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Abstract Parkinson’s disease (PD), the second most prevalent neurodegenerative disorder, is character-

ized by progressive loss of dopaminergic neurons in the substantia nigra. Although the molecular mech-

anisms of PD remain incompletely understood, mitochondrial dysfunction has emerged as a central

pathological driver, highlighting the urgent need for therapies targeting mitochondrial homeostasis. In

this study, we demonstrate that rhynchophylline (Rhy), a bioactive alkaloid from Uncaria species, exerts

neuroprotective effects by restoring mitochondrial dynamics. Thermal proteome profiling identified dihy-

drolipoamide acetyltransferase (DLAT) as a direct target of Rhy. Genetic ablation of DLAT induced mito-

chondrial fragmentation and abolished Rhy-mediated beneficial effects on mitochondrial structure and

function. Mechanically, Rhy binds to the N-terminal lipoyl domain of DLAT, allosterically disrupting

its interaction with sirtuin 4 (SIRT4) and subsequently enhancing DLAT lipoylation, a critical post-

translational modification for mitochondrial energy metabolism. In vivo, Rhy administration ameliorated

motor deficits and dopaminergic neurodegeneration in both the 6-OHDA-induced and A53T α-synuclein

transgenic PD mouse models. Single-nucleus RNA sequencing further highlighted the clinical relevance
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of DLAT dysregulation in PD. Collectively, our findings establish Rhy as a promising PD therapeutic

candidate and delineate DLAT as a pivotal node in therapeutic targets by promoting mitochondrial fusion

and bioenergetics, offering a novel mechanistic avenue for neuroprotection.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Parkinson’s disease (PD), one of the most prevalent neurodegen-

erative disorders worldwide, is clinically characterized by pro-

gressive motor symptoms of bradykinesia, rigidity, resting tremor,

and postural instability1. Neuropathologically, PD is defined by

two hallmark features: the emergence of alpha-synuclein (α-syn)

positive inclusion bodies, termed Lewy pathology, and degenera-

tion of dopaminergic neurons in the substantia nigra (SN),

accompanied by reduced dopamine (DA) levels2. The pathogen-

esis of PD is driven by multiple interconnected mechanisms,

including neuroinflammation, oxidative stress, α-syn aggregation,

mitochondrial dysfunction, ferroptosis, disrupted calcium ho-

meostasis, and gut microbiota dysbiosis3,4, of which mitochon-

drial dysfunction has been identified as a core factor in PD5.

Mitochondria serve as critical regulators of cellular survival

through ATP synthesis, calcium buffering, apoptotic signaling,

and neurotransmitter recycling6—8. Given the exceptionally high

bioenergetic demands of neurons, mitochondrial impairment is

increasingly recognized as a common denominator in various

neurological disorders9—11. Especially, mitochondria hold a

distinctive position in PD for several other reasons. First, the

current neurotoxin-induced models of PD rely on mitochondrial

impairment to reproduce PD-like symptoms. Neurotoxins like

1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)12,13 and

rotenone14 trigger the death of dopaminergic neurons in humans

and rats by directly inhibiting mitochondrial complex I activity15.

Second, mutations in PD-associated genes (PINK1, PARKIN,

DJ-1, and LRRK2) directly impair mitochondrial quality

control pathways16—18. Third, clinical studies have identified

various mitochondrial impairments in PD, including decreased

mitochondrial numbers, imbalanced dynamics, decreased

mitochondrial membrane potential (MMP), disrupted cristae

structure, reduced respiratory capacity, and lowered ATP

production19. Moreover, therapeutic approaches targeting

mitochondrial proteins or inhibiting mitochondrial damage have

been shown to alleviate neuropathological features in PD animal

models and patient-derived cells20,21, highlighting the potential of

enhancing mitochondrial function as a promising treatment

strategy for PD.

Mitochondria are organized in a highly dynamic tubular

network that undergoes continuous remodeling through fusion and

fission22. This dynamic process not only controls mitochondrial

morphology but also regulates their function and subcellular dis-

tribution. Disruptions in either fusion or fission impair mito-

chondrial mobility, reduce energy production, and increase

oxidative stress, ultimately leading to cellular dysfunction and

death23,24. Mitochondrial fission is regulated by dynamin-1-

related protein (DRP1)25—27, where Ser 616 phosphorylation

promotes the translocation of DRP1 from the cytosol to mito-

chondria, while Ser 637 phosphorylation reverses this process.

The fusion process is governed by mitofusin-1/2 (MFN1/2) and

optic atrophy 1 (OPA1)28,29, which mediate outer and inner

membrane fusion, respectively. Accumulating evidence from

both toxin-induced and genetic models of PD supports the

involvement of imbalanced mitochondrial dynamics and

dysfunction in PD pathogenesis. Parkinsonian neurotoxins, such

as 6-hydroxydopamine (6-OHDA), rotenone, and MPTP, have

been shown to trigger mitochondrial fragmentation, culminating

in the degeneration of dopaminergic neurons in vitro30—32.

Fibroblasts derived from PD patients with PINK1 or PARKIN

mutations exhibit a more fragmented mitochondrial network33—35.

These observations strengthen the role of imbalanced mitochon-

drial fusion and fission in PD pathogenesis and highlight the

potential of targeting mitochondrial dynamics with small mole-

cules as a therapeutic strategy to modulate disease progression.

Rhynchophylline (Rhy) is a plant-derived tetracyclic oxindole

alkaloid isolated from Uncaria species. Experimental evidence

indicates that Rhy exhibits blood—brain barrier permeability36—38,

laying a solid foundation for its neuroprotective properties.

Multiple studies have elucidated a broad spectrum of neurophar-

macological activities associated with Rhy, including

anti-addiction, anticonvulsant, sedative, and anti-anxiety39—41. In

particular, emerging studies have demonstrated the neuro-

protective effects of Rhy in an MPTP-induced subacute PD mouse

model41,42, but the underlying molecular mechanism remains

unclear. Recently, indole alkaloids have emerged as structural/

functional classes of mitochondrial modulators19, and we

previously observed that the alkaloid fraction from Uncaria

rhynchophylla (predominantly indole alkaloids) enhances mito-

chondrial fusion, prompting the present investigation into whether

Rhy exerts protective effects on mitochondrial dynamics and the

underlying mechanisms.

In this study, we demonstrate that Rhy restores mitochondrial

dynamics and bioenergetics, with unbiased thermal proteome

profiling (TPP) identifying DLAT as its key molecular target.

Mechanically, Rhy enhances DLAT lipoylation by disrupting

DLAT—SIRT4 interaction, which in turn promotes mitochondria

fusion and function recovery. Therapeutically, Rhy administration

ameliorated motor deficits and dopaminergic neurodegeneration in

both the 6-OHDA-induced neurotoxin model and A53T α-syn

transgenic PD mouse model. Taken together, these findings posi-

tion Rhy as a promising PD therapeutic candidate and highlight

DLAT as a critical node in regulating mitochondrial homeostasis.

2. Materials and methods

2.1. Chemicals and reagents

Rhynchophylline (C22H28N2O4; molecular weight 384.47) was

obtained from Chengdu DeSiTe Biological Technology Co., Ltd

(Chengdu, China) and confirmed by 1H NMR and 13C NMR data.

HPLC analysis indicated a purity of >98%. 6-OHDA was
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obtained from Sigma—Aldrich (St. Louis, USA). Fetal bovine

serum (FBS) was from Animal Blood Ware (Woodstock, USA).

High glucose Dulbecco’s modified Eagle’s medium (DMEM),

phosphate buffer saline (PBS), opti-MEM, penicillin and strep-

tomycin, and trypsin were purchased from Macgene (Beijing,

China). Pronase was purchased from Roche Diagnostics GmbH

(Mannheim, Germany). Bicinchoninic acid (BCA) protein quan-

titative kit, T4 polynucleotide kinase, and protease inhibitor

cocktail were acquired from TransGen Biotech (Beijing, China).

JC-1 staining kit, Mito-tracker Red CMXRos, and ATPLite™ kit

were obtained from Beyotime (Shanghai, China). PKMito Orange

(PKMO) was obtained from Genvivo (Nanjing, China). TMRE

was from MedChemExpress (Monmouth Junction, USA). Solar-

bio (Beijing, China) provided the poly-L-lysine, Hoechst 33342

staining kit, Escherichia coli DH5α, and BL21 (DE3) strains.

