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Down-regulated O-linked β-N-acetylglucosamine modification (O-GlcNAcylation) has been implicated 
in Parkinson’s disease (PD), and restoring O-GlcNAcylation levels in the central nervous system via O-
GlcNAcase (OGA) suppression represents a potential therapeutic strategy for PD intervention. Nevertheless, 
naturally derived OGA inhibitors remain insufficiently explored, and the molecular mechanisms underlying 
OGA-inhibition-mediated restoration of O-GlcNAcylation to alleviate PD remain poorly defined. Here, a 
fluorescence-based high-throughput inhibitor screening platform was established and subsequently 
used to identify sennoside A (SA) as a potent OGA inhibitor from an in-house phytochemical library. As 
a competitive OGA inhibitor, SA exhibited potent anti-OGA activity both in vitro and in vivo, along with 
favorable blood–brain barrier permeability and a well-tolerated safety profile. Moreover, SA markedly 
elevated protein O-GlcNAcylation levels, which in turn attenuated neuroinflammatory response and 
ameliorated key PD-associated pathological and behavioral deficits. Mechanistically, SA directly inhibits 
OGA activity in neurons and microglia, predominantly enhancing the O-GlcNAcylation of EphrinB2 at the 
Ser40/Thr183 sites and stabilizing EphrinB2. This site-specific modification activates the EphrinB2–EphB4 
signaling cascade and subsequently blunts mitogen-activated protein kinase-mediated neuroinflammation. 
Disruption of EphrinB2 O-GlcNAcylation by Ser40A/Thr183A mutation eliminates its neuroprotective 
function and abolishes the anti-PD effects of SA. Collectively, this work establishes the pharmacological 
inhibition of OGA as a promising therapeutic strategy for PD and identifies SA as a naturally occurring 
anti-PD agent that alleviates PD-associated pathological phenotypes by inhibiting OGA-mediated de-O-
GlcNAcylation of EphrinB2.

Introduction

   Parkinson’s disease (PD) represents the second most prevalent 
neurodegenerative disorder globally, affecting millions of indi-
viduals and conferring a considerable socioeconomic burden 
[  1 ]. As a progressive neurodegenerative condition, PD is char-
acterized by progressive striatal dopamine (DA) depletion 
attributable to the gradual degeneration of DA neurons in the 
substantia nigra pars compacta (SNpc) [  2 –  6 ]. Despite decades 
of research, current therapeutic strategies remain predomi-
nantly symptomatic, relying on DA replacement therapies that 
do not halt or reverse the underlying neurodegenerative process 

[  7 ,  8 ]. Moreover, long-term use of these agents is frequently 
associated with intolerable side effects and diminishing efficacy 
[  9 ]. Consequently, there is an urgent and unmet clinical need 
to identify new disease-modifying therapies capable of inter-
vening in the fundamental pathogenic mechanisms driving PD.

   In recent years, posttranslational modifications (PTMs) have 
emerged as critical regulators of cerebral homeostasis, with 
﻿O-linked β-N-acetylglucosamine modification (O-GlcNAcylation) 
attracting particular attention. O-GlcNAcylation is a dynamic and 
reversible PTM that mediates O-linked β-N-acetylglucosamine 
(O-GlcNAc) to the serine and threonine residues of nucleocyto-
plasmic proteins [  10 –  12 ]. Accumulating evidence has linked 
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dysregulated O-GlcNAcylation homeostasis to PD pathogenesis, 
including aberrant α-synuclein aggregation, mitochondrial dys-
function, and neuroinflammation [  13 ]. However, the precise 
mechanisms by which O-GlcNAcylation contributes to PD 
remain poorly understood, particularly the identity of specific 
protein targets whose O-GlcNAcylation is involved and how such 
modification regulates disease pathology, which remains largely 
unexplored. As the sole enzyme responsible for the cleavage of 
﻿O-GlcNAc from proteins, O-GlcNAcase (OGA) serves as an 
indispensable gatekeeper of O-GlcNAcylation dynamics [  14 ,  15 ]. 
Blocking OGA has been shown to increase global O-GlcNAcylation 
levels, thereby modulating downstream signaling pathways and 
exerting neuroprotective effects [  16 ]. However, the molecular 
mechanisms underlying OGA-inhibition-mediated restoration 
of O-GlcNAcylation to alleviate PD remain poorly defined, and 
particularly, the selective modification of key pathogenic proteins 
and its therapeutic relevance need to be further elucidated. 
Moreover, genetic ablation of OGA leads to embryonic lethality 
[  17 ], underscoring the essential role of O-GlcNAcylation homeo-
stasis in cell survival and highlighting the need for pharmacologi-
cal modulation rather than complete enzyme ablation. Although 
several OGA inhibitors have been developed, including Thiamet 
G (T-G) and O‑(2‑acetamido‑2‑deoxy‑D‑glucopyranosylidene)
amino‑N‑phenylcarbamate (PUGNAc), their translational poten-
tial has been hampered by suboptimal selectivity, off-target effects, 
or insufficient bioavailability in the central nervous system [  18 ]. 
More recently, next-generation OGA inhibitors such as MK-8719 
have entered clinical development with favorable pharmacoki-
netic profiles and high central nervous system penetration. 
However, their application in PD remains exploratory, and chal-
lenges such as synaptic toxicity have also emerged [  19 ]. To date, 
no safe and potent OGA inhibitor has been successfully advanced 
into clinical development for the treatment of PD, underscoring 
a critical unmet need for the discovery of novel, selective, and 
well-tolerated OGA-targeted therapeutics.

   Identification of potent and selective OGA inhibitors ulti-
mately depends on the availability of robust high-throughput 
screening (HTS) platforms capable of capturing dynamic enzyme 
activity. This requirement is especially critical in the context of 
PD, where OGA-mediated O-GlcNAcylation homeostasis exhib-
its spatiotemporal dynamics during pathogenesis, necessitating 
in situ monitoring and real-time assessment of inhibitory efficacy. 
Conventional analytical methods (liquid chromatography–mass 
spectrometry [LC–MS] based, enzyme-linked immunosorbent 
assay [ELISA], Western blot [WB], etc.) are predominantly 
single-point assays [  20 ], which fail to capture the dynamics of 
OGA activity. In contrast, optical substrate-based assays have 
emerged as powerful tools that enable real-time visualization 
of enzymatic activity with high spatial and temporal resolution, 
making them particularly valuable for drug screening and func-
tional studies in complex biological systems [  21 ,  22 ]. An optical 
substrate capable of tracking OGA activity during PD patho-
genesis and treatment would therefore be critical for mecha-
nistic exploration and therapeutic development. However, 
commercially available probes like p-nitrophenyl-GlcNAc 
and 4-methylumbelliferyl-GlcNAc (4MU-GlcNAc) suffer from 
poor selectivity and are susceptible to interference from auto-
fluorescence or ultraviolet (UV) absorption [  23 ], making them 
unsuitable for live-cell or in vivo applications. Furthermore, exist-
ing few fluorescent substrates lack thorough selectivity validation 
against other glycosidases, particularly β-N-acetylglucosaminidase 
(NAG) [  24 –  26 ]. Critically, no fluorescent probe has yet been 

applied to assess OGA function in PD or to develop corre-
sponding OGA inhibitors for therapeutic purposes. Natural 
products, with their unparalleled chemical diversity and docu-
mented efficacy in alleviating PD symptoms [  27 –  29 ], represent 
an ideal reservoir for discovering such inhibitors. Developing 
a specific fluorescent substrate to establish an HTS method, iden-
tifying natural OGA inhibitors that restore the O-GlcNAcylation 
of key proteins, and validating their therapeutic potential in 
PD thus constitutes a strategic imperative.

   This study aimed to identify potent OGA inhibitors with 
robust anti-PD effects from natural products and to elucidate 
the mechanism by which pharmacological inhibition of OGA 
enhances O-GlcNAcylation and confers neuroprotection against 
PD. To this end, a dedicated fluorogenic substrate for OGA was 
developed through virtual screening combined with in vitro 
validation, enabling the establishment of an HTS platform com-
patible with complex biological systems. Subsequent large-scale 
screening of an in-house phytochemical library led to the iden-
tification of sennoside A (SA) as a potent OGA inhibitor. 
Further characterization revealed that SA acts as a competitive 
inhibitor with a favorable safety profile, capable of potently 
inhibiting OGA activity both in cells and in vivo. Pharmacological 
evaluation in established PD models further revealed that SA 
effectively inhibits OGA, elevates O-GlcNAcylation levels, and 
markedly ameliorates PD-associated phenotypes. Finally, multi-
omics approaches were used to explore its PD-alleviating mech-
anism, revealing that SA primarily exerts its PD-mitigating 
effects by enhancing EphrinB2 O-GlcNAcylation and suppress-
ing the mitogen-activated protein kinase (MAPK)-mediated 
inflammatory pathways (Fig.  1 ). All these efforts offer a new 
paradigm to discover novel PD-mitigating agents via targeting 
OGA-mediated EphrinB2 O-GlcNAcylation.           

