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Scutellarin mitigates high glucose-induced pyroptosis in
diabetic atherosclerosis: Role of Nrf2-FBXL2-mediated
NLRP3 degradation
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Abstract. This study investigated the role of scutellarin (Scu) and Nrf2 in diabetic atherosclerosis, focusing on their effects
on FBXL2 and NLRP3 ubiquitination. Human umbilical vein endothelial cells were treated with high glucose (HG) to model
diabetic atherosclerosis in vitro. Cell viability, cytotoxicity, pyroptosis, and inflammatory cytokine levels were assessed, and
gene interactions were examined by dual-luciferase reporter assays. Ubiquitination and protein levels were analyzed through
immunoprecipitation and western blotting. The results revealed that HG treatment decreased Nrf2 and FBXL2 levels and
enhanced NLRP3-mediated pyroptosis. However, Scu treatment increased Nrf2 expression, improved cell viability, and
inhibited pyroptosis. Nrf2 knockdown downregulated FBXL2 and reversed the protective effects of Scu. Additionally, FBXL2
promoted the ubiquitination-mediated degradation of NLRP3 and suppressed pyroptosis. The activation of NLRP3 reversed
the protective effects of Scu on diabetic atherosclerosis. These findings suggest that Scu alleviated diabetic atherosclerosis by
increasing Nrf2 and FBXL2 expression, promoting NLRP3 ubiquitination-mediated degradation, and suppressing pyroptosis.
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Introduction

Atherosclerosis, a chronic inflammatory disease, is a
leading cause of cardiovascular morbidity and mortality
worldwide [1, 2]. Individuals with diabetes face a sub‐
stantially greater risk of developing coronary atheroscle‐
rotic heart disease than do those without diabetes [3].
The pathogenesis of atherosclerosis involves various
mechanisms, including macrophage polarization, advanced
glycation end products, insulin resistance, and dysregula‐
tion of the ubiquitin-proteasome system [4]. Endothelial
cell pyroptosis plays a critical role in the development
and progression of atherosclerosis in diabetic individuals
[5]. Therefore, elucidating the molecular mechanisms
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underlying endothelial cell pyroptosis and exploring
potential therapeutic interventions might be of significant
scientific interest.

Scutellarin (Scu), a bioactive compound derived from the
traditional Chinese medicinal plant Erigeron breviscapus,
has shown promising effects in various cardiovascular
conditions [6]. Oxidative stress, characterized by an
imbalance between reactive oxygen species and anti‐
oxidant defenses, plays a critical role in the pathogenesis
of cardiovascular diseases [7]. Previous studies have sug‐
gested that Scu inhibits oxidative stress, highlighting its
potential role in mitigating diabetes-related cardiovascu‐
lar diseases [8]. However, further research is needed to
elucidate the precise mechanisms and therapeutic impli‐
cations of Scu in the context of diabetic atherosclerosis.

Nuclear factor erythroid 2-related factor 2 (Nrf2) is a
crucial transcription factor involved in the cellular defense
against oxidative stress [9]. It regulates the expression of
numerous antioxidant and detoxification genes, thereby
maintaining redox homeostasis and protecting against
cardiovascular diseases [10]. Nrf2 activation has been
shown to enhance endothelial function and reduce the risk
of chronic diseases associated with atherosclerosis [11].
Investigating the mechanisms through which Nrf2 influ‐
ences endothelial dysfunction and delays the progression
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of atherosclerosis is highly important for the development
of novel therapeutic strategies. Recent evidence suggests
that Scu can increase Nrf2 expression [12], potentially
conferring benefits for attenuating the progression of
atherosclerosis.

FBXL2 is a member of the F-box protein family and is
involved in the process of ubiquitination-mediated degra‐
dation [13]. Recent studies have shown that FBXL2 can
ubiquitinate and degrade NOD-like receptor family pyrin
domain-containing protein 3 (NLRP3), a key regulator of
the inflammatory response [14, 15]. This degradation of
NLRP3 influences macrophage pyroptosis, a form of cell
death associated with inflammation [16]. However, the
role of FBXL2 in endothelial cells and its potential involve‐
ment in atherosclerosis remain largely unexplored.

