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A chemo-selective deprotection–cyclization strategy enables 
fluorescent imaging of hydroxylamine and reveals its pathologic 
role in Parkinson’s disease 
Shunping Zang,a† Jia Ke, b† Hanbing Zheng,a Qing Liu,a Liu Yang,a Chaoyi Yao,*a Benhua Wang,*a 
Minhuan Lan,a and Xiangzhi Song*a

Hydroxylamine (HA), a reactive nitrogen species generated by neuronal nitric oxide synthase (nNOS), has been largely 
overlooked in neurodegenerative disorders. Herein, we report the first identification of HA overexpression in Parkinson’s 
disease (PD) and elucidate its pathological role using chemo-selective fluorescence imaging combined with proteomic 
analysis. A general HA-responsive probe platform was developed by introducing a 1-(4,4-dimethyl-2,6-
dioxacyclohexylidene)ethyl (Dde) unit as a highly specific HA-recognition motif. Among the resulting probes, DCI-HA-2 
exhibited remarkable sensitivity, fast response, and excellent selectivity toward HA. Using DCI-HA-2, elevated HA levels were 
visualized in PD cells, PD model mice, and brain tissues for the first time. Mechanistically, nNOS-derived HA suppresses 
cystathionine β-synthase (CBS) expression, leading to impaired hydrogen sulfide (H2S) biosynthesis, and simultaneously 
induces adenosine-5’-triphosphate (ATP) depletion, thereby disrupting adenosine 5′-monophosphate-activated protein 
kinase (AMPK) signaling in PD pathology. This work identifies HA as a previously unrecognized pathological regulator in PD, 
and establishes a powerful chemical strategy for probing HA-associated pathological processes in complex biological systems.

Introduction
Accumulating evidence suggestes that reactive nitrogen species 
(RNS) derived from neuronal nitric oxide synthase (nNOS) have 
been closely implicated in Parkinson's disease (PD) 
pathogenesis, a progressive neurodegenerative disorder 
without effective therapeutic intervention.1-6 While canonical 
RNS such as nitric oxide (NO), nitroxyl (HNO), and peroxynitrite 
(ONOO-) have been extensively investigated in PD, 
comparatively little attention has been devoted to 
hydroxylamine (HA), an important downstream metabolite 
intimately linked to nNOS-associated nitrogen redox 
pathways.7-9 Emerging studies reveal that elevated level of HA 
can inhibit cystathionine β-synthase (CBS) and succinate 
oxidase activity.10-12 HA has also been reported to possess a 
neurological relaxation effect.13 Despite these observations, the 
exact level of HA in PD and how it may contribute to PD 
progression remain unknown. The limited exploration of HA in 
PD is largely due to the lack of reliable methods for HA selective 
detection in complex pathological conditions. 

Fluorescence imaging has emerged as a powerful tool for 
biomarker detection and therapeutic evaluation in neurological 

diseases owing to its high sensitivity, selectivity, 
noninvasiveness, and in situ imaging capability.14-19 However, 
selective HA recognition remains a challenge, as HA is a highly 
reactive nitrogen-containing nucleophile that coexists with 
numerous endogenous interferents. To date, only a few 
fluorescent probes for HA detection have been reported (Table 
S1), and most rely on the nucleophilic addition or condensation 
with electrophilic motifs.20-25 Although such designs are 
synthetically accessible, they often suffer from cross-reactivity 
with endogenous nucleophiles, including hydrogen sulfide 
(H2S), thiols, sulfur dioxide derivatives, and ONOO-.26-29 For 
example, probe 1 responds to both HA and H2S, while the HA 
probe RhChr displays cross-reactivity toward ONOO- (Table 
S1).30, 31 Therefore, the development of a fundamentally distinct 
recognition mechanism that enables highly selective detection 
of HA for elucidating its fluctuation and mechanistic 
examination in PD is highly desirable.