Results

Rational design of an OGA-activatable  
fluorescent substrate
   It is well established that OGA selectively catalyzes the hydro-
lysis of O-GlcNAc glycosidic linkages [  30 ,  31 ], providing a basis 
for designing OGA-activatable fluorogenic substrates by incor-
porating an OGA-specific recognition moiety into a fluoro-
phore scaffold. To screen for the optimal fluorophore, 23 
GlcNAc-conjugated fluorophores were collected and individu-
ally docked against multiple OGA crystal structures (Protein 
Data Bank [PDB] IDs: 5VVO, 5VVU, 5VVT, 5M7U, and 5TKE) 
(Fig.  2 A and B). Computational analyses revealed that fluoro-
phores 21 and 23 exhibited the shortest distances between the 
carbonyl group on the N-acetylglucosamine moiety and the 
catalytic residues within the OGA active site (Fig.  2 C and Table 
 S1 ). Given that fluorophore 23 exhibits a short emission 
wavelength and may undergo off-target metabolism by other 
enzymes, fluorophore 21 was chosen for subsequent structural 
optimization (Fig.  2 D). Further molecular docking demon-
strated that probe 1 (NAGN) possessed the strongest binding 
affinity toward OGA, identifying it as the most promising can-
didate substrate (Fig.  2 E and Table  S2 ). Consequently, NAGN 
was synthesized, with its structural identity characterized by 
nuclear magnetic resonance (NMR) spectroscopy and high-
resolution mass spectrometry (HRMS) (Figs.  S1  to  S12 ), and 
its purity was determined by high-performance liquid chroma-
tography (HPLC) (Fig.  S13 ). The photophysical characteristics 
of NAGN were systematically investigated, revealing pronounced 
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alterations in both absorption and fluorescence emission pro-
files upon incubation with OGA (Fig.  S14 A and B). In vitro 
assays verified that NAGN possessed superior selectivity over 
4MU-GlcNAc, underwent efficient OGA-mediated hydrolysis, 
and exhibited low cross-activity with homologous NAG (Fig. 
 2 F and G). These findings demonstrate that NAGN serves as a 
specific and rapid-responding fluorescent substrate for OGA, 
prompting further investigation into its sensing properties.           

Characterization of NAGN as a specific fluorescent 
substrate for OGA
   Given the abundance of hydrolases and albumin within cells, 
the hydrolytic profile of NAGN was further evaluated against 
a panel of these hydrolases and albumin. Notably, none of them 
exhibited appreciable catalytic activity toward the fluorescent 
substrate (Fig.  2 H). Furthermore, HPLC analysis confirmed 
that OGA-mediated hydrolysis of NAGN produced a unique 
fluorescent product, which enabled accurate quantitative detec-
tion (Fig.  2 I). Moreover, the fluorescence intensity exhibited 
excellent linear correlations with OGA concentration (0 to 1 μg/
ml) and reaction time (within 30 min) (Fig.  S14 C to F). 
Additionally, NAGN showed remarkable stability, being unaffected 

by endogenous amino acids and ions and maintaining stability 
under physiological pH conditions (Fig.  S15 A and B). Kinetic 
analysis revealed that OGA-mediated hydrolysis of NAGN in 
both purified OGA and human liver cytosol (HLC) followed 
Michaelis–Menten kinetics with comparable K m values, iden-
tifying OGA as the major hydrolase for NAGN hydrolysis 
(Figs.  S15 C and D and Table  S3 ). Moreover, the kinetic param-
eters of OGA-catalyzed NAGN hydrolysis determined by HPLC–
UV were highly consistent with that acquired via the microplate 
reader assay (Fig.  S15 E and Table  S3 ). Together, these results 
confirm the high specificity of NAGN for OGA and suggest 
that NAGN is a reliable tool for quantifying OGA activity levels 
in complex biological systems.

   Following the favorable selectivity and sensitivity of NAGN 
in vitro, its cellular applicability was further evaluated. NAGN 
and its hydrolytic metabolite NH showed no obvious cytotoxic-
ity at 100 μM across the tested cell lines (Fig.  S16 ). In A549 and 
SH-SY5Y cells, NAGN treatment resulted in a time-dependent 
fluorescence signal, which was suppressed by the selective OGA 
inhibitor T-G and augmented by glucose in a concentration-
dependent manner (Fig.  S17 ). In addition, knockout of OGA 
using small interfering RNA (siRNA) markedly reduced the 
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intracellular green fluorescence (Fig.  S18 ). Together, these 
results validate the high specificity of NAGN for OGA and dem-
onstrate its applicability for real-time imaging of endogenous 
OGA activity in living cells. Ex vivo imaging of mouse organs 
revealed pronounced fluorescent signals across multiple organs, 
in accordance with the widespread tissue distribution of OGA 
(Fig.  S19 A and B). Furthermore, these results agreed well with 
the OGA activity quantified by HPLC–UV in the same tissue 
samples (Fig.  S19 B). Following intraperitoneal administration, 
marked accumulation of NAGN was detected in the liver and 
brain at 0.5 and 4 h postinjection (Fig.  S19 C and D). Collectively, 
these finds support the utility of NAGN for the multidimen-
sional profiling of OGA activity across biological systems.   

Identification and characterization of SA as a 
competitive OGA inhibitor
   Given the pivotal role of OGA in maintaining O-GlcNAcylation 
homeostasis during PD pathogenesis [  32 ,  33 ], the development 
of OGA inhibitors holds notable clinical potential. A fluores-
cence-based inhibitors HTS platform was established by NAGN 
as the fluorescent substrate, which was subsequently validated 
using the positive OGA inhibitor T-G (Fig.  3 A). Importantly, 
the IC50 values derived from NAGN-based HTS assay were 
highly consistent with those obtained by the HPLC–UV-based 
method (Fig.  3 A and Table  S4 ), confirming the reliability of 
this assay. The established platform was then applied to screen 
an in-house phytochemical library for natural OGA inhibitors. 
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Four candidate compounds, namely, SA, quercetin, acetylshi-
konin, and echinocystic acid, showed potent inhibitory effects 
on OGA (Fig.  3 B, Fig.  S20 , and Table  S5 ). Further characteriza-
tion revealed that SA had the lowest half inhibitory concentra-
tion (IC50) value of 0.2 μM, indicating the strongest inhibitory 
potency (Fig.  3 C to E and Fig.  S21 A). We then evaluated the 
inhibitory effects of SA against other hydrolases, including car-
boxylesterase 1 (CES1), carboxylesterase 2 (CES2), human pan-
creatic lipase, prolyl endopeptidase (PREP), and NAG. As shown 
in Fig.  S21 B, SA exhibited negligible inhibition against these 
enzymes, with residual activity remaining above 70%. These 
results highlight the high selectivity of SA toward OGA over 
other hydrolases, supporting its utility for studying OGA-
mediated biological processes. Crucially, time-dependent inhibi-
tion (TDI) assays indicated no progressive enhancement of OGA 
inhibition with prolonged incubation (Fig.  S21 C), suggesting that 
SA acts as a reversible OGA inhibitor. Further kinetic analyses 
showed that SA strongly inhibited OGA-catalyzed NAGN hydro-
lysis in a competitive manner, with a K i value of 0.14 μM 
(Fig.  3 F and Fig.  S21 D). Molecular docking simulations further 
revealed that SA occupies the catalytic site of OGA (Fig.  3 G). 
Further molecular dynamics (MD) simulations (Fig.  S22 ) con-
firmed that SA stably bound with OGA at the catalytic pocket, 
offering a structural rationale for the competitive inhibition 
observed in the kinetic assays. These findings establish SA as a 
potent and competitive OGA inhibitor, representing a promising 
lead candidate for the treatment of OGA-associated disorders.           

Neuroprotective effects of SA in PD cellular models
   To evaluate the therapeutic potential of OGA inhibition mediated 
by SA in the context of PD, we therefore assessed its capacity to 
ameliorate disease-relevant phenotypes in well-established cellular 
PD models. As shown, SA exhibited no cytotoxicity at 20 μM (Fig. 
 S23 A) and significantly alleviated 1-methyl-4-phenylpyridinium 
ion (MPP+)-induced neurotoxicity (Fig.  S23 B). Live-cell imag-
ing revealed that challenge with MPP+ or 6-hydroxydopamine 
(6-OHDA) elevated intracellular OGA activity in a concentration-
dependent manner, which was dose-dependently reversed by SA 
(Fig.  4 ). Further quantification showed that both neurotoxins 
markedly increased reactive oxygen species (ROS) generation and 
disrupted mitochondrial membrane potential (MMP); these 
impairments were markedly ameliorated by SA cotreatment, with 
reduced ROS accumulation and restored MMP (Fig.  4 A to H). 
Upon MPP+ stimulation in BV2 microglial cells, SA suppressed 
the transcriptional up-regulation of pro-inflammatory cytokines 
and augmented the transcript levels of anti-inflammatory cyto-
kines (Fig.  S24 ). WB analysis demonstrated that challenge with 
MPP+/6-OHDA significantly down-regulated tyrosine hydroxy-
lase (TH), a key PD marker [  34 ], whereas SA treatment restored 
TH expression to near-normal levels (Fig.  4 I to M). Notably, cel-
lular O-GlcNAcylation levels were significantly reduced in PD 
model cells but were effectively restored by SA cotreatment (Fig. 
 4 I to N). These observations suggest that SA exerts potent neuro-
protective effects in PD cellular models by inhibiting OGA, restor-
ing O-GlcNAcylation, and mitigating MPP+/6-OHDA-induced 
neurotoxicity.           

Neuroprotective effects of SA in an MPTP-challenged 
PD mouse model
   To evaluate the therapeutic potential of SA in vivo, systemic 
animal studies were performed. Tissue biodistribution assays 

demonstrated that SA displays widespread tissue exposure and 
favorable blood–brain barrier (BBB) permeability (Fig.  5 A and 
B and Fig.  S25 ). Notably, brain accumulation of SA was signifi-
cantly higher in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP)-challenged PD mice than in control mice, implying 
compromised BBB integrity during PD pathogenesis that 
facilitates the central delivery of SA. Tissue imaging further 
confirmed that SA effectively inhibited OGA activity in situ, 
supporting its high target specificity in vivo (Fig.  S26 ). In a 
classical MPTP-challenged PD mouse model (Fig.  5 C), MPTP 
injection caused pronounced motor deficits, which were char-
acterized by significant reductions in total locomotor distance 
and average speed in the open-field test, as well as marked 
prolongations in turning and climbing durations in the pole 
test. SA administration significantly alleviated these MPTP-
challenged motor impairments (Fig.  5 D to H). Ex vivo fluores-
cence imaging confirmed that SA effectively suppressed OGA 
activity in brain tissues, corroborating its on-target action (Fig. 
 S27 ). Moreover, SA displayed favorable biocompatibility with 
no obvious body weight loss or histopathological damage in 
major organs (Fig.  5 I and Figs.  S28  and  S29 ).        