Bsmbl-v2 was purchased from New England Biolabs

(Ipswich, USA). Thermo Scientific (Pleasanton, USA) supplied

the chemiluminescent HRP substrate, protein labeling

reagents, lipofectamine 2000, and lipofectamine RNAiMAX. PEI

transfection reagent was from Servicebio (Wuhan, China). Santa

Cruz Biotechnology (Dallas, USA), Abcam (Cambridge, UK), and

Proteintech (Rosemont, USA) provided the primary and secondary

antibodies. Merck Millipore (Burlington, USA) supplied the

polyvinylidene difluoride (PVDF) membranes.

2.2. Cell lines and cell culture

The PC12 and HEK293T cell lines were sourced from the Cell

Bank of Peking Union Medical College (Beijing, China). Human

neuroblastoma SH-SY5Y cells were kindly provided by the Stem

Cell Bank, Chinese Academy of Sciences (Shanghai, China).

These cells were grown in high-glucose DMEM medium (sup-

plemented with 10% FBS and a 1:100 penicillin/streptomycin

antibiotic) and incubated at 37 ◦C in a 5% CO2 environment.

2.3. Primary midbrain neuronal culture

Primary midbrain neurons were prepared from the ventral

mesencephalon of embryonic Day 16 mouse embryos. Briefly,

after extracting the whole brains from the embryos, the meninges

and blood vessels were carefully removed. The midbrain tissue

was isolated, minced with fine ophthalmic scissors, and enzy-

matically dissociated by incubating in a 0.2% trypsin solution

(containing 0.1% glucose and 10 mmol/L HEPES) for 20 min at

37 ◦C. The digestion was terminated by adding an equal volume of

DMEM supplemented with 10% FBS, 100 U/mL penicillin, and

100 μg/mL streptomycin. The tissue was then gently triturated

into a single-cell suspension and plated onto culture plates or

confocal dishes pre-coated with poly-L-lysine. After 4 h, the

medium was replaced with Neurobasal medium supplemented

with 2% B27 and 2 mmol/L L-glutamine. On Day 3, half of the

medium was exchanged with fresh Neurobasal medium containing

5 μmol/L cytarabine to inhibit glial proliferation.

2.4. Mito-tracker staining assay

Cells were cultured in glass-bottom dishes and stained with

200 nmol/L Mito-tracker Red CMXRos at 37 ◦C for 30 min.

Confocal imaging was conducted on a Leica SP8 microscope

equipped with a 63× glycerol immersion lens, using excitation

and emission wavelengths of 579 and 599 nm, respectively.

2.5. PKmito orange (PKMO) labeling of cells for imaging

PC12 and HEK293T cells were treated with DMEM containing

200 nmol/L PKMO for 30 min at 37 ◦C. After staining, the cells

were rinsed three times with culture medium to clear unbound

dye. Imaging was conducted on the Multimodality Structured

Illumination Microscopy imaging system (NanoInsights-Tech.,

Ltd., Beijing, China) equipped with a 100× oil objective.

Excitation of PKMO was achieved using a 561 nm laser. Images

were then reconstructed using the SIM Imaging Analyser

software (NanoInsights-Tech), including pre-processing and

post-processing.

2.6. Mitochondrial membrane potential (MMP) assay

PC12 cells were cultured overnight in 24-well plates and then

treated with 6-OHDA (150 μmol/L) and Rhy for 12 h. Next, MMP

was measured following the manufacturer’s instructions of the

MMP assay kit with JC-1 or TMRE.

2.7. Transmission electron microscopy (TEM)

Transmission electron microscopy was performed by Wuhan

Saiweier Biotechnology Co., Ltd. On cell and tissue samples.

Samples were fixed in 3% glutaraldehyde and then post-fixed with

1% osmium tetroxide. Following dehydration in acetone, the

samples were EPON 812-embedded. Semi-thin sections were

stained with methylene blue, whereas ultrathin sections, prepared

with a diamond knife, received uranyl acetate and lead citrate

double staining. TEM images were acquired using a JEM-1400-

FLASH transmission electron microscope.

2.8. Immunofluorescence assay

Cells were exposed to 6-OHDA and Rhy for 24 h, followed by

PBS washing and fixation with 4% (v/v) formaldehyde at room

temperature for 15 min. Samples were permeabilized with 0.1%

Triton X-100 for 30 min, washed with PBST (PBS containing

0.2% Tween-20), and blocked with 2% BSA/PBST for 1 h at room

temperature. Primary antibodies (rabbit anti-DLAT and mouse

anti-SIRT4, Proteintech, cat. #66543-1-Ig and 13426-1-AP)

diluted in 2% BSA/PBST, were applied at 4 ◦C overnight. After

PBST washing, secondary antibodies (goat anti-rabbit/mouse)

were applied. Cells were stained with 1 μg/mL DAPI in PBST

for 15 min and stored in PBST until imaging. Fluorescence images

were captured by a 63× glycerol immersion objective on a Leica

SP8 confocal system. ImageJ (ver. 1.8) software was utilized to

analyze fluorescence intensity and colocalization.

2.9. Measurement of ATP levels

The ATPLite™ kit was utilized to quantify ATP levels,

normalized to the total protein content per microgram. A standard

ATP curve was generated to determine ATP concentrations in cell

lysates.

2.10. UHPLC—HRMS-based metabolomics and isotope tracing

metabolic flux analysis

PC12 cells were divided into four groups: 12C control group, 13C

control group, 13C 6-OHDA-induced mitochondrial impairment

model, and 13C Rhy with 6-OHDA intervention. Following 24 h
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incubation, all groups except for the 12C control were transitioned

to isotope-labeling medium containing glucose-free DMEM with

10 mmol/L [13C 6]-glucose. After a 6 h metabolic labeling period,

cellular samples were collected for subsequent UHPLC—HRMS-

based metabolomic profiling and isotopic metabolic flux assess-

ment. In short, after adding four volumes of cooled methanol:

acetonitrile water (40:40:20, v/v/v) solution, cells were lysed via

ultrasonication and vortexed for 1 min. After centrifugation at

13,000 × g for 30 min at 4 ◦C, the supernatant was dried and

reconstituted in 100 μL of an 80:20 (v/v) acetonitrile-water solu-

tion. A second centrifugation step (13,000 × g, 30 min, 4 ◦C) was

performed, and 60 μL of the resulting solution was loaded into

auto-sampler vials for metabolomics and isotope tracing meta-

bolic flux analysis using UHPLC—HRMS.

2.11. Target identification of Rhy by TPP approach

SN tissues from 6-OHDA-induced PD mice were lysed in PBS

(pH 7.4) containing 1% EDTA-free cocktail and then centrifuged

at 13,000 × g for 20 min at 4 ◦C to obtain the soluble proteins.

The supernatant was divided into two aliquots; one was treated

with 10 μmol/L Rhy (dissolved in DMSO) and the other with an

equivalent volume of DMSO as a control. After incubation of the

proteins with Rhy or DMSO for 2 h at 4 ◦C on a rotator at 10 rpm,

each mixture was divided into three aliquots of 50 μL. The rep-

lications from both the vehicle and Rhy-treated groups were

heated at 58 ◦C for 3 min and then cooled to room temperature.

The heated lysates were centrifuged at 13,000 × g for 30 min at

4 ◦C to separate soluble proteins from aggregates. The superna-

tants were collected for quantitative proteomics analysis.

2.12. Drug affinity responsive target stability (DARTS) analysis

The SN lysate was treated with Rhy (1, 2, 5 μmol/L) at room

temperature for 1 h. Subsequently, pronase with a concentration of

5 μg/mL was introduced and allowed to react for 15 min. Re-

actions were terminated by adding loading buffer, and the level of

target proteins was analyzed by Western blotting.

2.13. Cellular thermal shift assay (CETSA) analysis

The SN lysate was divided into two aliquots, and cell lysates were

treated with or without Rhy (10 μmol/L) for 2 h, and heated

separately at the indicated temperature (46—67 ◦C) for 3 min.

Supernatants were analyzed by Western blotting.

2.14. Immunoprecipitation (IP) assay

HEK293T cells were transfected with HA-DLAT for 48 h and

treated with or without Rhy. Cellular lysates were subsequently

immunoprecipitated by HA-tag antibody-bound magnetic beads at

4 ◦C for 6 h. The beads underwent centrifugation and were sub-

jected to five washing cycles with IP buffer supplemented with

0.01% Triton X-100. Following this, the proteins obtained through

immunoprecipitation were detected by immunoblotting.

