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Abstract

e AIM: To investigate whether catalpol protects against
diabetic retinal vascular endothelial injury by targeting
the methyltransferase-like 3 (METTL3)-m°A-thioredoxin-
interacting protein (TXNIP) axis and inhibiting nucleotide-
binding oligomerization domain (NOD)-like receptor family pyrin
domain containing 3 (NLRP3) inflammasome activation.

e METHODS: A streptozotocin-induced diabetic mouse
model (n=20 per group) was used to assess retinal function
via electroretinogram (ERG) and vascular integrity via Evans
Blue leakage. Human retinal vascular endothelial cells
(HRVECs) were exposed to high glucose (HG, 30 mmol/L)
with or without catalpol or the METTL3 inhibitor STM2457.
NLRP3 inflammasome components (Western blot), oxidative
stress (DCFH-DA probe), global m°A levels (Dot blot), and
TXNIP expression were measured. The binding of catalpol
to METTL3, NLRP3, TXNIP, and interleukin-1f3 (IL-1B)
was analyzed via molecular docking and dynamics
simulations.

e RESULTS: Catalpol treatment improved ERG amplitudes

1038

[a-wave, b-wave, oscillatory potentials (OPs)] and reduced
vascular leakage in diabetic mice (P<0.05), while
downregulating retinal vascular endothelial growth factor
(VEGF), NLRP3, IL-1B3, and IL-18 protein levels. In HG-
stimulated HRVECs, catalpol inhibited the NLRP3-apoptosis-
associated speck-like protein containing a CARD (ASC)-
caspase-1 inflammasome, reduced reactive oxygen species,
and suppressed METTL3 expression and global m°A
methylation (P<0.05). It also attenuated HG-induced TXNIP
upregulation. METTL3 inhibition by STM2457 mimicked
all protective effects of catalpol. Molecular simulations
confirmed stable binding of catalpol to METTL3, NLRP3,
TXNIP, and IL-1.

e CONCLUSION: Catalpol alleviates diabetic retinal
vascular endothelial injury by inhibiting the NLRP3
inflammasome. This effect is mediated, at least in part,
through downregulating METTL3-dependent m°A RNA
methylation of TXNIP.
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INTRODUCTION

iabetic retinopathy (DR), a leading cause of blindness
D worldwide, is fundamentally a neurovascular disease
driven by chronic low-grade inflammation and retinal
endothelial dysfunction . Among various inflammatory
pathways, the nucleotide-binding oligomerization domain
(NOD)-like receptor family pyrin domain containing 3
(NLRP3) inflammasome has emerged as a crucial mediator. Its
activation leads to caspase-1-dependent maturation and release
of pro-inflammatory cytokines such as interleukin-1§ (IL-1f3)
and IL-18, exacerbating vascular damage and blood-retinal
barrier breakdown in DR™,
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Catalpol, an iridoid glycoside derived from the traditional
Chinese medicine Rehmannia glutinosa, has demonstrated
broad anti-diabetic, anti-inflammatory, and antioxidant
properties in various complication models®®. However,
its specific effects and mechanisms on diabetic retinal
microvasculature remain largely unexplored.

Recent advances highlight the role of epitranscriptomic
regulation, particularly N6-methyladenosine (m°A) RNA
modification, in fine-tuning inflammatory responses”’. The
methyltransferase-like 3 (METTL3), as the core catalytic
component, governs m°A deposition. Importantly, METTL3-
dependent m°A modification has been implicated in stabilizing
pro-inflammatory transcripts, including thioredoxin-interacting
protein (TXNIP), a key molecular bridge linking oxidative
stress to NLRP3 inflammasome activation”""!, While
METTLS3 is upregulated in diabetic vascular complications'”,
its function in DR pathogenesis, and whether it can be
pharmacologically targeted, is unknown.