   Immunohistochemical analysis showed that MPTP chal-
lenge markedly reduced TH-positive DA neuron numbers in 
the SNpc and TH-positive nerve fiber density in the striatum 
(STR), both of which were dose-dependently attenuated by SA 
administration (Fig.  6 A to D). WB analysis further verified that 
SA restored TH protein expression in the midbrain and STR 
of MPTP-challenged mice (Fig.  6 E to G). Meanwhile, SA treat-
ment reversed the marked reduction in STR O-GlcNAcylation 
levels caused by MPTP challenge (Fig.  6 H to K). Moreover, SA 
significantly attenuated MPTP-induced ROS accumulation and 
oxidative stress in mouse brain tissues (Fig.  6 L). Given the close 
interplay between ROS production and inflammatory responses 
[  35 ,  36 ], inflammatory markers were subsequently evaluated 
following SA treatment. As presented, SA suppressed the 
release of pro-inflammatory cytokines (tumor necrosis factor-α 
[TNF-α] and interleukin-6 [IL-6]) and restored the level of the 
anti-inflammatory cytokine IL-10 in MPTP-challenged mice 
(Fig.  6 M to P and Fig.  S30 ), indicating reduced neuroinflam-
mation. Collectively, these results demonstrate that SA pos-
sesses favorable BBB permeability and target specificity toward 
OGA in vivo, restores STR O-GlcNAcylation levels, ad effec-
tively ameliorates MPTP-challenged neuroinflammation in PD 
mouse models.           

Multi-omics analysis reveals the neuroprotective 
mechanism of SA in PD
   To further elucidate the pharmacological mechanism underly-
ing the neuroprotective effects of SA in PD, multi-omics profiling 
was performed to characterize transcriptomic and proteomic 
alterations in the mouse STR (Fig.  7 A). Claster analysis of 
whole-transcriptome profiles demonstrated distinct clustering 
patterns among the control, MPTP-challenged model, and 
SA-treated groups (Fig.  7 B). Comparative analysis identified 
1,297 differentially expressed genes between control and MPTP-
challenged mice (Fig.  7 C). Relative to the model group, SA 
treatment elicited 785 differentially expressed genes, including 
434 down-regulated and 351 up-regulated genes (Fig.  7 D). 
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis revealed that the MAPK signaling pathway 
was the most prominently up-regulated pathway upon MPTP 
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challenge, whereas SA treatment led to its down-regulation 
(Fig.  7 E and F). Gene set expression analysis further confirmed 
that SA treatment strongly suppressed the transcript levels of 
the MAPK pathway (Fig.  7 G). The MAPK signaling pathway 
is critically implicated in the pathogenesis of PD, wherein its 
aberrant activation drives neuroinflammation and neuronal 
damage. Pharmacological suppression of the MAPK cascade 
has been shown to attenuate inflammatory responses and alleviate 

PD phenotypes. These results suggest that the suppression of 
the MAPK signaling pathway may play a pivotal role in the 
therapeutic effects of SA against PD.        

   Subsequent proteomic analysis revealed distinct proteome 
profiles across the 3 experimental groups (Fig.  7 H and Fig.  S31 ). 
In the MPTP model group, 246 proteins were significantly dysregu-
lated (137 down-regulated and 109 up-regulated). SA treatment 
altered the expression of 329 proteins, with 147 down-regulated 
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and 182 up-regulated (Fig.  S32 ). KEGG enrichment analysis 
identified axon guidance as the most significantly modulated 
pathway following SA treatment (Fig.  7 I), a finding further 
supported by Gene Ontology analysis (Fig.  S33 ). Given the 
functional cross talk between axon guidance and MAPK signal-
ing [  37 ], key proteins in the axon guidance pathway were fur-
ther evaluated. Most Ephrin and Eph family members were 
significantly up-regulated upon SA treatment, with EphrinB2 
(Efnb2) exhibiting the highest fold change (Fig.  7 J). This obser-
vation aligns with previous reports that glycosylation activates 
EphA receptor tyrosine kinase, thereby suppressing the MAPK 
pathway [  38 ]. In summary, based on our multi-omics analysis, 
we hypothesize that SA inhibits OGA activity, leading to ele-
vated O-GlcNAcylation levels in brain cells, which may stabilize 
the EphrinB2 protein and facilitate the activation of the Ephrin–
Eph signaling pathway. This activated signaling is associated 
with the suppression of the MAPK pathway, potentially con-
tributing to the amelioration of neuroinflammation.   

SA alleviates neuroinflammation via enhancing the 
O-GlcNAcylation of EphrinB2
   Proteomic profiling pinpointed EphrinB2 as the top regulated 
protein within the axon guidance pathway upon SA treatment. 
To validate this finding, the expression levels of EphrinB2 and 
its receptor EphB4 in cellular PD models were first assessed. 
The results demonstrated that the expression levels of both 
EphrinB2 and EphB4 were significantly down-regulated in 
MPP+-challenged cells, while SA markedly restored their 
expression levels to near-normal levels (Fig.  8 A and B). The 
MAPK pathway, particularly the Ras/MAPK signaling cascade, 
is closely associated with the pathogenesis of PD [  39 ,  40 ]. 
Notably, this pathway is negatively regulated by Ephrin–Eph 
signaling, whose activation suppresses the MAPK pathway and 
alleviates neuroinflammation [  41 ]. Consistent with this, the 
results further demonstrated that SA treatment markedly atten-
uated the MPP+-induced up-regulation of Ras and phosphory-
lated ERK (p-ERK) in neuronal and microglial cells (Fig. 8A 
and B), and this effect was further corroborated in PD mouse 
models (Fig.  8 C to G). To verify whether SA suppresses MAPK 
signaling and alleviates neuroinflammation through activating 
the Ephrin–Eph axis, Efnb2 siRNA was transfected into HT-22 
and BV2 cells. As shown in Fig.  8 H to J, the protective effects 
of SA, including reduced ROS production, improved mitochon-
drial function, and suppressed inflammatory cytokine release, 
were largely abolished upon Efnb2 knockdown. Moreover, the 
inhibitory influence of SA on the MAPK cascade was also com-
pletely abolished upon Efnb2 silencing (Fig.  8 K). Consistent 
with these observations, the neuroprotective effects of SA 
against PD was largely eliminated upon pharmacological block-
ade of the Ephrin–Eph axis using the specific inhibitor NVP-
BHG712 (Fig.  S34 ) [  42 ]. These results further suggest that the 
therapeutic effect of SA is to improve neuroinflammation by 
activating the Ephrin–Eph signaling pathway and also provide 
a mechanistic basis for its anti-neuroinflammatory activity.        

   To explore the Ephrin–Eph activation mechanism, we 
first used liquid chromatography–tandem mass spectrom-
etry (LC–MS/MS) to determine whether EphrinB2 undergoes 
﻿O-GlcNAcylation. MS-based peptide profiling revealed that 
EphrinB2 is indeed O-GlcNAcylated and identified Ser40 and 
Thr183 as the major modification sites in mouse EphrinB2 
(Fig.  9 A), as well as Ser37 and Thr180 in human EphrinB2 

under the same conditions (Fig.  9 B). Co-immunoprecipitation 
(co-IP) confirmed the O-GlcNAcylation of EphrinB2 and 
showed that MPP+ challenge reduced this modification in PD 
cells, whereas SA treatment markedly elevated it (Fig.  9 C). 
Rescue experiments in Efnb2-knockdown PD cells revealed that 
compared with wild-type (WT) reconstitution, the T183A single 
mutation moderately reduced O-GlcNAcylation, whereas the 
S40A single and S40A/T183A double mutations caused a drastic 
decrease (Fig.  9 D). Consistent with these results, SA stimulation 
markedly enhanced the O-GlcNAcylation of WT EphrinB2 
but failed to affect the double mutant (Fig.  9 E). Moreover, SA 
prolonged the half-life of WT EphrinB2 but had no effect 
on the S40A/T183A mutant, indicating that SA-mediated 
﻿O-GlcNAcylation at these sites stabilizes EphrinB2 (Fig.  9 F). 
Subsequent phenotypic assays clearly demonstrated that the neu-
roprotective effects of SA were fully rescued by the overexpres-
sion of WT EphrinB2. In contrast, reconstitution with mutated 
EphrinB2 failed to recapitulate the protective effects of SA, leav-
ing cellular PD pathological phenotypes largely unaltered 
(Fig.  9 G and H), thereby underscoring the essential role of 
Ser40/Thr180 O-GlcNAcylation in EphrinB2-mediated SA effi-
cacy against PD. These phenotypic observations were further 
corroborated by WB analysis of MAPK-pathway-related pro-
teins. In Efnb2-knockdown PD cells, WT EphrinB2 reconstitu-
tion enabled SA to markedly attenuate MAPK activation. 
However, this effect was entirely nullified by the S40A/T183A 
mutation, revealing that the MAPK-suppressive activity of SA is 
critically dependent on EphrinB2 O-GlcNAcylation at Ser40 and 
Thr183 (Fig.  9 I). Collectively, these findings demonstrate that 
SA substantially elevates EphrinB2 O-GlcNAcylation, thereby 
activating the Ephrin–Eph axis and suppressing MAPK signal-
ing, which in turn alleviates MPTP-induced neuroinflammation 
and PD-related phenotypes (Fig.  10 ).                    