2.15. Protein expression and purification

The N-terminal His-tag construct of DLAT, truncations, and mu-

tants were overexpressed in Escherichia coli BL21 (DE3) cells

and purified using affinity chromatography. In brief, cells were

grown in LB medium (10 g/L peptone, 10 g/L NaCl, and 5 g/L

yeast extract) at 37 ◦C to an optical density (OD600) of 0.6.

Subsequently, the temperature was cooled to 16 ◦C, and protein

expression was initiated by adding 500 μmol/L IPTG, followed by

continuous incubation at 16 ◦C for approximately 16 h. Cell

pellets were harvested by 4000 × g centrifugation and lysed by

sonication in 30 mL of lysis buffer (10 mmol/L imidazole,

20 mmol/L HEPES, 250 mmol/L NaCl). The lysates were

centrifuged at 12,000 × g to remove insoluble components. The

soluble fraction containing the target proteins was subsequently

applied to a Ni-NTA affinity column for purification. The purifi-

cation process involved sequential washing steps: first with

100 mL of lysis buffer (10 mmol/L imidazole, 20 mmol/L HEPES,

250 mmol/L NaCl), followed by 100 mL of wash buffer with

increased imidazole concentration (50 mmol/L imidazole,

20 mmol/L HEPES, 250 mmol/L NaCl) to remove the nonspe-

cifically bound proteins. Finally, the target proteins were eluted

using a high-imidazole buffer (250 mmol/L imidazole, 20 mmol/L

HEPES, 250 mmol/L NaCl). The purified protein fractions were

concentrated to approximately 10 mg/mL by centrifugal filtration

devices (Millipore, MA, USA) and stored at − 80 ◦C for long-term

storage.

2.16. DLAT knockout by CRISPR/Cas9

The DLAT knockout cell line was generated using the CRISPR-

Cas9 system following standard protocols. Guide RNA sequences

(sgRNAs) targeting DLAT were designed using CRISPOR (http://

crispor.tefor.net/). The lentiviral vector lentiCRISPRv2 was line-

arized using Bsmbl-v2 restriction enzyme, synthesized oligonu-

cleotides encoding either a non-targeting control or DLAT-specific

sgRNAs were inserted using T4 polynucleotide kinase. Correct

integration of the guide sequences was confirmed by Sanger

sequencing.

For lentivirus production, HEK293T cells were transfected

with the sgRNA-laden lentiCRISPRv2 vector along with the

packaging plasmids psPAX2 and pMD2. G, using PEI as the

transfection reagent. After 48 h of treatment, the viral supernatant

was collected, filtered (0.45 μm), and used to transduce PC12 cells

in the presence of polybrene (10 μg/mL) to improve transduction

efficiency. Following 24 h of incubation, the medium was replaced

with fresh culture medium, and cells were cultured for an addi-

tional 48 h. To select for positively transduced cells, the medium

was replaced with zeocin-containing selection medium. Post-

selection, cells were harvested and analyzed by Western blotting

to verify DLAT knockout.

sgRNAs targeting DLAT (sequence from 5′ to 3′).

Lenti-CRISPRv2: DLAT-forward: GCCGCAGTTCGTTGCG

GCAG.

Lenti-CRISPRv2: DLAT-reverse: CTGCCGCAACGAACTG

CGGC.

2.17. DLAT knockdown with shDLAT lentivirus

The lentivirus containing shDLAT was constructed by Hanbio

Biotechnology Co., Ltd (Shanghai, China). For transduction, the

lentivirus was introduced into 293 T and SH-SY5Y cells in the

presence of polybrene (10 μg/mL) for 24 h. Subsequently,

stable DLAT-knockdown cells were generated through puromycin

selection (2 μg/mL).

DLAT shRNA.

Forward: GATCCGGACCAGATGGTAGAATCACTCGAGT-

GATTCTACCATCTGGTCCTTTTTTG.
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Reverse: AATTCAAAAAAGGACCAGATGGTAGAATC-

ACTCGAGTGATTCTACCATCTGGTCCG.

2.18. SIRT4 knockdown and overexpression cell lines

The SIRT4 knockdown cell line was generated using the CRISPR-

Cas9 system. SgRNAs targeting SIRT4 were designed using

CRISPOR (http://crispor.tefor.net/). For SIRT4 overexpression,

the SIRT4 coding sequence was PCR-amplified and cloned into

the pCDH-CMV-MCS-EF1-Puro lentiviral vector. Lentivirus was

produced by co-transfecting HEK293T cells with the pCDH-

SIRT4 plasmid, along with packaging plasmids (psPAX2,

pMD2. G) using PEI transfection reagent. Viral supernatant was

collected at 48 and 72 h post-transfection, filtered (0.45 μm), and

used to transduce HEK293 cells in the presence of polybrene

(8 μg/mL).

sgRNAs targeting SIRT4 (sequence from 5′ to 3′).

Lenti-CRISPRv2: SIRT4-foward: GTCTGGTATCCCCGAT

TCGG.

Lenti-CRISPRv2: SIRT4-reverse: CCGAATCGGGGATAC

CAGAC.

2.19. Western blotting analysis

Tissues or cells were lysed in RIPA buffer containing protease and

phosphatase inhibitor cocktails. After centrifugation (13,000 × g,

20 min, 4 ◦C), the supernatants were collected, and protein con-

centration was quantified using a BCA assay kit. Proteins were

denatured in loading buffer at 98 ◦C for 10 min, then resolved on

8%—12% SDS-PAGE gels and transferred to PVDF membranes.

Membrane were blocked with 5% non-fat milk in TBST (1 h,

room temperature), and then incubated with primary antibodies

(overnight, 4 ◦C) against DLAT (Proteintech, 13426-1-AP); DRP1

(Biodragon, RM8248); p-DRP1Ser616 (Biodragon, BD-PP1318); p-

DRP1Ser637 (Biodragon, BD-PP0841); OPA1 (MCE, HY-P80255);

MFN2 (Biodragon, BD-PT2740); GAPDH (Proteintech, 60004-1-

Ig); TH (Santa Cruz, sc-14007); Lipoic acid (Santa Cruz, sc-

101354); VMAT2 (Santa Cruz, sc-390,285); HA (Solarbio,

K200003M), SIRT2 (Abways, CY5865); SIRT4(Proteintech,

66543-1-Ig); LIAS (Proteintech, 11577-1-AP); AMPKα (Bio-

dragon, RM1159); p-AMPKα (Biodragon, RM0088); p-STAT3

(Abmart, TC52210); p-EGFR (Abmart, PC1644); KIF5B

(Abclonal, A20928); KIF5C(Biodragon, BD-PN3289); KIF1B

(Biodragon, BD-PN4193). For secondary antibody incubation,

anti-rabbit HRP (Proteintech, SA00001-2) and anti-mouse HRP

(Proteintech, SA00001-1) were diluted in TBST. Protein bands

were detected using enhanced chemiluminescence (ECL), and

relative band intensities were quantified using ImageJ software

(ver. 1.8).

2.20. Surface plasmon resonance (SPR) assay

The molecular interaction between Rhy and DLAT was analyzed

by a Biacore 8 K system (GE Healthcare, Uppsala, Sweden).

Through covalent immobilization via amine coupling chemistry,

purified DLAT protein at a concentration of 50 μg/mL was fixed

onto a CM5 sensor chip. Serial dilutions of Rhy ranging from 0.39

to 100 μmol/L, prepared in PBS supplemented with 5% DMSO,

were introduced into the flow cell for binding analysis. The

resulting interaction profiles were processed and quantified by

Biacore evaluation software.

2.21. Microscale thermophoresis (MST) assay

Purified DLAT was first fluorescently labeled using commercial

protein labeling reagents, and then Rhy (ranging from 0.03 to

100 μmol/L) was reacted with labeled DLAT in PBS buffer con-

taining 0.01% Tween-20 at room temperature for 10 min. The

reaction mixtures were then loaded into specialized glass capil-

laries and detected with the NanoTemper Monolith Instrument

(NanoTemper Technologies, Munich, Germany). Thermophoretic

movement of the protein-ligand complexes was monitored under

controlled conditions. The results were further analyzed by MO.

Affinity Analysis Software.