On the basis of previous research and bioinformatics
analysis indicating binding sites for Nrf2 in the FBXL2
promoter and ubiquitination binding sites for FBXL2 in
NLRP3, we hypothesized that Scu could alleviate dia‐
betic atherosclerosis through a novel Nrf2-FBXL2-NLRP3
pathway. Specifically, we proposed that Scu activates
Nrf2, which upregulates FBXL2 expression, which then
promotes NLRP3 ubiquitination and degradation, ulti‐
mately inhibiting cellular pyroptosis in the context of
diabetic atherosclerosis.

Methods

Cell culture
Human umbilical vein endothelial cells (HUVECs) were

obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA; catalog number: PCS-100-
010). The cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Gibco, Thermo Fisher
Scientific, Waltham, MA, USA) supplemented with 1%
endothelial cell growth factor (ECGF; Sigma-Aldrich,
St. Louis, MO, USA), 10% fetal bovine serum, and
1% penicillin/streptomycin. The cells were maintained at
37°C in a 5% CO2 humidified atmosphere. HUVECs
between passages 3 and 7 were used for all experiments.
Cell identity was confirmed by morphological assess‐
ment and expression of endothelial cell markers (CD31
and VE-cadherin). To establish an in vitro diabetic
atherosclerosis model, HUVECs were treated with dif‐
ferent concentrations of glucose. The cells were divided
into three groups: the normal glucose (control) group, the
negative control (NC) group, and the high glucose (HG)
group. The control group was exposed to medium con‐
taining 5.5 mM glucose, the NC group received 5.5 mM
glucose and 27.5 mM mannitol to control osmotic pres‐
sure, and the HG group was supplemented with 33 mM
glucose. To investigate the effects of Scu (purity ≥98%,
Sigma-Aldrich), HUVECs in the HG group were treated

with different concentrations of Scu (5 μM, 10 μM, and
20 μM) for various durations (0 hours, 12 hours, 24
hours, and 48 hours). The optimal concentration of Scu
was determined for subsequent experiments.

Cell transfection
For the generation of overexpression or knockdown

models in vitro, vectors for FBXL2 overexpression (OE-
FBXL2), Nrf2 overexpression (OE-Nrf2), Nrf2 knock‐
down (sh-Nrf2), FBXL2 knockdown (sh-FBXL2), and
NLRP3 knockdown (sh-NLRP3) were obtained from
Genechem Technology (Shanghai, China). The vectors
were transfected with Lipofectamine™ 3000 according
to the manufacturer’s instructions (Invitrogen, Carlsbad,
CA, USA). Briefly, HUVECs were seeded in 6-well
plates at a density of 2 × 105 cells/well and cultured to
70–80% confluence. For each well, 2.5 μg of plasmid
DNA was diluted in 125 μL of Opti-MEM (Gibco) and
mixed with 5 μL of P3000 reagent. In a separate tube,
5 μL of Lipofectamine 3000 was diluted in 125 μL of
Opti-MEM. The two solutions were combined, gently
mixed, and incubated for 15 minutes at room tempera‐
ture. The transfection mixture was then added dropwise
to the cells. Transfection efficiency was assessed 48 hours
posttransfection by fluorescence microscopy to visualize
the GFP-tagged constructs and confirmed by qRT-PCR
and western blot analysis of target gene expression. Typi‐
cally, transfection efficiencies ranging from 70–80%
were achieved. For proteasome inhibition experiments,
cells were treated with MG132 (30 μM; Sigma-Aldrich)
for 6 hours. To activate NLRP3, the cells were treated
with the NLRP3 activator BMS-986299 (10 μM;
MedChemExpress, Monmouth Junction, NJ, USA) for 6
hours. Subsequent experiments were conducted after an
additional 48-hour incubation period.