Discussion
   PD is a prevalent progressive neurodegenerative disorder 
characterized by dopaminergic neuron loss and Lewy body 
formation, with multifactorial pathogenesis involving oxida-
tive stress, neuroinflammation, and mitochondrial dysfunction 
[  43 ]. Dysregulation of protein glycosylation, particularly 
﻿O-GlcNAcylation, is increasingly recognized as a key player in 
neurodegenerative diseases like PD; the restoration of this modi-
fication on key proteins offers a potential therapeutic strategy. As 
the sole enzyme responsible for O-GlcNAc removal, OGA repre-
sents an attractive therapeutic target, the pharmacological inhibi-
tion of which provides a direct means to elevate O-GlcNAc levels 
and counteract neurodegeneration. However, no safe and potent 
OGA inhibitor has yet advanced to clinical development for PD, 
underscoring an urgent need for selective, well-tolerated OGA-
targeted therapeutics. To address this gap, we designed a novel, 
specific OGA fluorescent substrate addressing existing detection 
limitations and established an HTS platform, identifying SA from 
an in-house phytochemical library as a potent OGA inhibitor 
(Figs.  2  and  3 ). This screening strategy aligns with the research 
focus on natural products as a valuable resource for PD drug devel-
opment, addressing the current shortcomings of natural product 
research (e.g., unclear molecular targets and lack of systematic 
mechanism). SA exhibited high metabolic stability and effectively 
inhibited OGA activity across multiple assay levels. Critically, 
in vitro (MPP+/6-OHDA-challenged cell models) and in vivo 
(MPTP-challenged mouse models) studies demonstrated that SA 
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Fig. 9. The O-GlcNAcylation of EphrinB2 is critical for the neuroprotective effects of sennoside A (SA). (A) The sites of mouse EphrinB2 O-GlcNAcylation were mapped by using 
mass spectrometry. (B) The sites of human EphrinB2 O-GlcNAcylation were mapped by using mass spectrometry. (C) The effects of SA on the O-GlcNAcylation of EphrinB2 in 
HT-22 and BV2 cells. (D and E) A co-immunoprecipitation (co-IP) assay was performed to validate the potential O-GlcNAcylation sites of EphrinB2 with anti-O-GlcNAc antibody. 
(F) Cycloheximide (CHX) chase assay measuring protein stability of WT-Efnb2-HA and S40A/T183A-Efnb2-HA with or without SA treatment. (G) Fluorescence imaging of 
mitochondrial membrane potential (MMP) and reactive oxygen species (ROS) in Efnb2-knockdown cells reconstituted with WT-Efnb2-HA or the S40A/T183A mutant, following 
1-methyl-4-phenylpyridinium ion (MPP+) challenge and SA treatment; scale bar = 30 μm. (H) The messenger RNA (mRNA) expression of interleukin-6 (IL-6) and tumor necrosis 
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analyzed by one-way analysis of variance with Dunnett’s tests. ns, P > 0.05; *P < 0.05; **P < 0.01; ***P < 0.005; ****P < 0.001.
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administration markedly mitigated PD-related pathological dam-
ages, including behavioral deficits, dopaminergic neuron 
apoptosis, neuroinflammation, oxidative stress, and decreased 
﻿O-GlcNAcylation levels (Figs.  4  to  6 ), providing direct evi-
dence supporting OGA inhibition as a viable strategy for 
PD intervention.

   To elucidate the pharmacological mechanism underlying 
the neuroprotective effects of SA against PD, we performed 
multi-omics analyses and identified the MAPK pathway as a 
critical mediator of SA’s therapeutic action (Fig.  7 ). The MAPK 
pathway, particularly the p38 MAPK and ERK signaling cas-
cades, is closely associated with the pathogenesis of PD [  44 –  46 ]. 
Activation of the MAPK pathway has been implicated in vari-
ous pathological processes in PD, including neuroinflamma-
tion, oxidative stress, and mitochondrial dysfunction [  45 –  47 ]. 
Pharmacological inhibition of this pathway has been shown to 
alleviate inflammation and improve PD-like phenotypes in 
preclinical models [  48 ]. Previous work has demonstrated that 
﻿O‑linked β‑N‑acetylglucosamine transferase (OGT) can bind 
to p38, enhancing its O-GlcNAcylation and suppressing its phos-
phorylation, thereby attenuating MAPK pathway activation [  49 ]. 
However, the connection between OGA, O-GlcNAc dynamics, and 
MAPK signaling in PD remained unexplored. Our study bridges 
this gap by providing compelling evidence that OGA inhibition 
with SA attenuates MAPK activation. Mechanistically, SA directly 
inhibits OGA in neuronal cells, which elevates O-GlcNAcylation 
and further blunts MAPK signaling activation, thereby mitigating 
neurotoxic inflammatory cascades. Notably, such cytoprotec-
tive actions are not restricted to neurons; SA also potently represses 
microglial inflammatory overactivation, as validated by diminished 
secretion of pro-inflammatory cytokines following SA intervention 
(Figs.  6  to  8 ). Together, these findings demonstrate that SA exerts 
neuroprotection through OGA-mediated MAPK suppression, 
alongside a direct inhibitory effect on microglial inflammation. 
Accordingly, this study establishes a distinct mechanistic frame-
work wherein SA-mediated OGA inhibition attenuates MAPK-
mediated neuroinflammation via coordinate regulatory actions on 
neuronal and microglial compartments.

   Proteomic analysis revealed, for the first time, that axon guid-
ance represents the most profoundly altered pathway following 

OGA inhibition, characterized by marked up-regulation of key 
guidance molecules including Ephrin and EphA proteins (Fig.  7 ). 
This systematic discovery provides a novel perspective for 
understanding how OGA inhibition exerts neuroprotective 
effects through the regulation of receptor tyrosine kinase sig-
naling networks, which was not previously reported in PD 
research. Of particular significance, we identified and vali-
dated that O-GlcNAcylation, a PTM functionally analogous to 
﻿N-glycosylation [  50 ], could enhance EphrinB2 protein stability, 
thereby activating the EphrinB2–EphB4 signaling pathway and 
subsequently suppressing the MAPK signaling cascade (Figs. 
 8  and  9 ). EphrinB2 has been primarily implicated in embryonic 
cardiogenesis and angiogenesis, with previous research largely 
restricting its functions to the vascular system [  51 ]. Herein, we 
reveal for the first time its therapeutic effect against PD and 
broaden the functional scope of EphrinB2. Notably, this finding 
fills a critical gap in the field by establishing that EphrinB2 
﻿O-GlcNAcylation plays a pivotal role in PD pathogenesis and 
that pharmacological OGA inhibition restores its modification 
status to confer therapeutic benefit. Unlike classical OGA 
inhibitors such as T-G and MK-8719, which primarily exert 
their effects through a global and nonselective elevation of 
﻿O-GlcNAcylation, SA acts through a fundamentally distinct mech-
anism, specifically the restoration of EphrinB2 O-GlcNAcylation 
and subsequent activation of the EphrinB2–EphB4 signaling 
axis. This targeted pathway is intrinsically linked to synaptic 
maintenance and plasticity. In contrast, the synaptic toxicity 
associated with broad-spectrum OGA inhibitors, such as 
MK-8719, has constrained their clinical development, includ-
ing ongoing phase II trials for Alzheimer’s disease. Consequently, 
by engaging the Ephrin–Eph pathway to support synaptic func-
tion while circumventing the off-target synaptic toxicity of 
classical OGA inhibitors, SA provides a mechanistically distinct 
and potentially safer therapeutic strategy for PD. Nonetheless, 
several limitations of this study warrant consideration. First, 
this work lacks in vivo validation through Efnb2 knockout or 
knockdown at the animal level.

   Establishing a causal role for Ephrin signaling in the observed 
effects of OGA inhibition will require future studies employ-
ing conditional EphrinB2-deficient mouse models. Second, 
although the MPTP-induced PD model is a well-established 
acute paradigm for studying dopaminergic neurodegeneration, 
it does not fully recapitulate the chronic and progressive nature 
of human PD. Therefore, complementary validation in genetic 
models that more faithfully mirror the spontaneous onset and 
gradual progression of the disease, such as α-synuclein trans-
genic mice, will be critical for establishing the translational rel-
evance of our findings.   

Conclusion
   In summary, this work identifies a naturally occurring OGA 
inhibitor that exerts anti-PD effects by promoting EphrinB2 
﻿O-GlcNAcylation via Ser40/Thr183 and suppressing the MAPK 
pathway. First, a specific fluorogenic substrate for OGA was 
developed through virtual screening combined with in vitro 
biochemical validation, enabling the construction of a fluores-
cence-based HTS assay suitable for complex biological systems. 
Following HTS of an in-house phytochemical library, SA was 
identified as a potent competitive OGA inhibitor. Subsequent 
characterization revealed that SA exhibits favorable BBB per-
meability, a well-tolerated safety profile, and robust inhibitory 

Fig. 10. Schematic diagram illustrating the proposed mechanism by which sennoside 
A (SA) alleviates 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-challenged 
neuroinflammation.
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activity both in vitro and in vivo. Pharmacological inhibition 
of OGA by SA markedly restores O-GlcNAcylation levels and 
confers neuroprotection against PD. More importantly, EphrinB2 
was identified as a key protein in both neuronal and glial cells, 
whose O-GlcNAcylation is enhanced upon OGA inhibition, 
thereby activating the EphrinB2–EphB4 signaling pathway and 
attenuating MAPK-driven neuroinflammation. Notably, SA also 
directly suppresses glial inflammatory responses, suggesting that 
its neuroprotective effects involve both OGA-dependent modu-
lation in neurons and direct anti-inflammatory actions on glial 
cells. Collectively, this work uncovers a mechanistic cascade in 
which OGA inhibition promotes EphrinB2 O-GlcNAcylation 
to counteract MAPK-mediated neuroinflammation, providing 
both a candidate anti-PD agent and a novel mechanistic frame-
work for PD intervention.   