2.22. Molecular docking and dynamics simulations

The DLAT crystal structure (PDB: 2DNE) was retrieved from the

RCSB PDB database, and the SIRT4 structure was obtained from

AlphaFold. Protein—protein docking was performed using the

HDOCK server, while ligand—protein docking employed the

Schrödinger suite (2018) with the Induced Fit Docking protocol.

Protein structures were prepared via the Protein Preparation

Wizard, including bond order assignment, hydrogen addition, and

water removal, followed by energy minimization (OPLS3 force

field). A receptor grid was generated around the binding site, and

docking was executed with Glide XP precision to sample flexible

ligand/receptor conformations. Post-docking, 50-ns molecular

dynamics simulations were conducted under NPT ensemble con-

ditions using Berendsen thermostats.

2.23. Tryptophan fluorescence quenching assay

Recombinant DLAT protein was incubated with Rhy

(0—200 μmol/L) in a quartz 96-well plate for 30 min. Tryptophan

fluorescence emission spectra (310—450 nm) were recorded upon

excitation at 280 nm (slit width: 1 nm) using a fluorescence

spectrophotometer (PerkinElmer, Waltham, USA). The buffer

background signal was subtracted from all measurements to obtain

corrected fluorescence intensities.

2.24. Circular dichroism (CD) analysis

DLAT conformational changes induced by Rhy (0—500 μmol/L)

were analyzed using a J-810 spectrophotometer (Jasco, Tokyo,

Japan). Samples containing DLAT (40 μmol/L) with or without

Rhy were loaded into a 1 mm path-length quartz cuvette, and CD

spectra were recorded at 298 K. Spectra were acquired over

190—250 nm with a 0.1 nm data resolution, 50 nm/min scan rate,

and three averaged scans per measurement. Background buffer

contributions were subtracted for baseline correction.

2.25. Genetic and toxin-induced mouse models of PD

2.25.1. Establishment of 6-OHDA-induced PD mouse model

All experimental procedures were approved by the Ethical Insti-

tutional Animal Care and Use Committee of Peking University

(Protocol LA2021217). Male C57BL/6 J mice (6 weeks old) were

subjected to unilateral striatal lesions through stereotaxic injection

of 6-OHDA. Following isoflurane-induced anesthesia, animals

were secured in a stereotaxic frame (68,025, RWD, Shenzhen,

China) and received precise microinjections of 2 μL 6-OHDA

(4 μg/μL in 0.9% saline with 0.02% ascorbic acid) into the right

striatum using coordinates referenced to Bregma: anteroposterior
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+0.5 mm, mediolateral +2.0 mm, and dorsoventral − 3.0 mm,

with adjustments made according to the Paxinos and Watson

mouse brain atlas. The neurotoxin was delivered at a constant rate

of 0.4 μL/min using a microprocessor-controlled infusion system,

with the injection cannula maintained in situ for an additional

10 min post-infusion to ensure proper diffusion and prevent

backflow.

2.25.2. A53T transgenic mouse model

Male A53T transgenic mice (C57BL/6 J background) and wild-

type (WT) littermates (7 months old) were obtained from Jackson

Laboratory (Stock No. 004479). Initially, A53T mice were

randomly divided into two groups: (1) vehicle-treated control and

(2) Rhy-treated (10 mg/kg/day). An additional group of WT mice

received vehicle alone as a baseline control. All mice were sub-

jected to daily oral gavage administration of either Rhy or vehicle

(equivalent volume) for six consecutive weeks.

2.26. Behavioral test

2.26.1. Grip strength test

Forelimb grip strength was assessed using a computerized YLS-

13 A grip strength meter (Yiyan Scientific Research, Jinan,

China). For the forelimb grip strength test, mice were allowed to

grasp the sensor bar with their forepaws only, after which they

were pulled horizontally by the tail until release. The peak force

(g) was automatically recorded, with three consecutive trials

performed per animal to ensure reliability.

2.26.2. Rotarod test

In the Rotarod test, the animals underwent adaptation training

consisting of two sessions lasting 15 min each, separated by a 10-

min rest period. After acclimatization, motor performance was

assessed by measuring the duration of balance maintained on the

rotating rod, with a maximum observation period of 180 s.

2.26.3. Apomorphine rotation test

Experimental mice were individually placed in a cylindrical

chamber for 10 min to acclimate to the environment prior to the

rotation test. Subsequently, apomorphine hydrochloride (0.5 mg/

kg) was administered via intraperitoneal injection. The animals

were then returned to the observation chambers for monitoring of

rotational behavior. A total of 360◦ turns away from the lesioned

side were manually counted over a 30-min observation period

using a stopwatch.

2.26.4. Open-field test

Spontaneous locomotor activity was evaluated using an open-field

test. The apparatus comprised a square arena measuring

40 cm × 40 cm × 40 cm. Each mouse was gently placed in the

center of the arena and permitted to explore freely for 5 min. The

movement of each mouse was captured by a video camera posi-

tioned centrally above the arena, and the recorded video data were

subsequently analyzed using an automated video tracking system.

2.27. Pharmacokinetic analysis of Rhy

In the pharmacokinetic experiment, mice were randomly assigned

to three dose groups receiving a single oral administration of Rhy

(5, 10, or 20 mg/kg). Blood samples were collected 1 h post-

dosing, corresponding to the approximate tmax. Immediately after

blood collection, mice were transcardially perfused with 20 mL

saline to eliminate residual intravascular blood. Brains were

rapidly excised, weighed, and homogenized in ice-cold buffer.

Tissue proteins were precipitated using a methanol: acetonitrile:

water solution (4:4:2, v/v/v), followed by centrifugation

(12,000×g, 15 min, 4 ◦C). The supernatant was vacuum-

concentrated, and the dried residue was reconstituted in meth-

anol for analysis.

2.28. In vivo biosafety and toxicological assessment

The potential in vivo toxicity was evaluated through serum

biochemical profiling and histopathological examination. Blood

samples were collected for quantification of hepatic (ALT, AST)

and renal (urea, albumin) functional biomarkers, followed by

necropsy in which major organs (liver, kidneys, heart, lungs, and

spleen) were promptly excised, trimmed of connective tissue, and

rinsed with cold PBS to remove residual blood; tissues were then

fixed in 10% neutral-buffered formalin, processed through graded

ethanol/xylene series, paraffin-embedded, sectioned at 5 μm, and

stained with hematoxylin & eosin (H&E) for blinded histopath-

ological evaluation of treatment-related alterations.

2.29. Single-nucleus RNA sequencing and bioinformatic

analysis

Quality control filtering was performed to exclude low-quality

nuclei and doublets using standard thresholds: nuclei with

200—5000 unique genes detected, <30,000 total UMIs, and ≤50%

mitochondrial reads were retained. Filtered data were log-

normalized, and highly variable genes were selected for down-

stream analysis. Dimensionality reduction was conducted via

principal component analysis (PCA), followed by graph-based

clustering (resolution � 0.5) on the top PCs to group transcrip-

tionally similar nuclei. Clusters were visualized using Uniform

Manifold Approximation and Projection (UMAP) and annotated

based on canonical marker gene expression.

2.30. Statistical analysis

Data were presented as means ± standard deviation (SD). Sta-

tistical analyses were performed with GraphPad Prism (ver. 8.0,

GraphPad Software, San Diego, USA). Differences between

groups were analyzed by a two-tailed unpaired Student’s t-test.

Multiple group comparisons were evaluated through one-way

analysis of variance (ANOVA). For statistical correlation, Pear-

son’s correlation coefficient was used.