We hypothesized that catalpol protects against diabetic retinal
endothelial injury by attenuating NLRP3 inflammasome
activation, and that this effect is mediated through the
inhibition of the METTL3-m°A-TXNIP axis. This study
integrates in vivo diabetic models, in vitro endothelial cell
assays, and computational simulations to test this hypothesis,
aiming to reveal a novel epitranscriptomic mechanism for
catalpol and identify a potential therapeutic strategy for DR.
MATERIALS AND METHODS

Ethical Approval All procedures were conducted in
accordance with the guidelines of the Association for Research
in Vision and Ophthalmology (ARVO) and approved by the
Animal Ethics Committee of Nanjing Medical University
(Ethical Review Approval Number: 2021DZDWLS-001).
Overview of Research Design This study combines in
vivo animal experiments, in vitro cell models, and computer
simulations to explore the protective effect of catalpol on DR and
its underlying molecular mechanism. The animal experiments
evaluate the influence of catalpol on retinal function and
vascular integrity in diabetic mice. The cell experiments utilize
a high-glucose-induced human retinal vascular endothelial
cells (HRVECs) injury model to examine the regulatory effect
of catalpol on the NLRP3 inflammasome and m°A methylation
modification. Computational simulations are employed to
analyze the binding characteristics of catalpol with key
targets.

In vivo Experiments

Animals and establishment of diabetic models Male
C57BL/6J mice (8 weeks old, weighing approximately
20 g) were purchased from the Animal Experiment Center of
Nanjing Medical University.

Eighty mice were randomly divided into four groups (n=20/

group): normal control group (WT), diabetic model group
(DM), catalpol treatment group (DM+CAT), and catalpol
solvent control group (WT+CAT). Diabetes was induced
by a single intraperitoneal injection of streptozotocin (STZ;
dissolved in sodium citrate buffer, pH 4.5; Biosharp Company,
USA). Three days after injection, a continuous blood glucose
level above 16.7 mmol/L in the tail vein for more than 1wk
was considered a successful model establishment.
Administration regimen and sample collection After
successful modeling, the catalpol treatment group was given
catalpol (Beyotime Biotechnology, China) solution at a dose of
5 mg/kg by gavage, 5 times a week for 14wk; the control group
was given an equal volume of solvent. Body weight, random
blood glucose, and water intake were monitored weekly. At the
end of the intervention, electroretinogram (ERG) and vascular
leakage detection were performed. Subsequently, the mice
were sacrificed and the eyeballs were removed for subsequent
protein and RNA analysis.

Retinal function and vascular leakage detection ERG: After
8h of dark adaptation, mice were anesthetized and dilated
under red light. Dark-adapted maximal responses (rod-cone
response) and oscillatory potentials (OPs) were recorded using
corneal ring electrodes (visual electrophysiological instrument,
Roland Company, Germany). Evans blue (EB) vascular
leakage assay: EB dye (30 g/L; Biosharp Company, USA) was
injected through the femoral vein. After 40min, the eyeballs
were removed and fixed, and the retinas were separated and
spread on a glass slide. The fluorescence intensity of EB was
observed and quantitatively analyzed under a fluorescence
microscope (Carl Zeiss, Germany) to evaluate the permeability
of the blood-retinal barrier'"”.

In vitro Experiments

Cell culture and treatment HRVECs were purchased from
Cell Systems, USA, and cultured in Dulbecco’s modified
eagle medium (DMEM) medium (ScienCell Company, USA)
supplemented with 10% fetal bovine serum (FBS; Gibco
Company, USA).

To establish a high glucose (HG) injury model, cells were
divided into a normal glucose group (NG; 5.5 mmol/L D-glucose;
Sigma, USA) and a HG group (30 mmol/L D-glucose), and
treated for 48h. Catalpol or METTL3 inhibitor STM2457 was
added 1h before HG stimulation.

Cell viability and apoptosis detection MTT assay (Biosharp
Company, USA) was used to detect cell viability and
determine the safe working concentration of catalpol
(0.5 mmol/L). Calcein-acetoxymethyl ester (AM)/propidium
iodide (PI; Beyotime Biotechnology, China) double staining
was used to distinguish live cells (green fluorescence) from
dead cells (red fluorescence), and observe cell morphology and
membrane integrity. TUNEL staining (Beyotime Biotechnology,
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Table 1 Sequences of primers used for RT-qPCR

Gene name Gene symbol Forward primer (5°-3’) Reverse primer (5°-3’)
N6-methyladenosine methyltransferase-like 3 METTL3 ACGGAGTCTCGCTCTGTCACC AGGAGGCTAAGGCAGGAGAATGG
Thioredoxin-interacting protein TXNIP GGTCTTTAACGACCCTGAAAAGG ACACGAGTAACTTCACACACCT
Caspase-1 CASP-1 TTTCCGCAAGGTTCGATTTTCA GGCATCTGCGCTCTACCATC
Apoptosis-associated speck-like protein containing a CARD PYCARD TGGATGCTCTGTACGGGAAG CCAGGCTGGTGTGAAACTGAA
Interleukin-1 beta IL18 TGATGTGCTCACTGCCTGGTTTC GTTGATGTGCTGCGCGAGATTTG
NLR family pyrin domain containing 3 NLRP3 TTTCCCTCACCCGACCATTCTC TTAAGCOACCGAACAGCACAATC
Glyceraldehyde-3-phosphate dehydrogenase GAPDH GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG

RT-gPCR: Real-time quantitative polymerase chain reaction.