Materials and Methods

Materials and reagents
   Recombinant enzymes including mouse EphrinB2 (Cat. HY- 
P73017), human EphrinB2 (Cat. HY-P77645), dipeptidyl pepti-
dase 9 (DPP9; Cat. HY-P703641), PREP (Cat. HY-P73692), 
human OGA (from Bacteroides thetaiotaomicron, Cat. HY- 
P79242, purity >95%), and human hyaluronidase (Cat. 
HY-108903) were purchased from MCE (Shanghai, China). 
β-N-Acetylhexosaminidase (from Streptomyces plicatus) was 
obtained from New England Biolabs (Cat. P0721S, purity >95%). 
Bovine serum albumin, acetylcholinesterase (Cat. C3389, derived 
from Electrophorus electricus), butyrylcholinesterase (sourced 
from human plasma, Cat. B4186), human CES1 (Cat. E0287), 
human CES2 (Cat. E0412), bovine testicular hyaluronidase (from 
bovine testes, Cat. H3506), α-glucosidase (from Saccharomyces 
cerevisiae, Cat. G5003), and β-glucosidase (from almonds, Cat. 
49290) were all obtained from Sigma-Aldrich (St. Louis, MO, 
USA). T-G (Cat. HY-12588), MPP+ (Cat. HY-W008719), cyclo-
heximide (CHX; HY-12320), and NVP-BHG712 (Cat. SML0333) 
were all purchased from MCE (Shanghai, China). Mouse IL-6 
(Cat. 1210602), IL-10 (Cat. 1211002), and TNF-α (Cat. 1217202) 
ELISA kits were all obtained from Dakewe Biotech (China). 
Plasmids (pCMV-WT-Efnb2-HA, pCMV-WT-S40A-HA, pCMV-
WT-T183A-HA, and pCMV-WT-2A-HA) were synthesized by 
Suzhou Junji Gene Technology Co., Ltd. Protein A+G agarose 
was purchased from Beyotime (Shanghai, China). All chemicals 
were commercial products of analytical grade.   

Molecular docking simulations
   To identify potential fluorescent substrates targeting OGA, 
molecular docking simulations were carried out by means of 
AutoDock Vina (v1.1.2). The crystal structures of OGA (PDB 
IDs: 5TKE, 5M7U, 5VVU, 5VVT, and 5VVO) were retrieved 
from the PDB and prepared by removing crystallographic water 
and nonessential ligands, adding hydrogen atoms, and assigning 
Kollman united-atom charges. Fluorophores were selected based 
on OGA substrate preference, and their 3-dimensional (3D) 
structures were energy-minimized with ChemBio3D Ultra 14.0. 
A docking grid of 70 × 70 × 70 Å3 (spacing 0.375 Å) was centered 
on the catalytic pocket. The catalytic conformation was defined 
as the distance between the N-acetylglucosamine carbonyl car-
bon and the OGA active-site residue ASN-175. Protein–ligand 
interactions were visualized using PyMOL (v2.4) and Discovery 
Studio (2020). Virtual screening of naphthalimide derivatives 

was then conducted under default parameters using the OGA 
structure (PDB ID: 5VVO). The compound with the lowest cal-
culated binding energy was selected for synthesis and further 
experimental validation.   

Synthesis procedure and structural characterization 
of OGA probe candidates
The synthesis of compound NCO
   4-Bromo-1,8-naphthalic anhydride (2 g, 7.2 mmol) was dis-
solved in anhydrous ethanol, and then n-butylamine (1,069 ml, 
10.8 mmol) was added and reacted at 80 °C for 6 h. Solid pre-
cipitation can be observed. After the reaction was completed, 
it was cooled to room temperature, then concentrated, filtered, 
separated by column chromatography, and dried to obtain 
1.96 g of yellow powder (NB; yield: 82%). 1H NMR (400 MHz, 
CDCl3) δ 8.65 (dd, J = 7.3, 1.1 Hz, 1H), 8.56 (dd, J = 8.5, 1.1 Hz, 
1H), 8.41 (d, J = 7.8 Hz, 1H), 8.04 (d, J = 7.9 Hz, 1H), 7.84 
(dd, J = 8.5, 7.3 Hz, 1H), 4.21 to 4.13 (m, 2H), 1.77 to 1.65 (m, 
2H), 1.51 to 1.38 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR 
(101 MHz, CDCl3) δ 163.5, 133.0, 131.8, 131.0, 130.9, 130.5, 
130.0, 128.8, 127.9, 123.0, 122.1, 40.2, 30.0, 20.2, 13.7. HRMS 
(ESI, m/z): [M + H]+: calculated for C16H14BrNO2H

+ 332.0208, 
found 332.0277.

   Compound NB (1 g, 3 mmol) was dissolved in 50 ml of 
methanol. Then, potassium carbonate (622 mg, 4.5 mmol) was 
added. The reaction mixture was stirred at 80 °C for 8 h. After 
the reaction was completed, it was cooled in an ice-water bath, 
resulting in the precipitation of a large amount of yellow solid. 
The solid was filtered, washed with a large amount of water, 
and then dried under vacuum to obtain a yellow solid weighing 
792.4 mg (NCO; yield: 93%) (Fig. 11 ). 1H NMR (400 MHz, 
CDCl3) δ 8.60 (dd, J = 7.3, 1.3 Hz, 1H), 8.57 to 8.53 (m, 2H), 
7.70 (dd, J = 8.4, 7.3 Hz, 1H), 7.04 (d, J = 8.3 Hz, 1H), 4.19 to 
4.14 (m, 2H), 4.13 (s, 3H), 1.77 to 1.65 (m, 2H), 1.52 to 1.38 
(m, 2H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3) 
﻿δ 165.0, 164.5, 161.2, 133.9, 132.0, 129.8, 129.0, 126.4, 124.0, 
123.0, 115.6, 105.6, 56.7, 40.6, 30.7, 20.9, 14.3. HRMS (ESI, 
﻿m/z): [M + H]+: calculated for C17H17NO3H

+ 284.1208, found 
284.1287. The purity is 85.33% (Fig.  S13 A).           

The synthesis of compound NH
   Compound NCO (1.0 g, 3.53 mmol) was reacted in concen-
trated HI (excess) at 110 °C for 6 h. The reaction mixture was 
first cooled, then diluted with water, and extracted with dichlo-
romethane. The combined organic layers were washed with 
brine, dried over anhydrous Na2SO4, and concentrated in 
vacuo. The crude product was then recrystallized from ethyl 
acetate and petroleum ether to afford NH as a yellow solid (NH, 
906 mg, yield: 95%) (Fig. 12 ). 1H NMR (600 MHz, dimethyl 
sulfoxide-d6 [DMSO-d6]) δ 11.81 (s, 1H), 8.50 (d, J = 8.2 Hz, 

Fig. 11. Synthesis route of NCO.
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1H), 8.43 (d, J = 7.1 Hz, 1H), 8.32 (d, J = 8.2 Hz, 1H), 7.73 (t, 
﻿J = 7.8 Hz, 1H), 7.13 (d, J = 8.2 Hz, 1H), 4.00 (m, 2H), 1.58 (m, 
2H), 1.33 (dd, J = 14.8, 7.4 Hz, 2H), 0.91 (t, J = 7.3 Hz, 3H). 
﻿13C NMR (101 MHz, DMSO-d6) δ 163.6, 162.9, 160.2, 133.5, 
131.0, 129.1, 128.8, 125.5, 122.3, 121.8, 112.6, 109.9, 29.7, 19.8, 
13.7. HRMS (ESI, m/z): [M + H]+: calculated for C16H15NO3H

+ 
270.1052, found 270.1132. The purity is 97.98% (Fig.  S13 B).           

The synthesis of compound NAGN
   Compound NH (300 mg, 1.11 mmol) and 2-acetylamino-3,4,6-
triacetyl-2-deoxy-α-d-glucopyranosyl bromide (200 mg, 
0.49 mmol) were dissolved in dimethylformamide. Potassium 
carbonate (165 mg, 1.2 mmol) was added, and the reaction mixture 
was stirred at 80 °C for 12 h. The reaction mixture was cooled 
down to the ambient temperature, diluted using water, and 
thereafter underwent extraction with dichloromethane. The 
integrated organic layers were concentrated in vacuo to obtain 
a crude product. To this crude product, sodium methoxide 
(162 mg, 3 mmol) and tetrabutylammonium hydrogen sulfate 
(167 mg, 0.5 mmol) were added, and the mixture was stirred 
in methanol for 6 h. The product obtained was purified through 
column chromatography, giving rise to NAGN in the form of 
a white solid (NAGN, 85 mg; yield: 37%) (Fig. 13 ). 1H NMR 
(400 MHz, DMSO-d6) δ 8.48 (dd, J = 7.8, 4.6 Hz, 2H), 8.43 (d, 
﻿J = 8.3 Hz, 1H), 7.93 (d, J = 9.1 Hz, 1H), 7.83 (t, J = 7.8 Hz, 
1H), 7.46 (d, J = 8.3 Hz, 1H), 5.25 to 5.17 (m, 3H), 4.70 (t, J = 
5.8 Hz, 1H), 4.04 (td, J = 8.0, 7.5, 4.7 Hz, 3H), 3.79 (d, J = 4.1 Hz, 
1H), 3.61 to 3.51 (m, 3H), 1.83 (s, 3H), 1.63 to 1.57 (m, 2H), 
1.36 (h, J = 7.4 Hz, 2H), 0.94 (t, J = 7.3 Hz, 3H). 13C NMR 
(101 MHz, DMSO-d6) δ 169.8, 163.5, 162.8, 158.2, 132.8, 131.1, 
128.5, 128.2, 126.6, 123.0, 121.9, 115.5, 109.6, 99.8, 77.5, 73.5, 
70.1, 60.6, 55.1, 29.7, 23.1, 19.8, 13.7. HRMS (ESI, m/z): [M + 
H]+: calculated for C24H28N2O8H

+ 473.1846, found 473.1925. 
The purity is 96.56% (Fig.  S13 C).            

General procedure for monitoring OGA activity
   OGA activity was assayed in a 0.1-ml system containing 
100 mM phosphate-buffered saline (PBS; pH 7.4), enzyme, and 
probe (NAGN). The reaction was initiated by adding NAGN, 
incubated at 37 °C for 30 min in a shaking water bath, and then 
terminated with an equal volume of ice-cold acetonitrile. 
Fluorescence was measured using a SpectraMax iD3 microplate 
reader (Molecular Devices) at 450/550 nm. Alternatively, sam-
ples were centrifuged at 20,000 × g for 30 min and analyzed by 
HPLC–UV.   