3. Results

3.1. Rhy ameliorates 6-OHDA-induced imbalanced

mitochondrial dynamics

To determine whether Rhy protects against 6-OHDA-induced

neurotoxicity by preserving mitochondrial health, we first assessed

its effects on mitochondrial morphology. In primary midbrain

neurons and PC12 cells, exposure to 6-OHDA induced profound

mitochondrial fragmentation and collapse of the interconnected

mitochondrial network. Notably, co-treatment with Rhy markedly

mitigated these structural defects, preserving an elongated, tubular

mitochondrial morphology (Fig. 1A—D). Ultrastructural analysis

via PKMO imaging and TEM analysis further confirmed that Rhy
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Figure 1 Rhy enhances mitochondrial function by promoting mitochondrial fusion. (A) Representative fluorescent images of mitochondria

stained with Mito-tracker Red in PC12 cells. (B) Quantitative analysis of mitochondrial networks in PC12 cells using the MiNA plugin for ImageJ

(n � 5 images). (C) Mitochondrial morphology in primary midbrain neurons visualized by Mito-tracker Red. (D) Mitochondrial network pa-

rameters quantified by MiNA analysis in primary midbrain neurons (n � 5 images). (E) High-resolution imaging of mitochondrial inner

membranes using PKmito Orange (PKMO) microscopy. (F) Representative transmission electron microscopy (TEM) images of mitochondrial

ultrastructure. (G) Mitochondrial membrane potential quantification by JC-1 ratio (Red/Green) in PC12 cells and primary midbrain neurons,

n � 3 independent experiments. (H) Cellular ATP levels determined using ATPlite™ luminescence assay (n � 3). (I) Western blotting analysis of

DRP1, p-DRP1Ser616, p-DRP1Ser637, MFN2 and OPA1 levels, following 6-OHDA (150 μmol/L) and Rhy treatment (1, 2, 5 μmol/L), n � 3

independent experiments. The data are presented as mean ± SD. Multiple group comparisons were evaluated through one-way analysis of

variance (ANOVA). P < 0.05 was considered statistically significant.
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maintained cristae morphology and membrane junction integrity

(Fig. 1E and F). Transitioning to functional assessments, we

observed that 6-OHDA triggered a dramatic collapse of mito-

chondrial membrane potential, a hallmark of mitochondrial

dysfunction, which Rhy treatment effectively restored in both

primary midbrain neurons and PC12 cells (Fig. 1G). Concurrently,

Rhy prevented the 6-OHDA-induced depletion of intracellular

ATP (Fig. 1H), confirming preservation of oxidative phosphory-

lation capacity. To mechanistically dissect Rhy-mediated protec-

tion, we examined proteins governing mitochondrial dynamics.

Notably, Rhy upregulated key fusion mediators, including OPA1,

p-DRP1Ser637and MFN2, in 6-OHDA-exposed PC12 cells

(Fig. 1I), strongly supporting a fusion-promoting mechanism un-

derlying its neuroprotective effects. Taken together, these findings

establish that Rhy counteracts 6-OHDA-induced mitochondrial

dysfunction by shifting the balance toward fusion, preserving

structural integrity, sustaining bioenergetic function, and ulti-

mately promoting neuronal survival (Supporting Information

Fig. S1).

3.2. DLAT serves as a direct target of Rhy in regulating

mitochondrial fusion

To further elucidate the action targets of Rhy, we performed TPP

and established a comprehensive workflow to screen Rhy-

interacting proteins (Fig. 2A). Quantitative analysis identified

1380 proteins, among which 37 met our selection criteria (|log2-

foldchange| ≥ 1, P ≤ 0.05) (Fig. 2B). Neuronal differential

expression analysis revealed 8 promising candidates, with

complexin-2 and dihydrolipoamide S-acetyltransferase (DLAT)

emerging as top hits (Supporting Information Fig. S2). Considering

the functional relevance of the top candidate proteins to mito-

chondrial biology43,44, we prioritized DLAT, a well-characterized

mitochondrial metabolic enzyme, for further investigation.

(Fig. 2C).

Genetic validation using CRISPR-Cas9-generated DLAT

knockout PC12 cells demonstrated that DLAT deletion signifi-

cantly reduced OPA1 and p-DRP1Ser637 levels and abolished their

Rhy-mediated upregulation (Fig. 2D). DLAT deficiency caused

severe mitochondrial fragmentation with ultrastructural damage,

including cristae loss (Fig. 2E—G, Supporting Information

Fig. S3A), accompanied by membrane potential collapse that

remained refractory to Rhy treatment (Fig. 2H and I). Notably,

Rhy failed to rescue either the morphological defects or functional

impairments in DLAT-deficient cells, suggesting DLAT mediates

the neuroprotective effects of Rhy (Fig. S3B). These results

collectively establish DLAT as an essential molecular target

through which Rhy regulates mitochondrial fusion dynamics.

3.3. Rhy binds to the lipoyl domain of DLAT and enhances its

lipoylation via allosteric inhibition of SIRT4 binding

Having identified DLAT as the principal mediator through which

Rhy exerts its biological effects, we subsequently investigated

whether this interaction occurs directly and delineated its under-

lying molecular mechanisms. SPR and MST revealed robust

biophysical binding, yielding dissociation constants (KD) of 2.7

and 1.6 μmol/L, respectively (Fig. 3A and B), confirming a spe-

cific interaction. Notably, Rhy binding enhanced DLAT stability,

protecting it from proteolytic degradation (Fig. 3C and D) and

thermal denaturation (Fig. 3E—G). Together, these findings

establish DLAT as a direct target of Rhy, underscoring its role in

mediating Rhy’s neuroprotective effects in PD.

To elucidate the structural basis of Rhy—DLAT binding, we

mapped the interaction domain within DLAT’s three-domain

architecture (Fig. 3H): the N-terminal lipoyl domain (L), central

subunit-binding domain (B), and C-terminal inner domain (I).

Given that the small, hinge-rich B domain is unlikely to

accommodate small molecules, we tested truncated constructs

(ΔL, ΔI ) via SPR. Rhy bound ΔI (KD � 2.0 μmol/L) but not ΔL

(KD � 59.4 μmol/L), localizing its binding site to the L domain

(Fig. 3I—K). Molecular docking identified hydrogen bonding

and hydrophobic interactions at this site (Fig. 3L). Mutating

critical residues (P13A/G52A) weakened Rhy binding

(KD � 38.5/57.5 μmol/L; Fig. 3M, Supporting Information

Fig. S4) and abolished Rhy’s neuroprotection in DLAT-

knockdown cells reconstituted with mutant versus wild-type

DLAT (Fig. 3N), confirming the functional necessity of this

interaction.

Lipoylation of conserved lysine residues in the L domain, a

post-translational modification (PTM) essential for DLAT’s ace-

tyltransferase function, drives pyruvate dehydrogenase complex

(PDC)-dependent acetyl-CoA generation (Fig. 4A). To investigate

Rhy’s regulatory role in DLAT lipoylation, we transfected

HEK293T cells with HA-DLAT and performed immunoblot

analysis. Remarkably, Rhy treatment significantly enhanced

DLAT lipoylation without affecting total DLAT protein expression

(Fig. 4B). Consistent with its effect on DLAT lipoylation, Rhy

treatment dose-dependently enhanced PDC activity (Fig. 4C).

This stimulation exerted a pronounced effect on the TCA cycle, as

evidenced by metabolic tracing assays: compared to controls, the

model group exhibited reduced enrichment of [13C4]-Suc [13C4]-

Fum, and [13C4]-MA, key intermediates reflecting mitochondrial

oxidative flux. Strikingly, Rhy reversed this decline (Fig. 4D and

E), indicating restored oxidative metabolism. These findings

underscore lipoylation’s pivotal role in regulating cellular

bioenergetics.

Among the established regulators of DLAT lipoylation (LIAS,

SIRT2, SIRT4), our co-immunoprecipitation (Co-IP) assays

revealed that Rhy specifically disrupts the interaction between

DLAT and the mitochondrial deacylase SIRT4 (Fig. 4F). To

functionally validate SIRT4 as the primary mediator of DLAT

delipoylation, we established stable SIRT4-overexpression and

knockdown cell lines. Strikingly, SIRT4 knockdown substantially

enhanced DLAT lipoylation, whereas overexpressing SIRT4

caused a marked decrease (Fig. 4G). These findings not only

definitively demonstrate SIRT4’s delipoylase activity toward

DLAT in our system but also corroborate previous in-

vestigations45. Crucially, Rhy treatment failed to enhance DLAT

lipoylation in SIRT4 knockdown cells. Complementary confocal

imaging showed that Rhy treatment reduced DLAT—SIRT4 spatial

colocalization (Supporting Information Fig. S5A), reinforcing our

model in which Rhy modulates DLAT lipoylation by disrupting

DLAT—SIRT4 binding. To investigate its potential pathogenic

relevance, we analyzed single-cell RNA sequencing data from

postmortem midbrain tissues of PD patients versus controls,

comparing expression levels of LIAS, SIRT2, and SIRT4. Strik-

ingly, PD patients exhibited consistently higher SIRT4 expression

compared to healthy individuals (Fig. S5B—S5D). Taken together,

these results support our hypothesis that pathological SIRT4

upregulation drives excessive DLAT—SIRT4 interaction and

delipoylation in PD. Importantly, Rhy appears to reverse this

defect by preventing DLAT—SIRT4 binding, thereby restoring
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DLAT lipoylation and ameliorating mitochondrial dysfunction in

neuronal models.