Inspired by classic deprotection chemistry, we turn our 
attention to the 1-(4,4-dimethyl-2,6-
dioxacyclohexylidene)ethyl (Dde) group, an amine-protecting 
moiety that undergoes selectively cleavage by HA under mild 
conditions.32, 33 Based on this unique reactivity, we envisioned 
that the Dde motif could be repurposed as a HA-specific 
chemical trigger in living systems. Such a strategy exploits the 
intrinsic and preferential reactivity of HA toward Dde 
deprotection, which averts the interfere from biological 
nucleophilic species.34 Additionally, when coupled to 
fluorophores bearing masked electron-donating groups, HA-
mediated Dde cleavage can initiate an intramolecular 
cyclization cascade, resulting in fluorophore release and signal
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Scheme 1 Design strategy for HA-activated fluorescent probes and schematic illustration of elucidating its pathologic role in PD.

amplification. This deprotection–cyclization mechanism offers a 
conceptually generalizable platform for HA-selective probe 
development.

Herein, we report a chemo-selective “deprotection–
cyclization” strategy for HA recognition based on Dde chemistry 
and  establish a general fluorescent probe platform applicable 
to multiple fluorophore scaffolds (Scheme 1). The optimized 
probe, DCI-HA-2, enabled rapid, sensitive, and exceptional 
selective detection of HA in cells and in vivo. Using this probe, 
we achieved, for the first time, the real-time imaging of 
elevated HA levels in PD focal cells and PD model mice. 
Importantly, by integrating fluorescence imaging with 
proteomic analysis, we uncovered a previously unrecognized 
pathogenic pathway in which nNOS-derived HA suppresses the 
expression of CBS, leading to reduced cellular H2S production, 
and concurrently induces ATP depletion with subsequent 
downregulation of the AMPK signaling pathway during PD 
progression. Overall, this study not only provides a chemo-
selective strategy for HA detection, but also unveils HA-
associated pathogenic mechanisms in PD, thereby opening new 
avenues for improved pathological research and targeted 
therapeutic intervention.

Results and discussion

Molecular design and synthesis of probes

To enable deeper brain imaging in PD models, the 
dicyanoisophorone (DCI) fluorophore was first selected as the 
fluorophore due to its favorable blood-brain barrier (BBB) 
permeability and red-emission optical properties.35, 36 To 
further optimize probe's kinetics and sensitivity, a series of Dde-
protected probes (DCI-HA-n, n = 1-4) with different linker 
lengths between the free amine and the carbonyl group were 
synthesized (Schemes S1 and S2) for investigations. Upon 
exposure to HA, the Dde-protected amine is first deprotected 
to generate a free primary amine (Step 1), which subsequently 
initiates intramolecular nucleophilic cyclization and releases the 
active fluorophore (Step 2), thereby restoring fluorescence 
(Scheme 2). All compounds were fully characterized by HRMS, 
1H NMR and 13C NMR spectroscopy (Figs. S29-S68).
Photophysical properties and response mechanism of probes 
towards HA

The photophysical properties and response kinetics of probes 
DCI-HA-n towards HA were first investigated in PBS buffer (10.0 
mM, pH = 7.40, containing 1% DMSO). As seen in Figs. 1A-1D, in 
the absence of HA, all probes displayed a characteristic 
absorption peak around 395 nm. Upon addition of HA (10.0 
μM), DCI-HA-2, DCI-HA-3, and DCI-HA-4 displayed a 
pronounced red shift to 470 nm, indicative of Dde deprotection 
and subsequent structural transformation, whereas DCI-HA-1 
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Scheme 2 Investigation and proposed process of HA recognition in probes with various length cleavable linkers.

exhibited almost no spectral change, hinting ineffective 
cyclization due to its short linker. Correspondingly, DCI-HA-2, 
DCI-HA-3 and DCI-HA-4 showed obvious fluorescence emission 
at 675 nm, with 31.0-fold, 27.7-fold and 19.3-fold fluorescence 
enhancement, respectively. In addition, the response rate of 
these probes was strongly dependent on the length of the 
cleavable linker, following the order: DCI-HA-2 (30.0 min) > DCI-
HA-3 (45.0 min) > DCI-HA-4 (120 min) (Fig. S1).