China) was followed the kit instructions for operation to detect
apoptosis. Nuclei were counterstained with DAPI.

Reactive oxygen species detection Cells were incubated
with the fluorescent probe 2’,7’-dichlorodihydrofluorescein
diacetate (DCFH-DA; 10 pmol/L; DCFH-DA Kit, Beyotime
Biotechnology, China) for 20min, and the intracellular
reactive oxygen species (ROS) levels were observed under
a fluorescence microscope or quantitatively detected using a
microplate reader.

Molecular Biology Detection

Western blot Total proteins from cells or retinal tissues were
extracted using RIPA lysis buffer (Gibco Company, USA).
After quantification by BCA assay, SDS-PAGE electrophoresis
was performed and the proteins were transferred to
polyvinylidene fluoride (PVDF) membranes (Millipore
Corporation, USA). The membranes were blocked with 5%
skim milk and then incubated with primary and secondary
antibodies (Proteintech, USA) successively. The bands were
visualized using an enhanced chemiluminescence (ECL)
chemiluminescence system and analyzed for gray values with
Imagel software (ImageJ 1.53e software, National Institutes
of Health, USA). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the internal reference. The target
proteins detected included: NLRP3, apoptosis-associated
speck-like protein containing a CARD (ASC), caspase-1,
IL-1pB, IL-18, vascular endothelial growth factor (VEGF),
METTL3, and TXNIP (primary antibody, Abcam, USA).

RNA extraction and real-time quantitative PCR Total RNA
was extracted using the TRIzol method and reverse transcribed
to synthesize cDNA. Quantitative polymerase chain reaction
(qPCR; PCR kit, TAKARA, Japan) was performed using the
SYBR Green method, with GAPDH as the internal reference.
The relative expression levels of genes were calculated by the
2 **“ method. The primer (GenePharma, China) sequences are
provided in Table 1.

Detection of m°A methylation levels Total RNA was
extracted from cells. Equal amounts of RNA (200-400 ng) were
spotted onto positively charged nylon membranes and cross-
linked by ultraviolet (UV). The membranes were probed
with an anti-m°A antibody, followed by incubation with

horseradish peroxidase (HRP)-conjugated secondary antibody
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and developed. Methylene blue staining was used to verify the
RNA loading.

Bioinformatics and Computational Simulation

Molecular docking The 3D structure of catalpol was obtained
from PubChem (https://pubchem.ncbi.nlm.nih.gov/), and the
protein structures of METTL3, NLRP3, TXNIP, and IL-1
were obtained from the AlphaFold database (https://alphafold.
ebi.ac.uk/). AutoDockTools (AutodockTools 1.5.7, Molecular
Graphics Laboratory, https://ccsb.scripps.edu/mgltools/) was
used to process the proteins and ligands, and semi-flexible
docking was performed using AutoDock Vina (AutoDock
4.2.6; http://vina.scripps.edu.), with the search space covering
the known active pockets. The binding conformations were
screened based on the binding free energy, and the interactions
were visualized and analyzed using PyMOL (PyMol 3.1
Software; https://www.pymol.com/)!" """,

Molecular dynamics simulation The simulation was
conducted in GROMACS (version 2021.3, https://www.
gromacs.org)!'*"®. The protein was modeled using the
AMBER99SB-ildn force field, and the catalpol was modeled
using the GAFF force field. The system was placed in a TIP3P
water box and ions were added to neutralize the charge. After
energy minimization, number of particles-volume-temperature
(NVT) and number of particles-pressure-temperature (NPT)
equilibration, a 100ns production simulation was carried out.
The root mean square deviation, root mean square fluctuation,
and binding free energy of the trajectory were analyzed to
evaluate the stability of the complex.