MTT assay
Cell viability was assessed with the MTT assay

(Solarbio, Beijing, China). Human umbilical vein endo‐
thelial cells (HUVECs) were seeded in 96-well plates at
a density of 5 × 103 cells per well and allowed to adhere
overnight. After treating the cells under different condi‐
tions, the culture medium was replaced with 20 μL of
MTT solution (5 mg/mL) in each well. The cells were
incubated for 4 hours at 37°C to allow the conversion of
MTT into formazan crystals. Then, 150 μL of dimethyl
sulfoxide (DMSO) was added to dissolve the formazan
crystals. The absorbance was measured at 490 nm using
a microplate reader. Cell viability was calculated as the
percentage of absorbance in the treated cells compared
with the control cells.
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Lactate dehydrogenase (LDH) assay
Cellular cytotoxicity was determined by measuring

the release of LDH using an LDH assay kit (Solarbio,
Beijing, China). HUVECs were seeded in 96-well plates
at a density of 5 × 103 cells per well and cultured for 24
hours. After the cells were subjected to different condi‐
tions, the culture supernatant was collected, and LDH
activity was measured following the manufacturer’s
instructions. Briefly, 50 μL of the culture supernatant was
mixed with 50 μL of the provided reaction solution in the
kit. The mixture was incubated at room temperature for
30 minutes, and the reaction was stopped by adding 50
μL of stop solution. The absorbance was measured at
490 nm using a microplate reader. LDH release was nor‐
malized to that of the control group.

Hoechst 33342/PI double staining
To evaluate the occurrence of pyroptosis, Hoechst

33342/PI double staining (Sigma-Aldrich, St. Louis, MO,
USA) was performed. After treating HUVECs under var‐
ious conditions, the cells were washed with phosphate-
buffered saline and then stained with Hoechst 33342 dye
for 10 minutes at 37°C in the dark. The cells were sub‐
sequently incubated with propidium iodide (PI) for 5
minutes at room temperature. The stained cells were
observed under a fluorescence microscope (Olympus,
Tokyo, Japan). Pyroptotic cells were identified by the
presence of condensed and fragmented nuclei stained
with Hoechst 33342, as well as the uptake of PI, which
indicated the loss of plasma membrane integrity.

ELISA
To quantify the expression levels of inflammatory

cytokines, including TNF-α, IL-1β and IL-18, in the cul‐
ture supernatant, ELISAs were performed. The culture
supernatant was collected and centrifuged to remove cel‐
lular debris. The levels of TNF-α, IL-1β, and IL-18 were
measured with specific ELISA kits (Beyotime, Shanghai,
China) according to the manufacturer’s instructions.
Then, we constructed standard curves for TNF-α, IL-1β,
and IL-18, as detailed in Supplementary Figs. 1, 2.

Dual-luciferase reporter assay
To investigate the effect of Nrf2 on the activity of the

FBXL2 promoter, a potential binding site was predicted
with the bioinformatics tool JASPAR. The corresponding
regions, which included the wild-type FBXL2 promoter
(WT-FBXL2) and the mutant FBXL2 promoter (MUT-
FBXL2), were amplified by PCR and cloned and inserted
into the pGL4 vector (Promega, Madison, WI, USA).
Cotransfection experiments were performed by cotrans‐
fecting Nrf2 overexpression vectors along with the cloned
pGL4 vector with Lipofectamine 3000 (Invitrogen,

Carlsbad, CA, USA) according to the manufacturer’s
instructions. After 24 hours of transfection, luciferase activ‐
ity was measured with a dual-luciferase reporter system
(Promega, Madison, WI, USA). The relative luciferase
activity was determined by calculating the ratio of firefly
luciferase activity to Renilla luciferase activity.