Enzymatic hydrolysis of 4MU-GlcNAc and NAGN by 
OGA versus NAG
   To compare the specificity of NAGN and the commercial probe 
4MU-GlcNAc toward OGA and NAG enzymes, all assays were 
performed in 100 mM PBS (pH 7.4). Reactions (0.1 ml total 
volume) containing PBS and an equal concentration of the 
respective enzyme (0.1 μg/ml) were gently mixed. The reaction 
was initiated by adding the substrate at an identical concentration 
(50 μM). Fluorescence intensity was continuously monitored at 
37 °C for 60 min using a microplate reader (SpectraMax iD3, 
Molecular Devices, San Jose, USA) with excitation/emission 
wavelengths set at 365/445 nm for 4MU and 450/550 nm for NH.   

HPLC–UV analysis of both NAGN and its hydrolytic 
product NH
   Chromatographic separation of NAGN and its metabolite NH 
was achieved using an HPLC system (Shimadzu, Japan) com-
prising a CBM-20A system controller, an LC-20AD binary 
pump, an SPD-M20A UV detector, an SIL-20AC autosampler, 
and a Hypersil ODS C8 column (2.1 × 50 mm, 5 μm; Shimadzu). 
The mobile phase consisted of (A) 0.1% aqueous formic acid 
and (B) methanol. A gradient elution program was employed 
as follows: 0 to 0.01 min, 30% B; 0.01 to 0.5 min, 30% to 70% 
B; 0.5 to 4 min, 70% to 90% B; 4 to 5 min, 90% B; 5 to 5.05 min, 
90% to 30% B; and 5.05 to 7.5 min, 30% B. The total run time 
was 7.51 min, with a constant flow rate of 0.4 ml/min, and the 
column temperature was maintained at 40 °C. The purity of 
compounds was measured using a C18 column (2.1 × 150 mm, 
5 μm; Shimadzu), and other conditions were the same as above.   

Selectivity of NAGN toward OGA
   To determinate the selectivity of NAGN in detecting OGA, a 
series of hydrolases (OGA, DPP9, PREP, CES1, CES2, acetyl-
cholinesterase, butyrylcholinesterase, bovine testicular hyal-
uronidase, α-glucosidase, hyaluronidase, β-glucosidase, and 
NAG) and bovine serum albumin (each at a concentration of 
1 μg/ml) were individually incubated with the probe NAGN 
(10 μM, DMSO < 1%) at 37 °C for 30 min, respectively. The 
reaction was terminated with an equal volume of ice acetoni-
trile and then measured with a microplate reader (SpectraMax 
iD3) at excitation/emission wavelengths of 450/550 nm.   

Enzymatic kinetic analyses
   To determine the kinetic parameters of NAGN metabolism by 
recombinant human OGA and in HLC, incubation conditions 
were first optimized to ensure the linearity of metabolite forma-
tion with respect to both incubation time and protein concen-
tration. The reaction mixtures containing HLC (0.1 mg/ml) or 
OGA (0.2 μg/ml) in PBS were preincubated at 37 °C for 3 min, 

Fig. 12. Synthesis route of NH.

Fig. 13. Synthesis route of NAGN.
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then were initiated by adding NAGN at gradient concentrations 
(0 to 300 μM for HLC and 0 to 500 μM for OGA), and incu-
bated for 40 and 10 min, respectively; next, they were termi-
nated with an equal volume of ice-cold acetonitrile. Sample 
fluorescence was detected via a SpectraMax iD3 microplate 
reader (Molecular Devices, San Jose, USA) at 450-nm excita-
tion and 550-nm emission or quantified by HPLC–UV. The 
Michaelis–Menten equation ( Eq. (1) ) was fitted to the initial 
velocity data using GraphPad Prism 10.0 (GraphPad Software, 
San Diego, CA, USA) to obtain the kinetic parameters V max 
and K m. The results were visualized using Eadie–Hofstee plots. 
The intrinsic clearance (CL int) was calculated as the ratio of 
﻿V max to K m.
﻿﻿  

where V is the metabolic rate, V max is the maximum reaction 
velocity, K m is the Michaelis constant, and [S] is the substrate 
concentration.   

HTS of OGA inhibitors
   A NAGN-based screening platform was established to identify 
potential OGA inhibitors from natural products. The enzy-
matic reaction was performed in a 100-μl mixture containing 
PBS (100 mM, pH 7.4), OGA (0.2 μg/ml), and each test com-
pound (20 μM). Following preincubation at 37 °C for 3 min, 
the reaction was initiated by adding the fluorescent substrate 
NAGN (50 μM) and allowed to proceed at 37 °C for 30 min. 
The reaction was quenched with 100 μl of ice-cold acetonitrile, 
and fluorescence was measured using a SpectraMax iD3 
microplate reader (Molecular Devices, Austria) at excitation/
emission wavelengths of 450/550 nm. OGA residual activity 
(%) was calculated as (fluorescence with inhibitor/fluorescence 
of DMSO control) × 100%, and results were plotted using 
Origin 2021.   

Inhibitory mechanism of SA
   The inhibitor’s half-maximal inhibitory concentration (IC50) 
was first determined using a series of concentration gradients. 
Its specificity toward OGA was assessed by comparing its effect 
on OGA versus NAG activity. To evaluate TDI, SA was prein-
cubated with OGA for 3 or 33 min before the reaction started. 
The IC50 values obtained at these different preincubation times 
were compared; a significant increase in IC50 with longer pre-
incubation suggests TDI.

   To elucidate the inhibition mechanism, a series of reactions 
were performed in a 100-μl PBS-based system containing the 
substrate NAGN (20, 40, 60, and 80 μM) and SA at various final 
concentrations (0, 0.05, 0.2, 0.4, and 0.8 μM). The mode of 
inhibition was determined by analyzing the intersection pat-
terns in the Lineweaver–Burk plot. The inhibition constant (K i) 
was subsequently calculated by globally fitting the initial veloc-
ity data to the appropriate model for competitive ( Eq. (2) ), 
noncompetitive ( Eq. (3) ), or mixed ( Eq. (4) ) inhibition.

﻿﻿  

﻿﻿  

﻿﻿  

where V is the initial velocity of NAGN hydrolysis by OGA, V max 
is the maximum reaction velocity, S is the substrate (NAGN) con-
centration, I is the inhibitor (SA) concentration, K m is the 
Michaelis constant for NAGN, and K i is the inhibition constant.   

Inhibition profile of SA against other enzymes
   The inhibitory activity of SA (20 μM) against various hydrolases 
was assessed using their respective optical substrates under 
the following conditions: for CES1, human liver microsomes 
(HLMs) 0.5 μg/ml, N‑nitroso‑L‑methionine ethyl ester 20 μM, 
pH 6.5, bioluminescence; for CES2, HLMs 1 μg/ml, fluorescein 
diacetate 20 μM, pH 7.4, λ ex/em 480/525 nm; for human pancre-
atic lipase, purified enzyme 10 μg/ml, DDAO-ol 10 μM, Tris–
HCl pH 7.4, λ ex/em 600/660 nm; for PREP, mouse brain S9, 
ZGPB-DDAO 2 μM, pH 7.4, λ ex/em 600/650 nm; and for NAG, 
4MU-GlcNAc 2 μM, pH 7.4, λ ex/em 365/445 nm. Reactions were 
terminated with LDR (CES1) or acetonitrile (CES2, PL, PREP, 
and NAG) as appropriate.   

Molecular docking and MD simulation
   To elucidate the inhibitory mechanism of SA against OGA, a 
molecular docking simulation was performed using AutoDock 
Vina (version 1.1.2). The crystal structure of OGA (PDB ID: 
5VVO) was retrieved from the PDB. Prior to docking prepara-
tion, redundant crystal water molecules and nonessential 
ligands were removed, followed by hydrogen atom addition 
and assignment of Gasteiger–Marsili united-atom charges. 
The 3D structure of SA was constructed and subjected to 
energy minimization using ChemBio3D Ultra 14.0. A dock-
ing box with dimensions of 70 × 70 × 70 Å3 and a grid spacing 
of 0.375 Å was centered on the catalytic pocket of OGA for 
molecular docking calculation. The optimal conformation 
with the lowest binding energy was selected for subsequent 
visual analysis.

   The output conformation with the highest binding affinity gen-
erated by molecular docking is used as the initial file for MD simu-
lations. Each OGA–ligand complex was solvated in a dodecahedral 
TIP3P water box and neutralized with 0.15 M NaCl to achieve a 
physiological ionic strength of approximately 150 mM. The system 
underwent 50,000 steps of steepest-descent energy minimization, 
with a maximum force (E max) threshold of 1,000 kJ mol−1 nm−1. 
Equilibration was performed in 2 stages: first, 100 ps of NVT (con-
stant number of particles, volume, and temperature) heating from 
0 to 310 K with position restraints (k = 1,000 kJ mol−1 nm−2) 
applied to all heavy solute atoms, followed by 100 ps of NPT (con-
stant number of particles, pressure, and temperature) relaxation 
at 1 bar, with identical restraints maintained. The production MD 
simulations were executed for 100 ns under periodic boundary 
conditions at 310 K and 1 bar, employing a V-rescale thermostat 
and the Parrinello–Rahman barostat.   

Cell culture and imaging
   SH-SY5Y and related cell lines were cultured under standard 
conditions. After reaching 80% confluence in 6-well plates, cells 
were assigned to the control, model, and inhibitor groups, 
receiving the base medium with DMSO, MPP+/6-OHDA alone, 
or SA and MPP+/6-OHDA, respectively, for 24 h.   