Statistical Analysis Data were analyzed using GraphPad
Prism 10.0 software (GraphPad Software Inc., San Diego, CA,
USA). Each experiment was independently repeated at least
three times to ensure reproducibility. Results are presented as
mean+standard deviation (SD). Comparisons between two
groups were performed using Student’s ¢-test. For comparisons
among three or more groups, one-way analysis of variance
(ANOVA) was applied, followed by Tukey’s post hoc test
for multiple comparisons. A P-value of less than 0.05 was
considered statistically significant.

RESULTS

Catalpol Improves Retinal Function and Vascular Integrity
in Diabetic Mice After 14wk of intervention, compared with
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Figure 1 In vivo experiments, catalpol ameliorated retinal dysfunction and vascular leakage in diabetic mice, accompanied by suppression

of NLRP3 inflammasome-related proteins A: General physiological indicators of the diabetic mouse model (after 14wk of intervention; n=6,

°P<0.01; °P<0.05); B: The maximum response (Max Resp.) and the OPs; C: Evans blue staining fluorescence images. Quantitative statistics of

retinal leakage; D: The relative protein expression levels of NLRP3, VEGF, IL-1B and IL-18 in the mouse retinal tissues (n=4, °P<0.05). ns: Not

significant; WT: Wild type; DM: Diabetes mellitus; CAT: Catalpol; EB: Evans blue; IL: Interleukin; NLRP3: NOD-like receptor family pyrin domain

containing 3; VEGF: Vascular endothelial growth factor; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; OPs: Oscillatory potentials.

WT group, the DM group mice exhibited typical “three more
and one less” symptoms, including significant weight loss,
increased water intake, and persistent hyperglycemia. Catalpol
treatment (DM+CAT) partially alleviated the weight loss and
polydipsia caused by diabetes, but had no significant effect on
blood glucose levels (Figure 1A), suggesting that its protective
effect does not depend on hypoglycemic action.

As shown in Figure 1B, compared with the WT group,
the amplitudes of the a-wave, b-wave, and OPs of the
dark-adapted maximum response in the DM group were
significantly decreased, indicating that diabetes caused severe
damage to the inner retinal neurons and vascular function. The
treatment with catalpol effectively prevented the decline of
these ERG amplitudes and significantly improved the retinal
electrophysiological function of diabetic mice.

The EB leakage assay demonstrated a significant increase in
retinal vascular leakage in the DM group of mice. However,
treatment with catalpol significantly reduced the fluorescence
intensity of EB, indicating that it can effectively alleviate the
increased vascular permeability caused by diabetes and protect
the integrity of the blood-retinal barrier (Figure 1C).

Western blot results showed that compared with the WT
group, the protein expressions of NLRP3 inflammasome,

VEGEF, and mature forms of IL-1p and IL-18 in the retina of
the DM group were significantly upregulated in retinal tissues.
Catalpol treatment significantly reversed the abnormally high
expression of these proteins (Figure 1D). These results suggest
that the protective effect of catalpol in vivo is closely related to
its inhibition of the NLRP3 inflammatory pathway and VEGF
expression.

Catalpol Inhibits Inflammation, Oxidative Stress and
Apoptosis Induced by High Glucose in HRVECs [n vitro
experiments, MTT and Calcein-AM/PI fluorescence double
staining experiments indicated that catalpol at concentrations
no higher than 0.5 mmol/L had no effect on the viability of
HRVECs (Figure 2A, 2B) and could significantly reverse
the decline in cell viability caused by HG (Figure 2C,
2D). Therefore, 0.5 mmol/L was selected as the working
concentration of catalpol for subsequent experiments.

Then, Western Blot results showed that compared with the
NG group, HG stimulation significantly upregulated the
protein expression of NLRP3, the adaptor protein ASC, and
the activated form of caspase-1 in HRVECs, and promoted
the maturation and release of downstream inflammatory
factors IL-1p and IL-18. Co-treatment with catalpol effectively
inhibited the abnormal high expression of these proteins
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Figure 2 In vitro experiments, catalpol alleviated HG-induced NLRP3 inflammasome activation, oxidative stress, and apoptosis in HRVECs A:

MTT assay shows cell viability of HRVECs pretreated with different concentrations of catalpol for 48h; B: PI/CA-AM staining show the apoptosis

of HRVECs; C: The MTT assay was used to investigate the effect of different concentrations of catalpol on the cell viability of HRVECs after
48h of stimulation with HG (30 mmol/L); D: PI/CA-AM staining of HRVECs and analysis of cell apoptosis; E: The expression of IL-1B, IL-18, ASC,
Caspase-1, and NLRP3 was detected by Western blotting; F: The DCFH-DA fluorescence method detect the level of ROS in HRVECs. n=4, °P<0.05,