Immunoprecipitation (IP)
To assess the level of ubiquitinated NLRP3, IP was

performed. Briefly, the cell lysates were incubated with
antibodies against NLRP3 (ab263899, Abcam, 1:1,000)
and ubiquitin (ab134953, Abcam, 1:1,000) overnight at
4°C. Protein A/G agarose beads were then added to cap‐
ture the antibody-protein complexes. After incubation,
the beads were washed to remove nonspecifically bound
proteins. The immunoprecipitated proteins were eluted
from the beads, separated by SDS-PAGE, and analyzed
by immunoblot analysis as previously described [17].

Western blotting
The cells were lysed with RIPA buffer (Bocai,

Shanghai, China) supplemented with protease and phos‐
phatase inhibitors. The protein lysates were quantified with
a BCA protein assay kit (Beyotime, Shanghai, China).
Equal amounts of protein were separated by SDS-PAGE
and transferred onto PVDF membranes (Millipore, MA,
USA). The membrane was blocked with 5% nonfat milk
and incubated overnight at 4°C with primary antibodies
specific for Nrf2 (ab62352, Abcam, 1:1,000), FBXL2
(ab153842, Abcam, 1:1,000), NLRP3 (ab263899, Abcam,
1:1,000), cleaved caspase-1 (D57A2, Cell Signaling,
1:1,000), and β-actin (ab8226, Abcam, 1:1,000). After
washing, the membrane was incubated with secondary
antibodies (ab202901, Abcam, 1:1,000) conjugated to
horseradish peroxidase (HRP) for 1 hour at room temper‐
ature. The protein bands were visualized, the band inten‐
sities were quantified with ImageJ software, and the
protein expression levels were normalized to that of
β-actin, which was used as an internal control.

Statistical analysis
All the statistical analyses were performed with

GraphPad Prism version 7.0 (GraphPad Software, San
Diego, CA, USA). The data are presented as the means ±
standard deviations (SDs). The number of biological
replicates (n) for each experiment is indicated in the cor‐
responding figure legends. Prior to analysis, the data
were tested for normality by the Shapiro-Wilk test and
for homogeneity of variance by Levene’s test. For com‐
parisons between two groups, two-tailed unpaired
Student’s t tests were used when the data were normally
distributed. For comparisons involving more than two
groups, one-way analysis of variance (ANOVA) was used
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for normally distributed data with homogeneous vari‐
ances, followed by Tukey’s honest significant difference
(HSD) test for post hoc pairwise comparisons. For all the
statistical tests, a p value less than 0.05 was considered
statistically significant. Specific p values are reported in
the figure legends, with the following notations: *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Nonsignificant differences are indicated as ‘ns.’ Sample
size estimation and power analysis were conducted with
G*Power 3.1 software to ensure adequate sample sizes
for detecting biologically meaningful effects, with a
power of 0.8 and an alpha level of 0.05. For the cell cul‐
ture experiments, each independent experiment was per‐
formed in triplicate, and a minimum of three independent
experiments were conducted to ensure adequate statisti‐
cal power.

Results

HG treatment decreased Nrf2 and FBXL2 levels and
promoted NLRP3-mediated pyroptosis

As shown in Supplementary Fig. 3, as the glucose
concentration increased, the cell viability decreased. In
addition, cell viability was significantly lower in the HG
group than in the control and NC groups in a time-
dependent manner (Fig. 1A). Western blot analysis
(Fig. 1B) revealed that Nrf2 and FBXL2 expression was
downregulated, while NLRP3 and cleaved caspase-1
expression was upregulated upon HG treatment. Addi‐
tionally, LDH release was markedly increased in the HG
group, indicating the induction of cytotoxicity by HG
(Fig. 1C). Hoechst 33342/PI double staining revealed
increased pyroptosis in response to HG treatment com‐
pared with that in the control and NC groups (Fig. 1D).
Furthermore, the ELISAs confirmed the upregulation of
proinflammatory cytokines, including IL-18, TNF-α, and
IL-1β, upon HG treatment (Fig. 1E). In all of the afore‐
mentioned experiments, no significant difference was
observed between the NC group and the control group,
which suggested that the osmotic pressure had no dis‐
cernible effect. Collectively, these findings suggest that
HG treatment suppresses Nrf2 and FBXL2 expression
while promoting NLRP3-mediated pyroptosis and inflam‐
mation.