To verify the proposed sensing mechanism, HRMS analysis 
was performed. As illustrated in Figs. S2-S5, the mass peaks at 
[M+H]+ = 180.1025 and [M + Na]+ = 202.0844 correspond to the 
expected deprotected product, Dtbo (Scheme 2, M = 179.0946), 
confirming HA-mediated cleavage of the Dde group. For the 
mixture of DCI-HA-1 with HA, a peak at m/z = 380.1768 was 
observed, corresponding to the expected intermediate DCI-HA-
1-NH2, consistent with its inability to undergo intramolecular 
cyclization (Fig. S2). In contrast, cyclic intermediates and the 
released fluorophore DCI-OH were observed in the mixtures of 
DCI-HA-2, DCI-HA-3, and DCI-HA-4 with HA, respectively, 
validating the proposed cyclization–release mechanism (Figs. 
S3-S5). The variation in response times among DCI-HA-2, DCI-

HA-3, and DCI-HA-4 is attributed to inker-length-dependent 
intramolecular reaction rates.37-39 Among these probes, DCI-
HA-2 exhibited the most favorable response characteristics and 
was selected for further studies.

Subsequently, we systematically investigated the spectral 
response of DCI-HA-2 towards HA. As shown in Fig. 1E, the 
fluorescence intensity at 675 nm gradually increased after 
adding HA (0-50.0 μM). A good liner relationship between 
fluorescence intensity and HA concentration was observed in 
the range of 0-20.0 μM, and the limit of detection (LOD) was 
calculated to be 21.6 nM (Fig. 1F). To validate the specificity, the 
fluorescence responses of DCI-HA-2 toward various biologically 
relevant species were examined. As shown in Fig. 1G, common 
metal ions (Fe3+, Fe2+, Zn2+, Mg2+, Cu2+ and Ca2+), reactive sulfur 
species (HSO3-, SO32-, S2O32- and S2-), reactive oxygen species 
(H2O2, ·OH, O2·- and HOCl), reactive nitrogen species (NO2-, NO3-

, ONOO-, HNO and NO), biothiols (Cys, Hcy, GSH, GSSG), and L-
arginine induced negligible fluorescence changes, whereas HA 
triggered a pronounced fluorescence enhancement. Moreover, 
the fluorescence response of DCI-HA-2 toward HA was not 
affected in the presence of these potential interferents (Fig. S6).

Fig. 1 Absorption (dotted lines) and fluorescence (solid lines) spectra of DCI-HA-n (10.0 μM) before (blue lines) and after (red lines) 
addition of HA (10.0 μM) for 30.0 min. (A) DCI-HA-1, (B) DCI-HA-2, (C) DCI-HA-3 and (D) DCI-HA-4. (E) Fluorescence spectra of DCI-
HA-2 (10.0 μM) with increasing HA concentrations (0-50.0 μM). (F) Linear relationship between fluorescence intensity at 675 nm 
and HA concentration (0-20.0 μM). (G) Fluorescence intensity at 675 nm of DCI-HA-2 (10.0 μM) towards various bioactive 
substances (1~26: Blank, Fe3+, Fe2+, Zn2+, Mg2+, Cu2+, Ca2+, HSO3-, SO32-, S2O32-, S2-, H2O2, ·OH, O2·-, HOCl, NO2-, NO3-, ONOO-, HNO, 
NO, Cys, Hcy, GSH, GSSG, L-arginine and HA; other species at 20.0 μM, GSH at 1.0 mM). (H) Fluorescence intensity at 675 nm of 
DCI-HA-2 (10.0 μM) towards HA (20.0 μM) in various pH values buffer. Data are expressed as mean ± SD, n = 3. λex = 480 nm. Test 
media: PBS buffer (pH = 7.40, 10 mM) with 1% DMSO.
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Fig. 2 Molecular structures of probes and their concentration-dependent fluorescence responses toward HA (0-50.0 μM): (A) Cou-
HA, (B) Fluo-HA, and (C) Naph-HA, respectively. Probe concentration: 10.0 μM. Linear relationship between fluorescence intensity 
of (D) Cou-HA at 460 nm, (E) Fluo-HA at 525 nm, and (F) Naph-HA at 555 nm to HA concentration. λex = 405 nm for Cou-HA, λex = 
450 nm for Fluo-HA, and λex = 420 nm for Naph-HA. Test media: PBS buffer (pH = 7.40, 10 mM) with 1% DMSO.