Conformational changes in proteins can modulate binding af-

finities with interacting partners. Combining tryptophan fluores-

cence and circular dichroism spectroscopy, we demonstrated that

Rhy induced structural rearrangements in DLAT. The observed

quenching of tryptophan fluorescence suggested Rhy-mediated

alterations in the local microenvironment of aromatic residues

(Fig. 4H). Circular dichroism spectral analysis revealed distinct

perturbations in DLAT’s secondary structure, notably affecting ß-

sheet regions (evidenced by characteristic negative [218—220 nm]

and positive peaks [195—198 nm]) and ß-turn motifs (negative

peak ∼200 nm; positive peak ∼205 nm), signatures associated

with its lipoylation domain (Fig. 4I). These structural shifts

Figure 2 DLAT mediates Rhy-induced mitochondrial fusion regulation. (A) Experimental workflow for identifying potential targets of Rhy

using thermal proteome profiling (TPP) strategy. (B) Volcano plot of TPP results and screening strategy for Rhy’s anti-PD targets. (C) Schematic

representation of the target screening and prioritization pipeline. (D) Western blotting analysis showing Rhy-regulated mitochondrial dynamics

proteins (OPA1, p-DRP1Ser637) in control versus DLAT-KO cells (n � 3). (E, F) Representative confocal images (E) and quantification (F) of

mitochondrial networks visualized by Mito-tracker Red (n � 3 fields). (G) Super-resolution microscopy images of mitochondrial cristae

structures labeled with PKmito Orange (PKMO), n � 3 images. (H, I) TMRE staining reveals mitochondrial membrane potential alterations

(n � 5 fields). The data are presented as mean ± SD. Multiple group comparisons were evaluated through one-way analysis of variance

(ANOVA). P < 0.05 was considered statistically significant.
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correlated with SPR data confirming Rhy’s specific binding to the

L domain. Through molecular dynamics simulations, we observed

Rhy-induced weakening of DLAT—SIRT4 binding, as evidenced

by the elevation in free energy from − 48.49 to − 37.22 kcal/mol.

Crucially, Rhy-induced deformation of DLAT’s L domain

sterically blocked the lipoylation branch from accessing SIRT4’s

catalytic H161 pocket, thereby impairing hydrolysis (Fig. 4J).

Collectively, these results establish that Rhy remodels DLAT

conformation to weaken SIRT4 binding while promoting

lipoylation-dependent restoration of mitochondrial dynamics.

Figure 3 Rhy directly binds to the L domain of DLAT. (A) SPR analysis of binding affinity between Rhy and DLAT. (B) MST analysis of

binding affinity between Rhy and DLAT. (C, D) DARTS assays confirmed Rhy—DLAT interaction. (E—G) CETSA revealed thermal stabilization

of DLAT by Rhy; GAPDH served as the negative control (n � 3). (H) Schematic representation of DLAT domain architecture and tertiary

structure. (I) Design strategy for two truncated DLAT constructs. (J, K) SPR assays evaluating Rhy binding to DLAT truncations. (L) Predicted

binding mode of Rhy within the DLAT L domain, derived from molecular docking. (M) SPR analysis of Rhy binding to a site-directed DLAT

mutant. (N) MTT-based assessment of neuroprotective activity by Rhy in SH-SY5Y cells with shDLAT knockdown, rescued by WT or mutant

DLAT expression (n � 6). The data are presented as mean ± SD. Multiple group comparisons were evaluated through one-way analysis of

variance (ANOVA). P < 0.05 was considered statistically significant.
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Figure 4 Rhy enhances DLAT lipoylation by disrupting DLAT—SIRT4 interaction. (A) Schematic depicting the enzymatic role of DLAT in

PDC. As a key catalytic subunit, DLAT converts pyruvate to acetyl-CoA, bridging glycolysis and the TCA cycle. The L domain facilitated

substrate channeling via a “swinging arm” mechanism to the interaction I domain for acetyl-CoA synthesis (Figure was created with Biorender.

com). (B) Western blotting analysis of DLAT lipoylation levels following Rhy treatment. (C) PDC enzymatic activity assay in response to Rhy.

(D, E) TCA cycle metabolic flux assessed using 13C-labeled glucose. Isotopologue distributions (M+1 to M+6) denote the incorporation of 1—6
13C atoms, tracking carbon flow through metabolic intermediates. (F) Co-IP assays of DLAT—SIRT4 interaction. HEK293T cells expressing HA-

tagged DLAT were treated with Rhy for 4 h, followed by IP with anti-HA antibody and Western blotting (n � 3). (G) Validation of SIRT4 as the

primary regulator of DLAT delipoylation via gain and loss-of-function assays. Rhy-induced DLAT lipoylation depends on SIRT4 activity. (H)

Tryptophan fluorescence spectroscopy revealing Rhy-induced conformational changes in DLAT. (I) CD spectra analysis of Rhy-mediated DLAT

structural alterations. (J) Molecular dynamics simulations comparing DLAT—SIRT4 complex stability with or without Rhy, quantifying binding

free energy shifts.
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3.4. DLAT lipoylation maintains mitochondrial dynamic

homeostasis

To determine whether DLAT lipoylation plays a pivotal role

in regulating mitochondrial fission-fusion dynamics, we

established stable DLAT-knockdown HEK293T cells using len-

tiviral shRNA and reconstituted them with either wild-type

DLAT (WT-DLAT) or lipoylation-deficient mutants (K132R,

K259R, or K132/259R)―key residues previously identified as

DLAT lipoylation sites43. Western blotting analysis demon-

strated that WT-DLAT, but not the K132R or K259R

mutants, restored the expression of OPA1 (a fusion mediator)

and p-DRP1Ser637 (an inhibitory fission marker), confirming that

lipoylation at these sites is essential for DLAT’s regulation of

mitochondrial dynamics (Fig. 5A). To further assess the

functional consequences of DLAT lipoylation, we performed

comprehensive mitochondrial analyses, including morphology

assessment, MMP measurement, and cristae ultrastructure

evaluation. Consistent with the rescue results, WT-DLAT-

expressing cells displayed elongated mitochondrial networks,

stable MMP, and well-organized cristae. In contrast, cells

harboring K132R or K259R mutants exhibited fragmented

mitochondria, depolarized MMP, and disrupted cristae, rein-

forcing the necessity of lipoylation for mitochondrial integrity

Figure 5 Lipoylation of DLAT at K132 and K259 is essential for mitochondria fusion. (A) Western blotting analysis of DLAT-knockdown

HEK293T cells rescued with either WT-DLAT or lipoylation-deficient mutants (n � 3 independent experiments). (B) Confocal microscopy of

mitochondria stained with Mito-tracker in DLAT-knockdown cells reconstituted with the indicated plasmids (n � 5 images). (C) MMP assessed

by TMRE staining in rescued cells (n � 5 images). (D) Ultrastructural analysis of mitochondrial cristae via PKMO staining (n � 3 images). The

data are presented as mean ± SD. Multiple group comparisons were evaluated through one-way analysis of variance (ANOVA). P < 0.05 was

considered statistically significant. NS, no statistical difference.
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(Fig. 5B—D). Taken together, these findings conclusively

establish DLAT lipoylation as indispensable for maintaining

mitochondrial homeostasis.

3.5. Rhy rescues mitochondrial bioenergetics and

neurotransmitter recycling by activating DLAT-mediated

metabolic pathways

To systematically investigate DLAT knockdown-induced down-

stream alterations and their functional consequences, we con-

ducted proteomic profiling integrated with comprehensive

bioinformatic analyses. Volcano plot visualization revealed

extensive proteome-wide changes in DLAT-deficient cells versus

controls (Fig. 6A), with the top 20 most differentially expressed

proteins (10 upregulated and 10 downregulated) cataloged in

Supporting Information Fig. S6. KEGG pathway enrichment

analysis of the 15 most significantly perturbed pathways

uncovered substantial disturbances in energy metabolism and

stress-responsive signaling cascades (Fig. 6B and E). Notably

impaired pathways included the TCA cycle, AMPK signaling, and

FOXO signaling networks, directly reflecting DLAT’s canonical

function as a metabolic nexus regulating mitochondrial acetyl-

CoA homeostasis. Gene Ontology (GO) analysis demonstrated

significant enrichment in mitochondrial matrix and synaptic

vesicles (Fig. 6C and D), underscoring DLAT’s dual regulatory

capacity in both bioenergetics and neuronal transmission.

