhibited PA-
stimulated NF-κB activation and nuclear translocation 
by facilitating mitophagy, thereby curtailing the expres-
sion of NLRP3 and IL-1β, and ultimately blocking NLRP3 
inflammasome activation and IL-1β secretion. This study 
highlights novel mechanisms and potential therapeutic 
strategies for preventing and treating atherosclerosis.

Atherosclerosis is a chronic disease characterized 
by lipid deposition and inflammation beneath the ves-
sel intima [34]. This study showed that a HFD leads to 
dyslipidaemia and vascular inflammation in ApoE−/− 
mice, accelerating the formation and development of 
atherosclerosis. According to the “response-to-injury” 
hypothesis proposed by Ross and Glomset, vascular 
endothelial dysfunction resulting from various cardio-
vascular risk factors is considered the underlying cause 

of atherosclerotic lesions [27, 35, 36]. Therefore, reduc-
ing endothelial dysfunction has become a key priority in 
atherosclerosis management. Epidemiological evidence 
suggests that flavonoids, which occur ubiquitously in 
foodstuffs of plant origin, possess diverse bioactivities, 
such as lipid-lowering, anti-inflammatory, and antioxi-
dant effects, and have the potential to reduce the risk of 
chronic diseases such as CVD and diabetes [37, 38]. Pre-
vious studies have demonstrated that DHM, a naturally 
occurring flavonoid, can attenuate inflammatory dam-
age in vascular endothelial cells and might be a potential 
therapeutic adjuvant for treating atherosclerosis [3, 10, 
17]. Therefore, this study administered DHM to mice fed 
a HFD for 14 weeks and observed a substantial decrease 
in the formation of atherosclerotic plaques, along with 
reduced serum levels of TC, TG, and LDL-C. Concur-
rently, there was an observable increase in the concentra-
tion of HDL-C. Moreover, DHM intervention markedly 
improved the serum inflammatory profile, as determined 
by the levels of IL-1β, IL-18, IL-6, and TNF-α. This altera-
tion aligns with previous studies [10, 17]. Notably, this 
study used lower concentrations of DHM (50 mg/kg and 
200 mg/kg) and revealed that even at a lower concentra-
tion (50 mg/kg), DHM notably attenuated inflammation 
and atherosclerotic lesion formation. In addition, 50 mg/
kg DHM exhibited inhibitory effects on NLRP3 inflam-
masome activation and vascular inflammation akin to 
those of 200 mg/kg DHM, and these findings are intrigu-
ing and align with the findings of previous studies. For 
instance, a study revealed no significant differences 
in blood lipid profiles or inflammation levels between 
LDLr(-/-) mice fed a HFD treated with 250 mg/kg DHM 
or 500 mg/kg DHM [10]. Similarly, another study inves-
tigating the effects of DHM on hepatic insulin resistance 
induced by a HFD did not reveal significant disparities 
in lipid homeostasis or blood glucose levels across DHM 
(100, 200, and 400 mg/kg) treatment groups [16]. Addi-
tionally, a large cross-sectional investigation established 
a nonlinear, J-shaped relationship between flavonoid 
intake and the risk of coronary artery disease (nonlinear 
test P < 0.05) [39]. Consequently, it is speculated that the 
effects of DHM do not conform to a simple linear dose-
dependent model but exhibit intricate nonlinear associa-
tions, which may be attributed to the metabolic pathways 
of DHM within the organism, the saturation of its tar-
get sites, and the modulation of endogenous bioactive 
compounds.