Scu enhanced Nrf2 expression, improved cell
viability and inhibited pyroptosis

The effects of Scu on cellular responses were investi‐
gated with different concentrations of Scu and various
treatment durations. As depicted in Fig. 2A, Scu treat‐
ment resulted in a dose-dependent and time-dependent
increase in cell viability compared with that of the HG
group. Moreover, Scu treatment partially reversed the

HG-induced decrease in Nrf2 levels (Fig. 2B) and atten‐
uated HG-induced cytotoxicity (Fig. 2C). In addition,
Scu treatment inhibited pyroptosis in the HG + Scu
groups compared with that in the HG group (Fig. 2D).
Furthermore, the addition of Scu to the HG culture
medium led to a reduction in the levels of proinflam‐
matory cytokines, including IL-18, TNF-α, and IL-1β
(Fig. 2E). These findings suggest that Scu may increase
Nrf2 expression and ameliorate symptoms of diabetic
atherosclerosis.

Depletion of Nrf2 downregulated FBXL2 and
reversed the protective effects of Scu

The binding site of transcription factor Nrf2 in the
FBXL2 promoter was predicted by the JASPAR website
(https://jaspar.genereg.net/). Using a dual-luciferase
assay to examine the binding relationship between Nrf2
and the FBXL2 promoter. The dual-luciferase reporter
assay further revealed potential binding interactions
between Nrf2 and FBXL2 (Fig. 3A). To further under‐
stand the relationships among Scu, Nrf2, and FBXL2, we
established an Nrf2 knockdown model and an FBXL2
overexpression model. Western blot analysis revealed
that sh-Nrf2 decreased the protein levels of Nrf2 and
FBXL2, whereas transfection with OE-FBXL2 increased
FBXL2 expression without affecting Nrf2 levels (Fig.
3B). In the HG + Scu + sh-Nrf2 group, cell viability was
significantly lower than that in the HG + Scu group.
However, the overexpression of FBXL2 counteracted the
effects of Nrf2 knockdown, leading to increased cell via‐
bility (Fig. 3C). In the HG + Scu + sh-Nrf2 group,
pyroptosis (Fig. 3D) and the levels of proinflammatory
cytokines (Fig. 3E) were increased. These findings sug‐
gest that Scu exerts its protective effects on diabetic
atherosclerosis through the Nrf2 pathway and its down‐
stream gene FBXL2.

FBXL2 promoted the ubiquitination-mediated
degradation of NLRP3 and inhibited pyroptosis

To elucidate the underlying molecular mechanism,
MG132, a protease inhibitor, was used. FBXL2 down‐
regulated NLRP3 expression, but the addition of MG132
abrogated the inhibitory effects of FBXL2 on NLRP3
levels (Fig. 4A). Immunoprecipitation further confirmed
that the downregulation of NLRP3 by FBXL2 was
dependent on protease activity (Fig. 4B). Notably, the
protein level of FBXL2 was decreased, whereas the
levels of NLRP3 and cleaved caspase-1 were increased
in the HG + Scu + sh-FBXL2 group compared with those
in the HG + Scu group (Fig. 4C). Depletion of FBXL2
inhibited cell viability (Fig. 4D) and enhanced cytotoxic‐
ity (Fig. 4E). Additionally, sh-FBXL2 transfection pro‐
moted pyroptosis (Fig. 4F), and the proinflammatory
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cytokines IL-18, TNF-α, and IL-1β were upregulated
upon FBXL2 knockdown (Fig. 4G). These data highlight
the role of FBXL2 in facilitating the ubiquitination-
mediated degradation of NLRP3, which contributes to
the amelioration of diabetic atherosclerosis symptoms.