°P<0.01. ns: Not significant; HG: High glucose; NG: Normal glucose; NC: Normal control; CAT: Catalpol; IL: Interleukin; ASC: Apoptosis-associated

speck-like protein containing a CARD; NLRP3: NOD-like receptor family pyrin domain containing 3; GAPDH: Glyceraldehyde-3-phosphate

dehydrogenase; PI/CA-AM: Prodium lodide/calcein acetoxymethyl; ROS: Reactive oxygen species; HRVECs: Human retinal vascular endothelial cells.

(Figure 2E), indicating that it could block HG-induced NLRP3
inflammasome activation.

Detection using the DCFH-DA fluorescent probe revealed
that HG stimulation led to a sharp increase in ROS levels
within HRVECs, while co-treatment with catalpol significantly
alleviated this oxidative stress (Figure 2F). This result suggests
that the anti-inflammatory effect of catalpol may be partially
attributed to its antioxidant capacity.

Finally, the results of Calcein-AM/PI double staining both
confirmed that HG stimulation significantly increased the
apoptosis rate of HRVECs. After catalpol intervention, the
number of apoptotic cells was significantly reduced and the
cell survival rate was improved. In conclusion, catalpol can
protect HRVECs from HG-induced cell damage and death
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by inhibiting oxidative stress and NLRP3 inflammasome
activation.

Catalpol Exerts Protective Effects by Regulating METTL3-
m°A-TXNIP Axis Western blot results showed that HG
stimulation significantly upregulated the protein expression of
the core methyltransferase METTL3 in HRVECs. Consistent
with this, dot blot experiments indicated that HG significantly
increased the global m°A methylation level of total cellular
RNA. Co-treatment with catalpol effectively reversed the
upregulation of METTL3 and the excessive m°A modification
(Figure 3A, 3B), suggesting that it may exert its effects by
influencing the m°A methylation system.

Bioinformatics analysis (SRAMP database) predicted
that multiple potential m°A modification sites exist on the
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Figure 3 Catalpol inhibited the METTL3-m°A-TXNIP axis and downstream NLRP3 inflammasome components under HG conditions A:

Western blot detect METTL3 expression under HG conditions; B: Dot blot was used to detect and quantify m°A methylation levels in total
RNA; C: Western blot analysis of the expression changes of IL-1B, IL-18, TXNIP, METTL3, and NLRP3. Quantitative comparison of the relative
expression changes of METTL3 and TXNIP; D: RT-PCR analysis of METTL3, TXNIP, and inflammatory complex expression under HG conditions.
n=4, °P<0.05, °P<0.01, °P<0.0001. IL: Interleukin; METTL3: Methyltransferase-like 3; NLRP3: NOD-like receptor family pyrin domain containing
3; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; HG: High glucose; NG: Normal glucose; PBS: Phosphate buffer saline; CAT: Catalpol;
ASC: Apoptosis-associated speck-like protein containing a CARD; ns: Not significant; TXNIP: Thioredoxin-interacting protein; RT-PCR: Real-time

polymerase chain reaction; m°A: N6-methyladenosine.

mRNA of TXNIP, a key molecule linking oxidative stress
and inflammation. Experiments confirmed that HG not only
induced METTL3 expression but also significantly upregulated
the protein and mRNA levels of TXNIP. Catalpol could
simultaneously inhibit the expression of METTL3 and TXNIP
(Figure 3C, 3D). These changes were highly consistent with
the activation state of the NLRP3 inflammasome, suggesting
that METTL3-m°A might affect downstream inflammation by
regulating TXNIP.

To directly verify the core role of METTL3 in this pathway,
we used the specific METTL3 inhibitor STM2457. The results
showed that STM2457 could mimic the effect of catalpol. It
significantly inhibited the global m°A level increase induced
by HG (Figure 4A), and simultaneously downregulated the
expression of TXNIP and NLRP3 inflammasome-related
proteins (NLRP3, ASC, Caspase-1, IL-1pB; Figure 4B, 4C).
Additionally, inhibition of METTL3 could also significantly
alleviate the excessive ROS generation (Figure 4D) and
apoptosis (Figure 4E) caused by HG.