The NLRP3 inflammasome, a key receptor/sensor 
involved in innate immunity, is responsible for the pro-
gression and instability of atherosclerosis [40]. In humans 
and animals, hypernomic NLRP3 inflammasome acti-
vation has been implicated in arterial plaque forma-
tion, while genetic knockout or inhibition of NLRP3 
could improve endothelial cell function and reduce the 
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atherosclerotic plaque area [2, 26], highlighting NLRP3 
as an important target for combating atherosclerosis [26, 
41]. Animal foods, such as red meat (beef, lamb, pork, 
etc.), offal, and some dairy products, are rich in saturated 
fatty acids (e.g., PA), and excessive intake of saturated 
fatty acids can trigger an increase in plasma lipid lev-
els, especially LDL-C levels, thereby increasing the risk 
of atherosclerosis. Here, both endothelial cells treated 
with PA and atherosclerosis model mice fed a high-fat 
diet exhibited significantly increased NLRP3 inflamma-
some activation and elevated IL-1β release. IL-1β is a 
major proinflammatory factor in the early stages of arte-
rial plaque formation and contributes to atherosclerosis 
pathogenesis [42]. However, with DHM intervention, the 
ability of PA to induce NLRP3 inflammasome activation 
and IL-1β release was significantly reduced. As activa-
tion of the NLRP3 inflammasome requires two signals—
a priming signal and an activation signal [4]—this study 
further demonstrated that DHM blocks NLRP3 expres-
sion at both the protein and mRNA levels. This likely 
indicates that DHM inhibits the priming signal, which 
depends on NF-κB. Previous evidence suggests that 
DHM modulates NF-κB signalling by directly interact-
ing with IκB kinase (IKK), thus reducing the phosphory-
lation of IKK and ameliorating inflammation [43]. DHM 
can increase SIRT3 (Sirtuin 3) signalling to deactivate the 
NF-κB and NLRP3 pathways [44–46].

Mitochondrial damage has been implicated in the 
assembly and activation of the NLRP3 inflammasome [7, 
30, 47]. Studies generally suggest that dysfunctional mito-
chondria release mitochondrial ROS or mitochondrial 
DNA, which is indispensable for NLRP3 inflammasome 
activation in response to diverse inflammasome-activat-
ing stimuli [8, 30, 48]. However, few studies have reported 
that damaged mitochondria also engage in priming sig-
nals for NLRP3 inflammasome activation [33]. Nota-
bly, this study showed that the excessive presence of PA 
impaired mitochondrial function and activated the tran-
scription factor NF-κB, which is essential for NLRP3 
transcription. Moreover, increasing evidence suggests 
that mitophagy, a selective form of autophagy, plays a 
crucial role in removing damaged mitochondria and 
maintaining cellular homeostasis in response to various 
stressors, thereby inhibiting NLRP3 inflammasome acti-
vation [49–51]. Consistent with these findings, this study 
demonstrated that the mitophagy agonist CCCP signifi-
cantly ameliorated mitochondrial dysfunction and sup-
pressed NLRP3 inflammasome activation in response to 
PA stimuli. In contrast, the administration of the mitoph-
agy inhibitor Mdivi-1 or the knockout of the LC3 gene, a 
key autophagic protein, results in the buildup of impaired 
mitochondria and excessive activation of the NLRP3 
inflammasome [50]. Surprisingly, similar to CCCP, 
DHM facilitated mitophagy and restored endothelial 

mitochondrial homeostasis under PA-stimulated con-
ditions, thereby inhibiting NLRP3 inflammasome acti-
vation; however, once the cells were incubated with the 
mitophagy inhibitor Mdivi-1, DHM no longer exerted its 
effects. These findings indicate that mitophagy is essen-
tial for DHM-mediated inhibition of endothelial NLRP3 
inflammasome activation under high-fat conditions. Fur-
ther investigations are warranted to elucidate the specific 
mechanisms through which mitophagy regulates high-fat 
diet-induced NLRP3 inflammasome activation within the 
aortic endothelium.