Activation of NLRP3 reversed the protective effects
of Scu on diabetic atherosclerosis

To further investigate the relationship between NLRP3
and the Nrf2-FBXL2 axis, we manipulated NLRP3 expres‐
sion with sh-NLRP3 or the NLRP3 activator BMS-986299

in the HG + Scu + sh-Nrf2 group. As depicted in Fig.
5A, depletion of NLRP3 reversed the inhibitory effects
of sh-Nrf2 on FBXL2 and NLRP3 expression. Cell via‐
bility was increased in cells transfected with sh-NLRP3
compared to those transfected with sh-Nrf2, whereas
treatment with the NLRP3 activator reduced cell viabil‐
ity (Fig. 5B). Furthermore, depletion of NLRP3 signifi‐
cantly reduced cell cytotoxicity (Fig. 5C) and pyroptosis
(Fig. 5D). This depletion effectively reversed the effects
caused by Nrf2 depletion. Interestingly, the activation of
NLRP3 presented synergistic effects with the inhibition

Fig. 1  HG treatment decreased Nrf2 and FBXL2 levels, increased NLRP3 expression and promoted pyroptosis. (A) Cell viability was
determined by the MTT assay. (B) The protein expression of Nrf2, FBXL2, NLRP3 and cleaved caspase-1 was assessed by
western blotting. (C) Cell cytotoxicity was evaluated by LDH assay. (D) Cell pyroptosis was monitored by Hoechst 33342/PI
double staining. (E) The levels of the proinflammatory cytokines IL-18, TNF-α, and IL-1β were measured by ELISA. ***p <
0.001.
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Fig. 2  Scu enhanced Nrf2 expression, improved cell viability and inhibited pyroptosis. (A) Cell viability was determined by the MTT
assay. (B) The protein expression of Nrf2 was assessed by western blotting. (C) Cell cytotoxicity was evaluated by LDH assay. (D)
Cell pyroptosis was monitored by Hoechst 33342/PI double staining. (E) The levels of the proinflammatory cytokines IL-18,
TNF-α, and IL-1β were measured by ELISA. *p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 3  Depletion of Nrf2 downregulated FBXL2 and reversed the protective effects of Scu. (A) The potential binding relationship
between Nrf2 and FBXL2 was verified by a dual-luciferase reporter assay. (B) The protein expression of Nrf2 and FBXL2 was
assessed by western blotting. (C) Cell viability was determined by the MTT assay. (D) Cell pyroptosis was monitored by Hoechst
33342/PI double staining. (E) The levels of the proinflammatory cytokines IL-18, TNF-α, and IL-1β were measured by ELISA.
*p < 0.05, **p < 0.01, ***p < 0.001.
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Fig. 4  FBXL2 promoted the ubiquitination-mediated degradation of NLRP3 and inhibited pyroptosis. (A) Protein expression of NLRP3
was assessed by western blotting. (B) NLRP3 ubiquitination was determined by western blotting. (C) The protein expression of
FBXL2, NLRP3 and cleaved caspase-1 was assessed by western blotting. (D) Cell viability was determined by the MTT assay. (E)
Cell cytotoxicity was evaluated by LDH assay. (F) Cell pyroptosis was monitored by Hoechst 33342/PI double staining. (G) The
levels of the proinflammatory cytokines IL-18, TNF-α, and IL-1β were measured by ELISA. **p < 0.01, ***p < 0.001.
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Fig. 5  Depletion of NLRP3 reversed the protective effects of Scu on diabetic atherosclerosis mediated by the Nrf2-FBXL2 axis. (A) The
protein expression of Nrf2, FBXL2, and NLRP3 was assessed by western blotting. (B) Cell viability was determined by the MTT
assay. (C) Cell cytotoxicity was evaluated by LDH assay. (D) Cell pyroptosis was monitored by Hoechst 33342/PI double staining.
(E) The levels of the proinflammatory cytokines IL-18, TNF-α, and IL-1β were measured by ELISA. *p < 0.05, **p < 0.01,
***p < 0.001.