Despite N2H4 is the other reagent that can deprotect Dde (Fig. 
S7). However, N2H4 is unlikely to interfere the detection of HA 
by using DCI-HA-2 because N2H4 is not present in most living 
systems. The performance of DCI-HA-2 under physiological 
environment was further investigated. As seen in Fig. 1H, DCI-
HA-2 remained good stability over a broad pH range, and a 
significant fluorescence increase was observed upon HA 
addition in the pH range of 7.00-9.00, indicating its suitability 
for HA detection in living systems. Therefore, these results 
verify that DCI-HA-2 enables highly sensitive and selective 
detection of HA under biological conditions, highlighting its 
potential for real-time imaging of HA dynamics in living cells and 
brain.

To further verify the universality of the design strategy, 
coumarin, fluorescein, and naphthalimide fluorophores were 
employed to develop HA-activated probes, namely Cou-HA, 
Fluo-HA, and Naph-HA (Fig. 2).Their synthetic routes are shown 
in Scheme S3 and their fluorescence behaviors of these probes 
toward HA were investigated. As seen in Figs. 2A-2C, all three 
probes presented marked fluorescence enhancements at 460 
nm, 525 nm and 555 nm, respectively, upon the addition of HA, 
accompanied by corresponding absorption changes (Fig. S8). 
Moreover, each probe exhibited a good linear fluorescence 
response toward HA: 0-15.0 μM with R2 = 0.9903 for Cou-HA 
(Fig. 2D), 0-10.0 μM with R2 = 0.9908 for Fluo-HA (Fig. 2E), and 
0-20.0 μM with R2 = 0.9919 for Naph-HA (Fig. 2F). The LOD 
values were determined as 68.7, 467.0, and 92.9 nM, 
respectively. In addition, all three probes exhibited high 
selectivity (Fig. S9), anti-interference performance (Fig. S10) 
and good photostability (Fig. S11). Overall, these results confirm 
that the Dde-COOH-2 moiety serves as a robust and versatile 
chemoselective handle for constructing HA-responsive probes.
Fluorescence imaging of exogenous and endogenous cellular HA

Low cytotoxicity and good biocompatibility are crucial for 
fluorescent probes used in cellular and brain imaging. To 
evaluate these, the cytotoxicity of DCI-HA-2 was examined by 
MTT assays. As seen in Fig. S12, PC-12 cells treated with DCI-HA- 

Fig. 3 Fluorescence imaging of exogenous and endgenous HA in 
PC-12 cells. (A) Cells were incubated with various 
concentrations of HA (0, 5.0, 10.0, 20.0 and 40.0 μM) for 1 h and 
then stained with DCI-HA-2 (10.0 μM) for 30 min. (B) 
Quantification of mean fluorescence intensity corresponding to 
panel (A). (C) PC-12 cells subjected to different pre-treatments 
before incubation with DCI-HA-2 (10.0 μM) for 30 min. (C1- C3) 
Cells incubated with L-arginine (0, 50.0 and 100 μM) for 4 h. (C4 
and C5) Cells pre-incubated with 7-nitroindazole (10.0 and 20.0 
μM) for 8 h, followed by L-arginine (100 μM) for 4 h. (D) 
Quantification of mean fluorescence intensity corresponding to 
panel (C). λex = 488 nm, λem = 620-720 nm. Scale bar = 50.0 μm. 
Error bars represent SD, n = 3. **** p<0.0001, ** p<0.01, * 
p<0.05.
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2 (10.0 μM) for 24 h exhibited a viability of 93.6%. Moreover, 
hematoxylin-eosin (H&E) staining indicated no discernible 
histological or morphological differences between the sham 
group and the probe-treated group (Fig. S13), confirming the 
biocompatibility of DCI-HA-2. We firstly investigated the ability 
of DCI-HA-2 to visualize the fluctuations of exogenous HA in 
living cells. As depicted in Fig. 3A, PC-12 cells incubated with 
DCI-HA-2 alone exhibited faint red fluorescence, indicating a 
low intrinsic level of intracellular HA under normal conditions. 
In contrast, when cells were pre-incubated with increasing 
concentrations of HA (0.0, 5.0, 10.0, 20.0 and 40.0 μM) prior to 
DCI-HA-2 staining, the red fluorescence intensity increased 
progressively (Fig. 3B), implying that DCI-HA-2 is capable of 
sensitively monitoring exogenous HA levels in living cells. Next, 
we evaluated the capability of DCI-HA-2 to track endogenous 
HA production.