Substantiating these observations, Western blotting analysis

documented that Rhy treatment markedly increased p-AMPKα

(Thr172), FOXO3, p-STAT3, and p-EGFR expression (Fig. 6F and

G). Importantly, Rhy treatment effectively rescued expression of

critical vesicular transport machinery components (KIF5B,

KIF5C, KIF1B, and VMAT2) that govern synaptic vesicle traf-

ficking and dopaminergic neurotransmission (Fig. 6H and I).

Collectively, these multimodal datasets provide compelling

evidence that Rhy-mediated DLAT activation coordinately re-

stores mitochondrial metabolic competence and neurotransmitter

recycling capacity.

3.6. Rhy mitigates 6-OHDA-induced mitochondrial dysfunction

and neurotoxicity in vivo

Our investigation commenced with pharmacokinetic analyses

confirming Rhy’s favorable oral bioavailability and efficient brain

penetration, with peak plasma concentrations (tmax) attained at 1 h

post-administration (Supporting Information Fig. S7A and S7B).

Rhy demonstrated dose-proportional pharmacokinetics in both

plasma and brain tissue compartments (Fig. S7C and S7D).

Building upon these findings, we evaluated Rhy’s therapeutic ef-

ficacy in a unilateral striatal 6-OHDA-lesioned PD mouse model.

After 1 week post-lesion, mice exhibiting robust motor impair-

ments (>5 contralateral rotations/min) were randomized into

vehicle, Rhy (5, 10, and 20 mg/kg), or Madopar-treated groups

(Fig. 7A). Following three weeks of treatment, Rhy administration

dose-dependently improved motor coordination, restored

muscular strength, and significantly attenuated apomorphine-

evoked rotational asymmetry (Fig. 7B—D). These behavioral

benefits paralleled substantial neurochemical restoration,

evidenced by normalized striatal dopamine and DOPAC levels

(Fig. 7E and F). Importantly, immunohistochemical (IHC)

analyses substantiated Rhy’s neuroprotective effects through

preserved tyrosine hydroxylase expression within nigral

dopaminergic neurons and their striatal terminals (Fig. 7G—K).

Consistent with our cellular findings, TEM analysis revealed

that Rhy treatment reversed 6-OHDA-induced mitochondrial

fragmentation and cristae disruption in nigral dopaminergic

neurons (Fig. 8A). Western blotting analysis further demonstrated

that Rhy promoted mitochondrial fusion in vivo, as indicated by

upregulated p-DRP1Ser637, MFN2, and OPA1 expression (Fig. 8B

and C). Notably, Rhy significantly reduced DLAT-SIRT4

colocalization in the SN (Fig. 8D and E) while enhancing pro-

tein lipoylation, suggesting an interplay between mitochondrial

dynamics and lipoylation-dependent regulation. Collectively,

these findings demonstrate that Rhy alleviates motor deficits and

mitochondrial pathology in PD mice by restoring mitochondrial

homeostasis and protecting dopaminergic neurons.

Building on these promising efficacy data, we then performed

a comprehensive toxicological assessment to evaluate the safety of

Rhy administration. A comprehensive toxicological evaluation

revealed no evidence of organ toxicity, as determined by

histopathological analysis (HE staining) of major organs

(Supporting Information Fig. S8A). Furthermore, evaluation of

renal and hepatic function markers, including aspartate

aminotransferase (AST), alanine aminotransferase (ALT), albu-

min, urea, and albumin/globulin (A/G) ratio (Fig. S8B—S8F)

showed no significant alterations at therapeutic doses. Additional

acute toxicity testing demonstrated median lethal dose (LD50)

exceeding 1000 mg/kg, with no observed mortality or acute

neurological toxicity at effective doses. These findings

collectively indicate that Rhy possesses a favorable safety profile

within the therapeutic dose range, supporting its potential as a

neuroprotective agent for PD treatment.

3.7. Rhy exerted neuroprotective effects in A53T transgenic

mice

To further evaluate Rhy’s therapeutic potential, we treated

7-month-old A53T transgenic mice (C57BL/6 J background).

After 6 weeks of daily Rhy treatment (10 mg/kg), the mice

showed significant improvement in PD-associated motor

dysfunction, including enhanced motor coordination, grip

strength, and locomotor activity (Fig. 9A—F). As expected in PD

pathology, vehicle-treated A53T mice exhibited severe dopami-

nergic neuron degeneration in both the SN and striatum, charac-

terized by reduced TH-positive neuron counts (Fig. 9G and H) and

decreased TH protein expression (Fig. 9J, Supporting Information

Fig. S9A). Crucially, Rhy administration effectively reversed

these neurodegenerative changes, increasing both TH-positive

neuron numbers and TH/GAPDH protein levels. Furthermore,

Rhy treatment significantly reduced pathological A53T α-syn

accumulation in the SN, as confirmed by IHC staining and

Western blotting analysis (Fig. 9I and J, Fig. S9B). Importantly,

mechanistic investigation revealed a disease-associated down-

regulation of DLAT protein expression in A53T mouse brains

(Supporting Information Fig. S10). Taken together, these find-

ings demonstrate that Rhy ameliorates both behavioral and

neuropathological phenotypes in this PD mouse model, poten-

tially through its modulation of DLAT expression.

3.8. DLAT orchestrates neuronal dysfunction in PD

pathogenesis

To elucidate the clinical relevance of DLAT in PD, we system-

atically analyzed single-cell RNA sequencing data from the SN of

PD patients and healthy controls retrieved from the GEO database
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Figure 6 Rhy enhances DLAT to regulate mitochondrial energy metabolism and neurotransmitter recycling. (A) Differential gene expression

analysis by proteomic profiling following DLAT knockdown (volcano plot). (B) Top 15 enriched KEGG pathways altered upon DLAT depletion.

(C) Subcellular distribution of DLAT-regulated proteins (GO cellular component analysis). (D) Functional categorization of DLAT-dependent

biological processes (top 15 GO terms). (E) Pathway interaction network identified by ClueGO-based KEGG enrichment. (F, G) Western

blotting detection of metabolic signaling proteins (p-AMPKα, FOXO3a) and receptor tyrosine kinase activation markers (p-STAT3, p-EGFR) in

Rhy-treated PC12 cells (24 h, n � 3). (H, I) Western blotting analysis of neuronal transport machinery components (KIF5B/C, KIF1B, VMAT2)

in Rhy-treated PC12 cells (24 h, n � 3). The data are presented as mean ± SD. Multiple group comparisons were evaluated through one-way

analysis of variance (ANOVA). P < 0.05 was considered statistically significant.
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Figure 7 Rhy mitigates 6-OHDA-induced mitochondrial dysfunction and neurotoxicity in vivo. (A) Schematic overview of the experimental

timeline, including unilateral intrastriatal 6-OHDA lesioning and subsequent treatment. (B) Motor coordination was evaluated by rotarod latency

(n � 14 mice/group). (C) Neuromuscular function was assessed by grip strength (n � 14 mice/group). (D) Dopaminergic asymmetry was

measured by apomorphine-induced contralateral rotations (n � 12 mice/group). (E, F) Quantification of DA and DOPAC levels in the striatum

using UPLC—MS (n � 6 mice/group). (G—J) Western blot (n � 3 mice/group) and immunofluorescence analysis of TH expression in the

substantia nigra (n � 6 mice/group). (K) Representative images of TH immunohistochemical staining in the striatum (n � 3 mice/group). The

data are presented as mean ± SD. Multiple group comparisons were evaluated through one-way analysis of variance (ANOVA). P < 0.05 was

considered statistically significant.
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(GSE243639). The clinical characteristics of the subjects were

summarized in Supporting Information Fig. S11. The cellular

composition of the SN included oligodendrocytes (32.97%),

oligodendrocyte precursor cells (6.69%), microglia (14.52%),

neurons (21.52%), astrocytes (19.28%), vascular endothelial cells

(4.22%), and other cell populations (0.8%) (Fig. 10A and B).