Scu inhibits HG-induced HUVEC pyroptosis 503

Endocr J 2025, 72 (5), 495-507.



of Nrf2, resulting in increased cytotoxicity and pyropto‐
sis. Importantly, knockdown of NLRP3 reversed the
increased expression of the proinflammatory cytokines
IL-18, TNF-α, and IL-1β induced by sh-Nrf2. The com‐
bined use of sh-Nrf2 and BMS-986299 (NLRP3 agonist
for the activation of the NLRP3 inflammasome) had syn‐
ergistic effects on cell inflammation (Fig. 5E). Collec‐
tively, these results indicate that Scu attenuates diabetic
atherosclerosis through the upregulation of Nrf2-mediated
FBXL2 and the promotion of ubiquitination-mediated
degradation of NLRP3.

Discussion

The effects of Scu, a bioactive compound, have been
extensively investigated for their role in alleviating vari‐
ous diabetic complications. In diabetic cardiomyopathy,
Scu has been shown to reduce proinflammatory cytokine
levels and enhance antioxidant enzyme activities, thereby
suppressing NLRP3/NF-κB signaling activation and
alleviating diabetic cardiomyopathy symptoms in STZ-
induced mouse models [18]. Li et al. demonstrated that
Scu treatment downregulated IL-1β and IL-18 levels,
inhibited the expression of NLRP3, GSDMD, and
cleaved caspase-1, and reduced pyroptosis in diabetic
retinopathy model mice, highlighting its potential thera‐
peutic application in diabetic retinopathy [19]. Moreover,
through oral administration, Scu has been found to atten‐
uate elevated total cholesterol levels in serum induced by
an atherogenic diet and decrease the atherogenic index
[20]. The present study revealed that Scu treatment sig‐
nificantly increased cell viability, inhibited inflammation
and suppressed pyroptosis in diabetic atherosclerosis.
Therefore, we subsequently investigated the effects of
Scu on Nrf2 and FBXL2 to explore the comprehensive
mechanisms involved.

Pyroptosis has emerged as a crucial process involved in
the pathogenesis of various diseases, as it triggers inflam‐
matory responses and cell membrane rupture through the
activation of gasdermin proteins [21]. Recent research
has revealed that METTL14-mediated downregulation of
TINCR lncRNA decreases NLRP3 stability and pyropto‐
sis, resulting in the attenuation of diabetic cardiomyopa‐
thy [22]. The activation of inflammasome pathways has
also been associated with increased pyroptosis in diabetic
kidney disease [23]. In the context of diabetic athero‐
sclerosis, Zhu et al. demonstrated that salvianolic acid A
inhibited PKR phosphorylation and suppressed NLRP3
inflammasome-mediated pyroptosis in endothelial cells
[24]. Similarly, we observed increased pyroptosis and
NLRP3 expression in HG-treated cells, and depletion of
NLRP3 attenuated the progression of diabetic atheroscle‐
rosis, underscoring the therapeutic potential of targeting

pyroptosis pathways in the management of diabetic
atherosclerosis.

Nrf2, a transcription factor known for its involvement
in cellular antioxidant and anti-inflammatory responses,
has been implicated in the development of atherosclero‐
sis in diabetes. Huang et al. demonstrated that Nrf2
improved endothelial function by mitigating oxidative
stress and mitochondrial damage, thereby delaying the
progression of atherosclerosis [25]. Additionally, Nrf2
was found to regulate the phenotype of vascular smooth
muscle cells, inhibiting processes such as calcification
and apoptosis and thereby alleviating atherosclerosis
[26]. Consistent with these findings, our experimental
results support the role of Nrf2 in the inhibition of athero‐
sclerosis in diabetes through Scu-induced upregulation of
Nrf2 expression.

