











Catalpol targets METTL3-m"A to protect diabetic retina

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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Figure 4 METTL3 inhibition by STM2457 recapitulated catalpol’s effects, suppressing m°A modification, TXNIP/NLRP3 pathway, oxidative

stress, and apoptosis A: Dot blotting detection and quantitative comparison; B: Western blot detection of the expression of inflammasome; C:
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-

phosphate dehydrogenase; HG: High glucose; NG: Normal glucose; PBS: Phosphate buffer saline; CAT: Catalpol; m°A: N6-methyladenosin; IL:

Interleukin; TXNIP: Thioredoxin-interacting protein; METTL3: Methyltransferase-like 3; ASC: Apoptosis-associated speck-like protein containing

a CARD; NLRP3: NOD-like receptor family pyrin domain containing 3; CAT: Catalpol; ROS: Reactive oxygen species; DAPI: 4’,6-diamidino-2-

phenylindole; TUNEL: Terminal-deoxynucleoitidyl transferase mediated nick end labeling; HRVECs: Human retinal vascular endothelial cells; RT-

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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