L-arginine was used as a precursor for endogenous HA 
generation via nNOS-catalyzed reaction,40 while 7-
nitroindazole, a selective inhibitor of nNOS, was used to 
suppress HA production.41 As shown in Fig. 3C, incubation of PC-
12 cells with L-arginine (50.0 and 100.0 μM) led to a marked 
enhancement of red fluorescence, corresponding to 6.81-, and 
9.98-fold increase, respectively, confirming the endogenous 
nNOS-mediated generation of intracellular HA. However, pre-
treatment of cells with 7-nitroindazole (10.0 and 20.0 μM), 
followed by stimulation with L-arginine (100 M), led to a 
pronounced attenuation of fluorescence signals to 0.18- and 
0.12-fold, respectively (Fig. 3D), suggesting effective inhibition 
of nNOS-dependent HA generation. These results indicate that 
DCI-HA-2 can sensitively monitor endogenous HA fluctuations 
in living PC-12 cells under pharmacological modulation.
Fluorescence imaging of HA change in PD model cells

To further evaluate the HA dynamics under PD pathological 

Fig. 4 (A) Fluorescence imaging of PD model cells following 
different pre-treatments and subsequent incubation with DCI-
HA-2 (10.0 μM) for 30.0 min: (A1) control; (A2) 1.00 mM MPP+ 

for 24 h; (A3) 2.00 mM MPP+ for 24 h; (A4) 1.00 mM 6-OHDA for 
12 h; (A5) 2.00 mM 6-OHDA for 12 h; (A6) 5.00 μM rotenone for 
1 h; (A7) 10.0 μM rotenone for 1 h. (B) Quantification of mean 
fluorescence intensity corresponding to panel (A). λex = 488 nm, 
λem = 620-720 nm. Scale bar = 50.0 μm. Error bars represent SD, 
n = 6. **** p<0.0001, *** p<0.001.

conditions, PD cell models were established by exposing PC-12 
cells to several neurotoxins, including 1-methyl-4-
phenylpyridinium iodide (MPP+), 6-hydroxydopamine (6-
OHDA), and rotenone, which are known to induce dopaminergic 
neuron loss.42 As shown in Fig. 4A, cells treated with each 
neurotoxin exhibited greatly enhanced red fluorescence 
compared with the control group, implying elevated 
intracellular HA levels in PD model cells. Quantitative analysis 
indicated that treatment with MPP+ (2.00 mM) resulted in a 
6.92-fold increase in fluorescence intensity, while 6-OHDA (2.00 
mM) and rotenone (10.0 M) led to 5.95- and 5.63-fold 
increases, respectively (Fig. 4B). In addition, the elevation of HA 
was also observed in PD model SH-SY5Y cells and BV2 cells (Fig. 
S14). These findings convincingly demonstrate that HA is 
upregulated in PD model cells and further demonstrate that 
DCI-HA-2 can reliably monitor intracellular HA fluctuations 
under PD-related pathological conditions.

Fluorescence imaging of HA variation in PD model mice

To investigate the intracerebral level of HA in PD conditions, PD 
model mice were established via intraperitoneal injection of 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) for 7 
consecutive days. DCI-HA-2 was then administered via tail vein 
injection to each group (n = 6 per group), and HA levels were 
evaluated by in vivo fluorescence imaging. As illustrated in Fig. 
5A and S15, PD mice displayed markedly stronger fluorescence 
in the brain compared with the wild-type group, with intensity 
gradually increasing over time during blood circulation. After 12 
h, the fluorescence intensity in the brains of PD mice was up to 
2.05-fold compared with the control group (Fig. 5B). Then, brain 
tissues from each group were collected after euthanasia and 
subjected to imaging. As seen in Fig. S16, fluorescence imaging 
of brain tissue presented a 2.15-fold increase in PD mice 
compared with wild-type mice. In contrast, imaging of major 