(1)V =
Vmax × [S]

Km + [S]

(2)V =
Vmax × S

Km

(

1+ I∕Ki

)

+ S

(3)V =
Vmax × S

(

Km+S
)

×
(

1+ I∕Ki

)

(4)V =
Vmax × S

(

Km+S
)

×
(

1+ I∕�Ki

)
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Cytotoxicity assays
   The CTC, BEAS-2B, A549, HT-22, and SH-SY5Y cell lines, 
purchased from the Chinese Academy of Sciences Cell Bank, 
were cultured in a high-glucose Dulbecco’s modified Eagle 
medium (DMEM; HyClone, USA) containing 10% fetal bovine 
serum and 1% penicillin/streptomycin, in a humidified atmo-
sphere of 5% CO2 at 37 °C. When cells reached 80% confluence, 
they were trypsinized and seeded into 96-well plates at a density 
of 3,000 cells per well. After an overnight incubation, various 
concentrations of the compounds (NAGN, NH, and SA) were 
added to the wells. Following a 24-h incubation period, the Cell 
Counting Kit-8 reagent was introduced into each well. The 
plates were then incubated at 37 °C for 2 h, after which the 
absorbance at 450 nm was measured using a microplate reader.   

Fluorescence imaging
Cell imaging
   A549 and SH-SY5Y cells were seeded into 6-well plates and 
cultured for 24 h at 37 °C under 5% CO2. To determine the 
optimal probe incubation time, cells were treated with the sub-
strate for varying durations. Subsequently, A549 was cotreated 
with different concentrations of d-glucose or the OGA-positive 
inhibitor T-G for 24 h, followed by incubation with 10 μM 
NAGN for 8 h. After treatment, the cells were washed 3 times 
with PBS and imaged using a Cytation 5 imaging multimode 
microplate reader with a 10× objective.   

Fluorescence imaging in animal tissues
   For ex vivo incubation, fresh tissues (kidney, heart, liver, spleen, 
lung, and brain) were harvested from normal mice and placed in 
a culture dish. The tissues were incubated with the fluorescent 
probe NAGN (20 μM) in a PBS-based reaction system for 2 h at 
37 °C. Following incubation, the tissues were rinsed 3 times with 
PBS, immersed in a small volume of PBS for moisture retention, 
and immediately subjected to fluorescence imaging using a small-
animal imaging system (VISQUE InVivo Smart-LF). To investigate 
the in vivo distribution profile of the probe, mice received an intra-
peritoneal injection of NAGN (20 μM). At specified time intervals 
(0.5 and 4 h) postadministration, the mice were sacrificed, and 
relevant tissues were collected for ex vivo fluorescence imaging.    

siRNA transfection
   Cells were seeded into 6-well plates at a density of 5 × 105 cells/
well and cultured overnight to reach 60% to 70% confluence. 
SH-SY5Y cells were transfected with OGA-targeting siRNA, 
while HT-22 and BV2 cells were transfected with Efnb2-targeting 
siRNA using Lipo8000 reagent (Beyotime, China), according to 
the manufacturer’s instructions. Briefly, 100 pmol of siRNA and 
4 μl of Lipo8000 were separately diluted in 125 μl of Opti-MEM 
medium, gently mixed, and incubated for 20 min at room tem-
perature. The resulting transfection mixture was then added 
dropwise to the cells. A scrambled siRNA was used as the nega-
tive control, and the sequences of all siRNAs are provided in 
Table  S6 . Cells were incubated with the transfection mixture for 
36 h prior to subsequent experimental treatments and analyses. 
The efficiency of siRNA transfection was validated by WB.   

Overexpression of WT or mutant EphrinB2
   To perform the rescue experiments, Efnb2-knockdown BV2 and 
HT-22 cells were transfected with 5 μg of WT (pCMV-WT-Efnb2-
HA) or mutant plasmids. Following a 24-h incubation period, 

the cells were treated with MPP+ and with or without SA. 
Subsequently, the cells were harvested for IP or WB analysis.   

CHX chase assay
   To determine the effect of SA on the half-life of EphrinB2, BV2 
and HT-22 cells overexpressing WT or mutant EphrinB2 were 
seeded into 6-well plates. The cells were then treated with SA 
and CHX for 0, 2, 4, and 8 h, respectively. Subsequently, the 
cells were harvested and subjected to WB analysis.   

Animal experiments
   Male C57BL/6J mice (8 to 10 weeks old) were randomly divided 
into 4 groups (n = 5): control, MPTP (20 mg/kg), MPTP+SA 
(20 mg/kg), and MPTP+SA (40 mg/kg). After 6-d acclimation, 
SA or physiological saline was administered daily via intraperi-
toneal injection from day 7, as outlined in Fig.    5 C. Upon treat-
ment completion, mice underwent behavioral assessment in a 
quiet setting and were subsequently euthanized for tissue analysis. 
All procedures were approved by the Experimental Animal Care 
and Use Committee of the Shanghai University of Traditional 
Chinese Medicine (Approval No. PZSHUTCM2311130003) 
and conducted in accordance with institutional guidelines.   

Western blot
   Cellular and tissue lysates were extracted using radioimmuno-
precipitation assay (RIPA) buffer supplemented with phospha-
tase and protease inhibitors, with the total protein concentration 
determined by bicinchoninic acid (BCA) assay. Proteins were 
separated by Tris–glycine sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE; 10% or 12.5% gels) and 
transferred to polyvinylidene fluoride membranes. After block-
ing (protein-free rapid blocking buffer, 30 min), membranes were 
incubated with primary antibodies overnight at 4 °C, followed 
by secondary antibodies for 1 h at room temperature. Protein 
bands were visualized using Bio-Rad ChemiDoc Touch Imaging 
System with a chemiluminescent substrate and quantified with 
the ImageJ software. The following primary antibodies were 
used: anti-active GAPDH (Proteintech, 1:5,000); anti-TH 
(Proteintech, 1:3,000); anti-O-GlcNAc (PTMBIO, 1:500); and 
anti-p-ERK, anti-ERK, EphrinB2, EphB4 (Immunoway, 1:3,000).   

RNA isolation and qRT‑PCR
   Total RNA was isolated from 50 to 100 mg of murine brain tissue 
using the RNApure Tissue & Cell Kit per the manufacturer’s pro-
tocol, followed by complementary DNA synthesis with PrimeScript 
RT Master Mix (Takara). Quantitative polymerase chain reaction 
analysis was conducted on a QuantStudio 5 thermocycler (Thermo 
Fisher Scientific) using TB Green Premix Ex Taq, under the fol-
lowing cycling conditions: 95 °C for 30 s, 40 cycles of 95 °C for 5 
s, and 60 °C for 30 s. All quantitative real‑time polymerase chain 
reaction (qRT-PCR) primer sequences are listed in Table  S7 .   

ROS and MMP measurement
   The levels of ROS and MMP were detected using 2,7-dichloro-
dihydrofluorescein diacetate (DCFH-DA) and Rhodamine 123 
(Rh123). Cells or mouse brain lysates were incubated with 
10 μM DCFH-DA or Rh123 at 37 °C for 30 min. DCFH-DA 
or Rh123 was removed, and cells were washed 3 times with 
PBS. Fluorescence was measured using a fluorescence micro-
scope or microplate reader. The intensity of the fluorescence 
was qualified using ImageJ.   
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Tissue biodistribution assessment of SA
   To evaluate the bioavailability of SA, 35 mice were administered 
SA (20 mg/kg) via intraperitoneal injection. Blood samples 
were collected at 0 to 12 h post-dose (0, 0.5, 1, 2, 4, 8, and 12 h). 
The serum was separated by centrifugation and deproteinized 
with 3 volumes of acetonitrile; the supernatant was then sub-
jected to SA quantification. For the tissue distribution study, 
mice were euthanized at 0.5, 1, 2, 4, and 12 h after SA admin-
istration, and tissues (brain, heart, liver, spleen, lung, and kid-
ney) were rapidly excised. After surface moisture was gently 
blotted, each tissue sample was weighed, homogenized in PBS 
using grinding beads, and centrifuged. The resulting superna-
tant was deproteinized with 3 volumes of acetonitrile. SA 
concentrations in both serum and tissue supernatants were 
quantified by LC–MS/MS.

   For the pharmacokinetic study in PD model mice, the PD 
model was first established by intraperitoneal injection of MPTP 
(20 mg/kg daily) for 7 consecutive days. Subsequently, SA 
(20 mg/kg) was administered intraperitoneally, and blood and 
tissue samples were collected and processed as described above.   

LC–MS/MS analysis of SA
   Samples were analyzed using an LC–MS/MS system composed 
of a Shimadzu LC-20A liquid chromatograph (Kyoto, Japan) 
and an Applied Biosystems Sciex Qtrap 4500 mass spectrometer 
(Massachusetts, USA). Chromatographic separation was per-
formed on an Agilent Poroshell 120 SB-C18 column (2.1 mm × 
100 mm, 2.7 μm) with a mobile phase of solvent A (0.1% for-
mic acid in water) and solvent B (acetonitrile). The gradient 
program was as follows: 0.0 to 1.0 min, 35% to 98% B; 1.0 to 
2.5 min, 98% B; 2.5 to 2.6 min, 98% to 35% B; and 2.6 to 4.5 min, 
35% B. The flow rate was 0.35 ml/min. Mass spectrometric 
detection was performed in negative ion switching mode using 
multiple reaction monitoring (MRM). The ion source tempera-
ture was 500 °C, and the ion spray voltage was set to −4,500 V 
(negative). The nebulizer gas (GAS1) and auxiliary heating gas 
(GAS2) were both maintained at 30 psi, with the curtain gas at 
20 psi; nitrogen served as the gas source. The MRM transition 
of SA was set at parent ion m/z 861.2 to fragment ion m/z 386.0 
[  52 ], so the MRM transition for SA was defined as m/z 861.2 
→ 386.0 for targeted quantification, declustering potential 
(DP) −50.0 V, collision energy (CE) −55.0 eV; indomethacin 
(internal standard), m/z 356.2 → 312.2, DP −8.0 V, CE −12.0 eV. 
The Analyst software (AB Sciex, version 1.6.3) was used for 
data acquisition and peak integration.   