These results collectively indicate that HG enhances m°A
modification by upregulating METTL3, which may stabilize
pro-inflammatory transcripts such as TXNIP, ultimately
driving NLRP3 inflammasome activation and endothelial
injury. Catalpol exerts its downstream anti-inflammatory and
antioxidant protective effects by targeting and inhibiting this
METTL3-m’A-TXNIP axis.

Molecular Docking and Dynamics Simulation Reveal the
Stable Binding of Catalpol to Key Targets The molecular
docking results showed that catalpol could stably bind to
four key target proteins: NLRP3, IL-1f3, TXNIP, and core
methyltransferase METTL3, with binding free energies of -5.0,
-6.0, -5.2, and -5.2 kcal/mol, respectively (Figure SA). Among
them, the binding affinities with IL-13 and METTL3 were
the strongest, suggesting that catalpol may exert multi-target
regulatory effects by directly acting on these proteins.

Catalpol mainly binds to target proteins through intermolecular
forces such as hydrogen bonds (Figure 5B). For instance, it
forms hydrogen bonds with key residues ASP395, SERS11,
and HIS512 in the catalytic pocket of METTLS3; it also has
strong hydrogen bond interactions with residues such as GLN14
and GLU110 in IL-1B. Hydrogen bond analysis showed that
catalpol maintained a considerable and stable number of
hydrogen bonds with METTL3, IL-1f, and TXNIP throughout
the simulation (Figure 5C). These specific interactions provide
a structural basis for the biological activity of catalpol.

The root mean square deviation and root mean square
fluctuation of all complex systems reached equilibrium and
remained at a low level in the later stage of the simulation
(Figure 5D, 5E), indicating that the complex conformation
was stable and the binding of catalpol to the protein had good
dynamic stability. The free energy landscape analysis further
indicated that each complex system was mainly concentrated

in a low free energy basin, corresponding to a dominant
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The expression level of TXNIP mRNA by RT-PCR; D: Fluorescence staining detect the ROS released by HRVECs in response to HG; E: DAPI/TUNEL

fluorescence staining is used to detect the apoptosis status of HRVECs. n=4, °P<0.05, "P<0.001. ns: Not significant; GAPDH: Glyceraldehyde-3-
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PCR: Real-time polymerase chain reaction.

conformational cluster (Figure 5F), which confirmed the
binding stability from a thermodynamic perspective.

In summary, computational simulation studies have confirmed
that catalpol can directly bind to key proteins (NLRP3, IL-1p,
TXNIP) in the NLRP3 inflammatory pathway and the
upstream regulatory factor METTL3 with high affinity and
stability. This result provides theoretical computational support
for the aforementioned experimental findings, especially
offering important structural biological evidence for the
regulatory role of catalpol through targeting METTL3.
DISCUSSION

This study for the first time systematically clarified the
mechanism by which the active component of traditional
Chinese medicine, catalpol, alleviates diabetic retinal vascular
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endothelial injury by targeting METTL3-m°A methylation
modification and inhibiting the TXNIP/NLRP3 inflammatory
axis. This discovery not only provides new experimental
evidence for the treatment of DR with catalpol, but also reveals
the key role of epigenetic transcriptional regulation in diabetic
microvascular complications.

This study confirmed the good safety of catalpol in diabetic
animal models through long-term administration. Its protective
effects on retinal function (ERG) and vascular barrier (EB
leakage) are independent of hypoglycemic effects! " This is
consistent with the multi-organ protective effects of catalpol
in diabetic nephropathy, neuropathy and other complications
reported in previous studies™*"*". However, research on DR,
a specific eye disease, is still blank. Our ERG data confirmed
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Figure 5 Molecular docking and molecular dynamics simulation A: The affinity heat map of Catalpol for IL-18, METTL3, NLRP3, and TXNIP; B:

The binding pocket models; C: The number and lifetime of hydrogen bonds; D: The root mean square deviation analysis of molecular dynamics

simulation of the complex; E: The root mean square fluctuation analysis of molecular dynamics simulation of the complex; F: The free energy

landscape profile of the complex. IL: Interleukin; METTL3: Methyltransferase-like 3; NLRP3: NOD-like receptor family pyrin domain containing 3;

TXNIP: Thioredoxin-interacting protein.

that catalpol can significantly improve the damage to retinal
neurons (OPs amplitude) and vascular function (b-wave)

(2420 providing important functional

caused by diabetes
evidence for its clinical transformation.