Fig. 5 (A) Fluorescence imaging of HA in wild-type and PD model 
mice after tail vein injection of DCI-HA-2 (200 μg/kg). (B) 
Quantification of mean fluorescence intensity in panel (A). (C) 
Fluorescence imaging of HA in brain tissue slices of the corpus 
striatum and substantia nigra. (D, E) Quantification of mean red 
fluorescence intensity in the corpus striatum and substantia 
nigra. Red channel: DCI-HA-2, λex = 488 nm, λem = 620-720 nm. 
Scale bar = 1.00 mm. Error bars represent SD, n = 6. *** p<0.001.
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Fig. 6 Volcano maps of differentially expressed proteins for (A) PD group vs control group, and (B) 7-nitroindazole-treated PD group 
vs PD group. (C) GO enrichment analysis of differentially expressed proteins in the 7-nitroindazole treatment vs PD group. (D) 
Fluorescence images of PD model cells subjected to different pre-treatments before incubation with DCI-HA-2 (10.0 μM) and N-
H2S (10.0 μM) for 30.0 min: (D1) control; (D2) 1.00 mM MPP+ for 24 h; (D3) 2.00 mM MPP+ for 24 h; (D4) 7-nitroindazole (10.0 μM) 
for 8 h, followed by MPP+ (2.00 mM) for 24 h; (D5) 7-nitroindazole (20.0 μM) for 8 h, followed by MPP+ (2.00 mM) for 24 h; (D6) 
tyrosol (0.50 mM) for 24 h, followed by MPP+ (2.00 mM) for 24 h; (D7) tyrosol (1.00 mM) for 24 h, followed by MPP+ (2.00 mM) 
for 24 h. (E) Quantification of mean fluorescence intensity in panel (D). (F) Western blots analysis of nNOS and CBS expression in 
cells from panel (D). (G) Semi-quantitative analysis of nNOS and CBS levels in (F). (H) Schematic illustration of HA-mediated 
regulation of cellular H2S production in PD cells. Green channel, N-H2S, λex = 405 nm, λem = 450-550 nm. Red channel, DCI-HA-2, λex 
= 488 nm, λem = 620-720 nm. Scale bar = 50.0 μm. Error bars represent SD, n = 3. **** p<0.0001, *** p<0.001, ** p<0.01.

organs showed minimal probe accumulation (Fig. S17), except 
in metabolic organs such as the liver and kidney, suggesting 
good BBB permeability and brain enrichment of DCI-HA-2. 
Additionally, the pharmacokinetic study of DCI-HA-2 was 
investigated by collecting plasma and brain tissues. As seen in 
Fig. S18 and Table S2, the half-life time of DCI-HA-2 was 5.34 h 
in the plasma and 9.44 h in the brain, suggesting relatively long 
systemic circulation time. Meanwhile, tissue distribution and 
clearance kinetics in liver and kidney were further evaluated. As 
depicted in Figs. S19 and S20, DCI-HA-2 was mainly distributed 
in liver and kidney, with higher accumulation in liver than 
kidney. The clearance rates in liver and kidney were 1.11 

mL/min and 3.68 mL/min, respectively, suggesting the renal 
excretion is the primary clearance pathway (Table S3). Given the 
pathological relevance of the corpus striatum and substantia 
nigra in PD,43 brain slices were prepared and stained with DAPI 
for regional analysis. As shown in Figs. 5C-5E, brighter red 
fluorescence signals were significantly observed in these 
regions in PD mice than in the wild-type group, with 3.05- and 
3.18-fold increases in the corpus striatum and substantia nigra, 
respectively. These results revealed that DCI-HA-2 enables 
effective and specific visualization of elevated HA levels in the 
brains of PD mice.
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Fig. 7 KEGG pathway enrichment analysis of (A) PD group vs control group, and (B) 7-nitroindazole-treated PD group vs PD group 
cells. (C) Gene set enrichment analysis of ATP synthesis-related genes in 7-nitroindazole-treated PD group vs PD group cells. (D) 
Fluorescence images of PD model cells subjected to different pre-treatments before incubation with DCI-HA-2 (10.0 μM) for 30 
min: (D1) control; (D2) 1.00 mM MPP+ for 24 h; (D3) 2.00 mM MPP+ for 24 h; (D4) 7-nitroindazole (10.0 μM) for 8 h, followed by 
MPP+ (2.00 mM) for 24 h; (D5) 7-nitroindazole (20.0 μM) for 8 h, followed by MPP+ (2.00 mM) for 24 h. (E) Quantification of mean 
fluorescence intensity in panel (D). (F) Levels of ATP in panel (D). (G) Western blots analysis of nNOS, AMPK, and p-AMPK expression 
in cells form panel (D). (H) Semi-quantitative analysis of nNOS and p-AMPK/AMPK levels in (G). (I) Schematic illustration of HA-
induced ATP depletion and downstream AMPK signaling dysfuction in PD cells. Red channel: DCI-HA-2, λex = 488 nm, λem = 620-
720 nm. Scale bar = 50.0 μm. Error bars represent SD, n = 3. **** p<0.0001, *** p<0.001, ** p<0.01.