FBXL2 belongs to an E3 ubiquitin ligase subunit and
can mediate the degradation of various proteins [27, 28].
Previous research has shown that FBXL2 interacts with
the mitophagy protein FUNDC1, leading to the degrada‐
tion of IP3R3 [29]. In this study, for the first time, we
revealed the interaction between Nrf2 and FBXL2 and
demonstrated that Nrf2-upregulated FBXL2 contributes
to the ubiquitination-mediated degradation of NLRP3.
Furthermore, Jeon et al. highlighted the role of FBXL2-
mediated ubiquitination and degradation of NLRP3 in
promoting inflammation-related diseases [30]. Our results
revealed that depletion of FBXL2 increased NLRP3
levels, whereas overexpression of FBXL2 suppressed
pyroptosis and alleviated the inflammatory state. Although
our study revealed the upregulation of Nrf2 and FBXL2
by Scu, the precise molecular mechanisms involved war‐
rant further investigation. Scu may modify the negative
regulator of Nrf2, influence epigenetic modifications at
the Nrf2 gene locus, or downregulate miRNAs that target
Nrf2 mRNA. Additionally, Scu might influence FBXL2
expression through other transcription factors or signal‐
ing pathways that work in concert with or independently
of Nrf2. Elucidating these mechanisms would provide a
more comprehensive understanding of the effects of Scu
on diabetic atherosclerosis and potentially reveal new
therapeutic targets.

Our findings on the protective effects of Scu in diabetic
atherosclerosis align with and extend recent advances in
the field. The study by Tong et al. on the sensitive detec‐
tion of intraplaque hemorrhage highlights the need for
advanced monitoring of atherosclerosis progression, which
could be valuable in future assessments of Scu efficacy
[31]. Our focus on NLRP3 regulation by Scu is sup‐
ported by recent proteomic studies that emphasized the
importance of inflammatory markers in cardiovascular
outcomes [32]. The distinct metabolic features of type 2
diabetes and coronary artery disease identified by Smith
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et al. underscore the relevance of our targeted approach
to the Nrf2 and FBXL2 pathways [33]. These recent
findings collectively reinforce the complexity of diabetic
atherosclerosis and highlight the potential of Scu as a
multifaceted therapeutic agent that acts through NLRP3
degradation and Nrf2 activation while also suggesting
new avenues for investigation to fully elucidate its thera‐
peutic potential.

In conclusion, our in vitro study demonstrated that Scu
attenuates high glucose-induced endothelial cell dysfunc‐
tion, a key feature of diabetic atherosclerosis. Our data
revealed that Scu enhances Nrf2 expression in high
glucose-treated HUVECs, leading to increased FBXL2
expression, which promotes NLRP3 ubiquitination and
subsequent degradation, ultimately reducing pyroptosis
in endothelial cells (Graphical Abstract). These findings
suggest a novel mechanism by which Scu may protect
against endothelial dysfunction in the context of diabetic
atherosclerosis. However, several limitations should be
considered, including the exclusive use of in vitro models,
the lack of direct atherosclerotic plaque measurements,
and the focus on a single cell type. Future research
should address these limitations through in vivo studies,
investigations of other cell types involved in atheroscle‐
rosis, and clinical studies to assess the safety and efficacy
of Scu in patients. Ji et al. demonstrated that β-OHB

alleviated myocardial oxidative stress and improved
mitochondrial function through the FoxO3a/MT2 anti‐
oxidant pathway in a sepsis model. Future research could
explore the potential synergistic effects of Scu and
ketone bodies such as β-OHB in treating diabetic athero‐
sclerosis and investigate whether Scu influences path‐
ways similar to those of β-OHB [34]. The hyperglycemic
conditions used in our study were higher than typical
clinical levels and were selected to model severe glucose
stress in individuals with diabetes. While this model pro‐
vides valuable insights, it may not fully reflect the chronic,
moderate hyperglycemia observed in patients. Future
studies using more clinically relevant glucose concentra‐
tions and in vivo models are needed to confirm the clini‐
cal applicability of scutellarin. While our results provide
a promising foundation for understanding the molecular
mechanisms of Scu in diabetic atherosclerosis, further
research is needed to fully elucidate its therapeutic poten‐
tial and translate these findings into clinical applications.
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