Chronic low-grade inflammation is a core pathological
feature of DR, This study confirmed that in the retinas
of diabetic mice and HRVECs stimulated by HG, NLRP3
inflammasome and its downstream effector factors IL-1B/IL-18
were significantly activated”"’. This is consistent with the
findings in the vitreous of PDR patients”'’. The activation of
NLRP3 can disrupt the blood-retinal barrier by promoting
IL-1p release and up-regulating the expression of adhesion

3234 Our research shows that catalpol

molecules, etc.
can effectively inhibit the expression of all key proteins
(NLRP3, ASC, Caspase-1, IL-1p/IL-18) in this pathway and
simultaneously reduce vascular leakage. This indicates that
inhibiting the NLRP3 inflammasome is the key mechanism by
which catalpol alleviates vascular inflammation in DR, which
is consistent with the direction of action of other NLRP3
inhibitors in the literature (such as MCC950)"".

Inhibition of the NLRP3 inflammasome has been established
as a promising therapeutic approach for DR. This is supported

by studies on various agents, such as the natural flavonoid

B3 and the lipid-lowering drug fenofibrate”™, both of

quercetin
which have been shown to mitigate retinal endothelial injury by
suppressing NLRP3 activation. While these findings validate
the NLRP3 pathway as a crucial therapeutic node, the upstream
regulatory mechanisms, particularly at the epitranscriptomic
level, remain largely unexplored. Our study breaks new ground
by demonstrating that catalpol, another natural compound,
targets the novel METTL3-m°A-TXNIP axis to inhibit NLRP3
inflammasome activation. m*A modification is a recently
highlighted epitranscriptional regulatory mechanism in
metabolic diseases and their complications”">". It is worth
noting that METTL3-mediated m°A modification has been
proven to play a key role in the pathogenesis of other diabetic
eye diseases, such as cataracts'™”. We confirmed that a HG
environment upregulates the expression of the core writer
enzyme METTL3 and the global m°A level in HRVECs,
and catalpol can reverse this phenomenon. Particularly
importantly, we identified TXNIP as a key downstream target.
TXNIP is a pivotal molecule connecting oxidative stress with
NLRP3 inflammasome activation'"'"’. Through bioinformatics
prediction and experimental verification, this study found
that its expression is regulated by METTL3-mediated m°A
modification. The use of a specific METTL3 inhibitor,
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STM2457, can perfectly simulate the effect of catalpol,
simultaneously inhibiting m°A modification, TXNIP/NLRP3
pathway upregulation, ROS generation, and cell apoptosis.
This directly proves that METTL3-m°A-TXNIP-NLRP3 is a
core signaling axis through which catalpol exerts its effects.
This discovery is consistent with the mechanism reported by
Zhang et al'” regarding METTL3 exacerbating inflammation
in liver ischemia-reperfusion injury through m°A modification
of TXNIP, but it is the first time to be confirmed in a DR
vascular endothelial model and associated with natural drug
intervention.

The results of molecular docking and dynamics simulation
provide structural-level support for the above findings.
Catalpol can stably bind to four key targets, namely METTL3,
NLRP3, TXNIP, and IL-1p, with the strongest affinity for
METTL3 and IL-1B. This suggests that catalpol may, on
the one hand, directly inhibit the enzymatic activity of
METTL3 (affecting upstream modification), and on the
other hand, directly antagonize the effect of IL-1p (blocking
downstream inflammation), forming a multi-target and multi-
level synergistic anti-inflammatory network. The study by
She et al" also found that catalpol can inhibit microglial
immune responses by interacting with NF-xB/NLRP3, further
confirming its multi-target characteristics.

This study has several limitations. First, the STZ-induced type
1 diabetes model was used, and future validation is needed in
type 2 diabetes models such as db/db mice. Second, although
the focus was on METTL3, m°A modification is a dynamic
and reversible process involving “readers” and “erasers”
(such as FTO and ALKBHS)"**, and it is worth exploring
whether catalpol affects these proteins. We have not directly
confirmed the function of specific m°A sites on TXNIP mRNA
through point mutation experiments. Additionally, the ocular
pharmacokinetics of catalpol, the long-term safety of its use,
and the optimal delivery system (such as nanofabrication)
still require in-depth research. Future work should validate
the correlation between METTL3/m°A and the severity of
DR in clinical samples and promote the translational research
of catalpol as a novel, epitranscriptional-targeted treatment
strategy for DR.
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