Regulatory role of HA in PD signaling pathways

To comprehensively clarify the regulatory involvement of HA in 
PD progression, proteomic analysis was performed on PC-12 
cells from the control group, PD group (2.00 mM MPP+), and 7-
nitroindazole-treated PD group (20.0 μM 7-nitroindazole 
followed by 2.00 mM MPP+) (Fig. S15). Proteomic analysis 
revealed various significantly differentially expressed proteins 
both in PD group vs control group (Fig. 6A) and 7-nitroindazole-
treated PD group vs PD group (Fig. 6B). In addition, Gene 
Ontology (GO) functional enrichment analysis of proteins in PD 
group altered by 7-nitroindazole treatment (Fig. 6C and S16) 
indicated  strong associations with mitochondrial respiration 
and several CBS-related functional categories, including S-
adenosyl-L-methionine binding, ubiquitin protein ligase 

binding, heme binding and protein homodimerization. These 
findings hinted that HA metabolism may be closely linked to the 
regulation of CBS activity and its function. Givern that CBS 
activity governs H2S biosynthesis,44 and that HA is 
overexpressed in PD models, these results raise the intriguing 
possibility that endogenous HA may participate in the 
regulation of H₂S production during PD progression.

To address this question, we investigated the connection 
between HA and H2S in MPP+-induced PD model cells using the 
HA probe DCI-HA-2 and a H2S fluorescent probe N-H2S (Scheme 
S4). As depicted in Fig. 6D, MPP+-treated PD model cells 
displayed stronger HA-associated red fluorescence and weaker 
H2S-associated green fluorescence than control group. Notably, 
the increase in red fluorescence and the decrease in green 
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fluorescence became more pronounced with increasing MPP+ 
concentration. In particular, PD cells induced by MPP+ (2.00 mM) 
showed a 5.41-fold increase in red fluorescence and a 0.35-fold 
decrease in green fluorescence, suggesting HA overexpression 
accompanied by reduced H2S levels in PD cells. To prove the 
cascade relationship between HA and H2S, cells were 
successively pre-treated with 7-nitroindazole (20.0 μM) and 
MPP+ (2.00 mM), followed by staining with DCI-HA-2 and N-H2S. 
Under these conditions, the red fluorescence decreased to 
0.22-fold, while the green fluorescence increased to 2.19-fold 
compared with MPP+(2.00 mM)-incubated cells, suggesting that 
inhibition of HA generation leads to recovery of intracellular H2S 
levels. In addition, tyrosol, a known CBS activator, was used to 
upregulate the activity of CBS.45 Cells pre-treated with tyrosol 
(1.00 mM) prior to MPP+ (2.00 mM) exposure showed a 1.72-
fold increase in H2S-related green fluorescence and a 0.15-fold 
decrease in HA-related red fluorescence (Fig. 6E), implying that 
tyrosol promotes H2S production while reducing cellular HA 
levels. To fully understand the above phenomenon, western 
blot (WB) analysis was performed to analyse the expression of 
nNOS and CBS under the above conditions (Figs. S18 and S19). 
As illustrated in Figs. 6F and 6G, compared with the control 
group, cells treated with 2.00 mM MPP+ showed upregulated 
expression of nNOS (1.71-fold) and downregulated expression 
of CBS (0.42-fold), which was consistent with the imaging 
results. Moreover, pre-treatment with 7-nitroindazole (20.0 μM) 
decreased the nNOS level to 0.49-fold and enhanced CBS level 
to 1.90-fold in comparison with MPP+ (2.00 mM)-treated group, 
demonstrating a negative correlation between HA production 
and CBS expression. Similarly, cells pre-treated with tyrosol (1.0 
mM) followed by MPP+ (2.00 mM) resulted in a 1.51-fold 
elevation in CBS level. Notably, a pronounced decrease in nNOS 
expression (0.34-fold) was also observed, likely due to the 
inhibitory effect of tyrosol on nNOS activity,46 which also 
explains the reduced HA-related red fluorescence observed in 
Fig. 5D. Taken together, these results reveal, for the first time, 
that elevated levels of HA derived from nNOS inhibits the 
expression of CBS, thereby diminishing the production of H2S in 
PD pathological cells (Fig. 6H).