Behavioral tests
Open-field test
   The open-field test was performed in a white plexiglass arena 
(40 × 40 × 60 cm). Each mouse was placed in the center of the 
arena, facing away from the experimenter, after removal from 
the home cage. Its activity was recorded for a 10-min session 
using an overhead video camera. The total distance traveled 
and movement trajectories were subsequently analyzed using 
the ANY-maze video-tracking-based animal behavior analysis 
system (Stoelting, USA).   

Pole test
   Mice were acclimatized to the apparatus by being placed at the 
top of a vertical rough-textured pole (diameter: 1 cm; height: 
50 cm) and allowed to descend to the home cage twice. For the 

formal test, each mouse was placed head-up at the top of the 
pole, and the times to turn completely downward (T-turning) 
and to descend to the base (T-climbing) were recorded. Each 
mouse underwent 2 to 3 trials with a 5-min inter-trial interval, 
and the average performance across trials was calculated for 
statistical analysis.    

ELISA for the detection of inflammatory factors
   Mouse brain tissues were harvested and rinsed with ice-cold 
PBS and then homogenized in PBS containing protease inhibi-
tor cocktail. The supernatant was collected as brain S9 fraction 
and stored at −80 °C. The total protein concentration was deter-
mined by BCA assay for data normalization. The levels of TNF-
α, IL-6, and IL-10 were detected using commercial mouse 
ELISA kits following the manufacturer’s protocols. Standard 
series, sample, and blank control wells were arranged. After 
incubation at 37 °C and plate washing, enzyme-conjugated 
secondary antibody was added, followed by chromogenic reac-
tion in the dark. The absorbance at 450 nm was measured with 
a microplate reader. Cytokine concentrations were calculated 
according to the standard curve and expressed as picograms 
per microgram protein.   

Intervention experiment with the  
EphB4-specific inhibitor
   BV2 microglial cells were used to establish an MPP+-induced 
PD cell model, with the EphB4-specific inhibitor NVP-BHG712 
used for intervention. Four groups were set: control (DMSO), 
MPP+ model (only MPP+ induction), SA intervention (MPP+-
induced PD model treated with SA), and SA+NVP-BHG712 
combined intervention (MPP+-induced PD model cotreated 
with SA and NVP-BHG712). All cells were cultured in DMEM 
with 10% fetal bovine serum at 37 °C and 5% CO2, seeded into 
6-well plates at the logarithmic growth phase for 24 h, then 
subjected to grouped drug intervention, further cultured for 
24 h, and harvested for mRNA detection.   

IP assays
   Cells were seeded into 10-cm dishes and treated with SA or the 
vehicle as indicated. After treatment, cells were washed twice 
with ice-cold PBS and lysed in RIPA buffer (50 mM Tris–HCl, 
pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 
0.1% SDS) supplemented with a protease inhibitor cocktail. 
Cell lysates were sonicated briefly and centrifuged at 12,000 × 
g for 15 min at 4 °C. The supernatant was collected, and the 
protein concentration was determined using a BCA assay. For 
IP, 500 μg of total protein (in a 100-μl lysate volume) was incu-
bated with 2 μg of anti-EphrinB2 antibody overnight at 4 °C 
with gentle rotation. Protein A/G agarose beads were then 
added to capture the antigen–antibody complexes for 3 h at 
4 °C. The beads were collected and washed 5 times with ice-cold 
lysis buffer. Finally, the bound proteins were eluted by boiling 
in 1× SDS-PAGE loading buffer for 10 min and subjected to 
subsequent WB analysis.   

Hematoxylin and eosin staining and 
immunohistochemistry staining
   Mouse tissues were fixed in 4% formalin, paraffin-embedded, 
and processed for hematoxylin and eosin staining and immuno-
histochemistry as previously described. For hematoxylin and 
eosin staining, paraffin sections (4 to 5 μm) were baked at 65 °C 
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for 1 h, dewaxed in xylene, and rehydrated through a descending 
ethanol series (100%, 95%, and 70% ethanol). Sections were sub-
jected to hematoxylin staining for a period of 5 to 10 min. 
Subsequently, they were differentiated in a 1% hydrochloric acid–
alcohol solution and rinsed with tap water until a blue hue was 
achieved. They were then counterstained with eosin for 2 to 
5 min. Following dehydration and clearing, sections were cov-
erslipped with neutral balsam and observed by light microscope. 
For immunohistochemistry staining, dewaxed and rehydrated 
sections underwent antigen retrieval by heating in 10 mM 
citrate buffer (pH 6.0) followed by preincubation for 1 h with 
normal goat serum to block nonspecific binding. Sections 
were incubated overnight at 4 °C with primary antibodies 
against TH (Proteintech Group, Inc.) or O-GlcNAc (PTMBIO, 
China). After washing, bound antibodies were detected using 
appropriate secondary antibodies, followed by visualization 
with NovaRed or diaminobenzidine chromogen. After coun-
terstaining with hematoxylin, sections were dehydrated, cleared, 
and mounted.   

Proteomics analysis
Protein extraction and digestion
   Mouse brain tissues were collected and dissected to isolate the STR 
on ice and then stored at −80 °C until use. Tissues were homoge-
nized in a cold lysis buffer (8 M urea, 1% protease inhibitor cocktail, 
and 1% phosphatase inhibitor). The homogenate was centrifuged 
at 12,000 × g for 15 min at 4 °C, and the supernatant was collected 
for protein concentration determination by BCA assay. For each 
sample, an aliquot containing 100 μg of protein was reduced with 
10 mM dithiothreitol at 37 °C for 1 h, alkylated with 20 mM iodo-
acetamide in the dark for 30 min, and then diluted with 50 mM 
ammonium bicarbonate to reduce the urea concentration to below 
1 M. Trypsin was added at a 1:50 (enzyme-to-protein) ratio for 
overnight digestion at 37 °C. The resulting peptides were desalted 
using C18 solid-phase extraction cartridges, vacuum-dried, and 
reconstituted in 0.1% formic acid for LC–MS/MS analysis.   

DIA-based nano-LC–MS/MS analysis
   The digested peptides were separated on a nanoElute UHPLC 
system (Bruker Daltonics) using a reversed-phase C18 column 
(25 cm × 75 μm, 1.6-μm particle size). The gradient was set from 
2% to 22% acetonitrile (in 0.1% formic acid) over 90 min at a 
flow rate of 300 nl/min. MS analysis was performed on a timsTOF 
Pro 2 instrument (Bruker Daltonics) coupled with the nanoElute 
system. For data-independent acquisition (DIA), a 100-ms 
trapped ion mobility spectrometry accumulation time and a 
mass range of 100 to 1,700 m/z were used. The DIA scheme was 
designed with variable isolation windows covering the entire m/z 
range, and each window was acquired with a CE ramp. A spectral 
library was constructed from data-dependent acquisition runs 
of pooled samples, which were processed using MaxQuant (ver-
sion 2.4.0) against the UniProt mouse database.   

Data processing and bioinformatics
   The DIA raw data were analyzed with Spectronaut (version 18.0) 
using the previously generated spectral library. Default settings 
were applied for cross-run normalization, interference cor-
rection, and protein identification. Proteins were quantified 
based on the summed intensity of their top 3 precursor ions, 
and only proteins with at least 2 unique peptides were retained 
for downstream analysis. Statistical analysis was performed 

using the Perseus software (version 2.0.10): proteins with a 
fold change >1.2 or <0.83 and a P value <0.05 (Student t test) 
were considered differentially expressed. Functional annota-
tion and pathway enrichment analysis were conducted with 
the clusterProfiler package in R, based on Gene Ontology and 
KEGG databases.   

Identifying the O-GlcNAcylation sites of EphrinB2
   Briefly, 50 μg of mouse or human EphrinB2 was incubated with 
6 μg of OGT and 500 μM UDP-GlcNAc in a 100-μl reaction 
buffer (50 mM Tris–HCl, pH 7.4, 12.5 mM MgCl2) for 4 h at 
37 °C. Following tryptic digestion, the peptides were desalted 
using C18 solid-phase extraction cartridges and subjected to 
LC–MS/MS for O-GlcNAcylation site mapping. Peptide mix-
tures were analyzed by an EASY-nLC 1200 nano-LC system 
coupled to a Q Exactive HF-X Orbitrap mass spectrometer. 
Peptides were loaded onto a reversed-phase analytical column 
and separated using a binary solvent system (solvent A: 0.1% 
formic acid in water; solvent B: 80% acetonitrile with 0.1%) via 
a linear gradient, followed by high organic phase elution for 
column washing at a set flow rate. The mass spectrometer was 
operated in data-dependent acquisition mode. Full MS scans 
were acquired in the Orbitrap (m/z 350 to 1,500, resolution 
60,000) with an automatic gain control (AGC) target of 3 × 106 
and the specified maximum injection time. The top 15 intense 
precursor ions were subjected to higher‑energy collisional dis-
sociation fragmentation; MS/MS spectra were acquired at a 
resolution of 15,000 or 30,000, with the specified AGC target, 
the maximum injection time, and normalized CE, with dynamic 
exclusion enabled. Raw MS files were processed by the Proteome 
Discoverer software. MS/MS spectra were searched against 
a custom FASTA database (mouse/human EphrinB2 protein 
sequences + common contaminant sequences) using Sequest 
HT. Trypsin was used with up to 3 missed cleavages; fixed 
modification: cysteine carbamidomethylation; variable modi-
fications: methionine oxidation, protein N-terminal acetyla-
tion, and serine/threonine GlcNAc modification (+203.0794 
Da). Precursor/fragment ion mass tolerances were 10 ppm and 
0.02 Da, respectively; peptide-spectrum matches were filtered 
by Percolator (false discovery rate 1%). Candidate EphrinB2 
GlcNAc-modified peptides were manually verified based on 
MS/MS spectral quality, fragment coverage, and diagnostic 
GlcNAc fragment ions (m/z 204.0867). O-GlcNAcylation site 
localization was assessed via site-determining fragment ions 
and ptmRS probability (when available); only high-confidence 
peptide-spectrum matches with clear site-localizing fragments 
were considered specific GlcNAc sites.     
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