The protein expression of NLRP3, regarded as a rate-
limiting step for NLRP3 inflammasome activation [32], is 
controlled principally by the transcription factor NF-κB, 
which initiates NLRP3 transcription. Numerous studies 
have demonstrated that saturated fatty acids (e.g., pal-
mitic acid) activate NF-κB and increase the secretion of 
inflammatory cytokines [52], which is consistent with 
our findings. Although evidence has shown associations 
between these inflammatory cytokines and mitochon-
drial dysfunction in several cell types [53, 54], studies 
linking the classical NF-κB pathway to mitochondrial 
dysfunction in the context of endothelial cellular fuel 
overloading (such as excessive saturated fatty acids) are 
sparse. As anticipated, in this study, treatment of endo-
thelial cells with high PA concentrations contributed 
significantly to disruptions in mitochondrial homeosta-
sis. This, in turn, activated NF-κB by phosphorylating 
p65 and increasing nuclear translocation, subsequently 
upregulating the expression of NLRP3 and pro-IL-1β. 
However, following the induction of mitophagy through 
CCCP or DHM pretreatment, mitochondrial dysfunc-
tion was ameliorated, resulting in reduced activation of 
NF-κB p65. These findings suggested that endothelial 
NF-κB activity is triggered by PA-induced mitochondrial 
dysfunction. These findings differ from those of a previ-
ous study [55], which demonstrated that NF-κB signal-
ling induces mitochondrial dysfunction in skeletal muscle 
due to nutrient overload. Moreover, under DHM pre-
treatment conditions, the mitophagy inducer CCCP fur-
ther blocked PA-induced NF-κB activity and subsequent 
NLRP3 expression and inflammasome activation. Con-
versely, when mitophagy was inhibited by the mitophagy 
inhibitor Mdivi-1, the inhibitory effect of DHM on PA-
stimulated NF-κB activity was significantly attenuated. 
These results demonstrated that DHM interferes with 
NF-κB activity and suppresses NLRP3 expression and 
inflammasome activation by enhancing mitophagy.

Strengths and limitations
The strength of this study is that it combines an in vivo 
animal model of atherosclerosis and an in vitro model 
of endothelial cell injury. This dual approach provides 
insights into the precise molecular mechanisms through 
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which DHM attenuates atherosclerosis, thereby increas-
ing the credibility of the findings and providing robust 
evidence to support population-based intervention trials. 
This study also identified potential strategies to combat 
atherosclerosis and provided new insights into the poten-
tial mechanisms by which mitophagy regulates NLRP3 
inflammasome activation. Although this study provides 
evidence that DHM induces mitophagy, the specific 
mechanism involved has not been elucidated. Therefore, 
the specific molecular targets underlying the modula-
tion of mitophagy by DHM will be the focus of future 
research. Future efforts will be directed towards a com-
prehensive analysis of these targets to reveal the exact 
molecular mechanism through which DHM exerts its 
effects.

Conclusions
In conclusion, this study suggested that DHM can facili-
tate mitophagy to reduce endothelial NLRP3 inflam-
masome activation and thereby effectively alleviate 
atherosclerosis. Exposure to PA leads to endothelial 
mitochondrial damage, which triggers the activation 
and nuclear translocation of NF-κB p65. This, in turn, 
increases cellular NLRP3 levels and inflammasome acti-
vation. Surprisingly, upregulating mitophagy or admin-
istering DHM can mitigate this process. Importantly, 
the inhibitory effect of DHM on NLRP3 inflammasome 
activation is partially dependent on its ability to induce 
mitophagy. Although additional mechanisms by which 
DHM inhibits the NLRP3 inflammasome cannot be 
entirely dismissed, molecular investigations conducted 
herein support the proposal that DHM promotes endo-
thelial mitophagy to maintain normal mitochondrial 
functionality, thereby preventing NF-κB from activating 
the NLRP3 inflammasome and reducing the subsequent 
release of IL-1β. Consequently, DHM can function as a 
compelling promoter of mitophagy and has potential as 
a therapeutic adjunct for treating atherosclerosis and 
other inflammatory diseases marked by abnormal NLRP3 
activity.
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