Next, we additionally delved into the regulatory role of HA in 
PD cells. Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway enrichment analysis revealed two biological pathways 
in both PD group vs control group (Fig. 7A) and 7-nitroindazole-
treated PD group vs PD group (Fig. 7B), namely p53 signaling 
pathway and the AMPK signaling pathway. In particular, gene 
set enrichment analysis also showed that 7-nitroindazole 
treatment markedly upregulated genes associated with ATP 
synthesis in PD cells (Figs. 7C and S17), prompting us to 
investigate the involvement of HA in cellular energy metabolism. 
Similiar to the above, an elevated level of HA was detected in 
PD cells (Fig. 7D), and the pre-treated with 7-nitroindazole can 
significantly inhibit the generation of cellular HA in PD cells (Fig. 
7E). To determine whether the alteration of HA is associated 
with ATP synthesis-related signaling pathway in PD, a 
commercial ATP assay kit was employed to quantify the 
intracellular ATP contents under above conditions. It was seen 
that the level of ATP in 2.00 mM MPP+-treated cells was 
markedly reduced to 0.55 μM, corresponding to an 89.44% 
decrease compared with the control group (5.21 μM), revealing 
pronounced ATP depletion under PD conditions (Fig. 7F). In 
contrast, pre-treatment with 7-nitroindazole (20.0 μM) led to a 
5.63-fold recovery of ATP levels (3.04 μM) relative to MPP⁺ 

treatment alone, indicating that suppression of HA production 
effectively promotes ATP synthesis. To further assess the 
involvement of HA in ATP-related AMPK signaling,  WB analysis 
was performed to examine the expression of nNOS, AMPK and 
phosphorylated-AMPK (p-AMPK) under different treatment 
conditions (Figs. S20-S22). As shown in Figs. 7G and 7H, nNOS 
expression was increased by 1.75-folds in 2.00 mM MPP+ 
treatment relative to control cells, consistent with the elevated 
HA level (brighter red fluorescence), whereas 7-nitroindazole 
(20.0 μM) treatment reduced nNOS expression by 57.6%. 
Moreover, the p-AMPK/AMPK ratio increased by 1.32-fold 
following 2.00 mM MPP+ treatment, implying the dysregulated 
AMPK signalling in PD. Notably, pre-treatment with 7-
nitroindazole (20.0 μM) decreased the p-AMPK/AMPK ratio by 
66.2% relative to 2.00 mM MPP+ treatment alone, suggesting 
that the inhibition of HA generation ameliorates ATP synthesis 
and normalizes AMPK signaling. Overall, these results 
demonstrate that nNOS-derived HA inhibits ATP synthesis and 
disrupts AMPK signaling pathway during PD pathology, 
highlighting HA as a critical metabolic regulator in PD 
progression (Fig. 7I).

Conclusions
In conclusion, we have established a universal strategy for 
constructing highly specific HA-activated fluorescent probes 
across various fluorescent scaffolds based on chemo-selective 
cleavage and intramolecular nucleophilic cascade reactions, 
enabling sensitive and selective detection of HA in complex 
biological environments. The optimized probe, DCI-HA-2, 
enabled, for the first time, the real-time visualization of HA 
overexpression in PD cells and PD model mice. By integrating 
fluorescence imaging with comprehensive proteomic analysis, 
we revealed that nNOS-derived HA suppresses CBS, impairing 
H₂S biosynthesis, and simultaneously induces ATP depletion, 
thereby disrupting AMPK signaling in PD pathology. These 
results establish HA as a previously unrecognized pathological 
mediator and highlight DCI-HA-2 as a versatile tool for probing 
HA-associated signaling in complex biological systems. This 
work offers new mechanistic insights into PD progression and 
lays a foundation for future diagnostic and therapeutic 
strategies targeting HA-mediated pathways.
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The data of this study are available in the ESI†.
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