Notably, neuronal populations exhibited the most pronounced

depletion in PD patients compared to other cell types (Fig. 10C).

Further analysis revealed DLAT’s distinct cell type-specific

expression pattern, with pronounced enrichment in neurons rela-

tive to non-neuronal populations (Fig. 10D). Crucially, DLAT

expression at the transcript level was markedly reduced within the

neuronal populations of PD patients compared to healthy in-

dividuals (Fig. 10E). Analysis of public proteomics data (PRIDE:

PXD000427) corroborated this finding, confirming that DLAT

protein abundance was also significantly decreased in the SN of

Figure 8 Rhy ameliorates mitochondrial dysfunction via suppression of the DLAT—SIRT4 axis in PD mice. (A) Representative transmission

electron microscope images illustrating mitochondrial ultrastructure in substantia nigra neurons. (B, C) Protein levels of mitochondrial dynamics

markers (DRP1, p-DRP1Ser616, p-DRP1Ser637, MFN2, OPA1) in SN tissues were analyzed by Western blotting (n � 3). (D, E) Immunofluo-

rescence co-staining demonstrating reduced DLAT—SIRT4 colocalization in substantia nigra following Rhy treatment (n � 3). The data are

presented as mean ± SD. Multiple group comparisons were evaluated through one-way analysis of variance (ANOVA). P < 0.05 was considered

statistically significant.
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Figure 9 Rhy treatment ameliorates motor deficits and neuropathology in A53T transgenic mice. (A) Schematic overview of the experimental

timeline. (B) Motor coordination was assessed by the rotarod test (n � 5 mice/group). (C) Muscle strength was evaluated using a grip strength test

(n � 5 mice/group). (D—F) Spontaneous locomotor activity was analyzed by open-field test. Representative movement traces (D), total distance

traveled (E), and average speed (F), n � 5 mice/group. (G) TH immunofluorescence staining in the substantia nigra. (H) TH IHC staining in

striatum. (I) Double IHC staining of α-syn (green) and TH (red) in the substantia nigra. (J) Western blotting analysis of TH and α-syn expression

in midbrain (n � 3 mice/group). The data are presented as mean ± SD. Multiple group comparisons were evaluated through one-way analysis of

variance (ANOVA). P < 0.05 was considered statistically significant.
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PD patients (Supporting Information Fig. S12A and S12B). These

results highlight the dysregulation of DLAT and underscore its

potential as a therapeutic target for PD.

Subsequent subclustering of neuronal populations identified

preferential DLAT expression in dopaminergic neurons (Fig. 10F

and G), establishing DLAT as a critical determinant of dopami-

nergic neuronal function. Pseudotemporal trajectory uncovered

dynamic DLAT expression patterns along the inferred neuronal

transcriptional trajectory, characterized by relatively higher

expression observed at both early and late pseudotime states

(Fig. 10H and I). This expression pattern closely paralleled

metabolic transitions, wherein upregulated DLAT met enhanced

bioenergetic requirements during neuronal proliferation, while

its sustained expression preserved critical ATP-driven functions

in mature neurons, particularly neurotransmitter synthesis and

synaptic vesicle release in dopaminergic populations. GO

enrichment analysis of PD-associated transcriptional alterations

highlighted significant convergence on DLAT-regulated path-

ways, particularly ATP metabolism, oxidative phosphorylation,

and synaptic vesicle cycling, each functionally reliant on DLAT-

driven pyruvate decarboxylation (Fig. 10J). Collectively, these

findings implicate DLAT deficiency in PD pathogenesis, likely

through compromised mitochondrial metabolic support in

energy-demanding dopaminergic neurons.

4. Discussion

PD, the second most prevalent neurodegenerative disorder

worldwide, exhibits an age-dependent incidence escalating from

∼1% at age 65 to nearly 5% by age 8546,47. Current therapeutic

strategies predominantly address symptom management through

surgical approaches and pharmacological interventions, like

Figure 10 Single-nucleus RNA sequencing (snRNA-seq) identifies cell type-specific DLAT expression reductions in the substantia nigra pars

compacta (SNpc) of PD patients. (A) UMAP visualization of 33,904 high-quality nuclei from three PD and three control postmortem SNpc

samples. (B) Proportional distribution of major cell populations within the SNpc dataset (pie chart). (C) Cluster-wise quantification of nuclei

derived from control versus PD donors (bar plot). (D) Neuron-specific enrichment of DLAT expression across all cell types. (E) Significant

downregulation of DLAT mRNA levels in PD-derived SNpc neurons compared to controls. (F) Subclustering analysis of neuronal populations

from panel A. (G) Elevated DLAT expression in dopaminergic and GABAergic neuronal subpopulations. (H, I) Pseudotemporal trajectory

reconstruction (Monocle 2) depicting neuronal developmental dynamics (H) with corresponding DLAT expression patterns (I). (J) GO biological

process enrichment analysis (top 10 terms) differentiating PD and control SNpc neurons. The data are presented as mean ± SD. Multiple group

comparisons were evaluated through one-way analysis of variance (ANOVA). P < 0.05 was considered statistically significant.
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Levodopa, which is a mainstream medication for the treatment of

PD48. Although Levodopa predominantly alleviates motor symp-

toms, it fails to halt progressive neuronal loss. Consequently, a

mechanistic understanding of PD pathogenesis is urgently needed

for developing disease-modifying treatments.

Mitochondrial dysfunction is known to play a central role in

PD pathogenesis. Mitochondria undergo morphological changes,

such as fission and fusion, to repair damaged mitochondria and

ensure the quality of mitochondria. However, in PD, the homeo-

static balance of mitochondrial dynamics is perturbed, leading to

the aberrant production of fragmented mitochondria, loss of MMP,

reduced ATP production, elevated ROS levels, and increased

oxidative stress. Therefore, targeting mitochondrial dynamics

presents a promising direction for the treatment of PD. Actually,

DRP1 inhibitors have been explored as a therapeutic avenue in

PD. Mdivi-1, a quinazolinone that binds allosterically to DRP1,

suppresses its GTPase activity by preventing the oligomerization

of DRP1 ring structures, thereby attenuating pathological mito-

chondrial fission49. Moreover, Mdivi-1 enhances dopamine release

and neuronal survival in the MPTP-induced mouse model50, as

well as mitigates motor deficits and neurodegeneration in A53T-α-

syn transgenic rats51. Beyond small molecules, rationally designed

peptides like P110 inhibit DRP1 activity in MPTP toxicity models

and further rescue mitochondrial dysfunction by stabilizing MMP

and curbing superoxide overproduction52. On review, it seems that

DRP1 inhibition-based therapies may seem promising, while

critical questions persist regarding long-term safety and tissue

selectivity. Chronic effects of DRP1 modulation remain unchar-

acterized, and off-target consequences, particularly in non-

neuronal systems, warrant systematic investigation. These

challenges highlight the need for novel modulators, especially

from natural products that combine structural diversity and

evolutionarily optimized safety. Here, our findings established

Rhy, a bioactive alkaloid from Uncaria species, exemplifying this

potential by balancing mitochondrial fusion and fission with

inherent biocompatibility. Rhy is bound to the L domain of DLAT,

allosterically disrupting its interaction with sirtuin 4 (SIRT4) and

subsequently enhancing DLAT lipoylation, thereby restoring

fusion/fission balance.

DLAT, a core component of the PDC, is well-known for its

metabolic role in the TCA cycle53. Our study, however, reveals a

novel function for DLAT in mitochondrial dynamics, as its

knockout in cells caused pronounced mitochondrial fragmenta-

tion. While the precise mechanism is still under investigation, we

propose that DLAT governs mitochondrial dynamics indirectly

through its canonical metabolic function. By maintaining PDC

activity, DLAT ensures the production of acetyl-CoA, ATP, and a

stable redox balance―all of which are critical for energy-

dependent mitochondrial fusion. This model is strongly sup-

ported by evidence that inhibiting PDC promotes excessive

fission54, while activating it enhances mitochondrial fusion and

energy metabolism55. Thus, DLAT acts as a critical metabolic

hub where its role in the TCA cycle is directly linked to mito-

chondrial quality control, suppressing pathological fission by

ensuring robust energy production in both health and disease.

This raises the high possibility that changes in DLAT expression

could serve as a biomarker for neurodegenerative diseases,

particularly PD. Our analysis of a public proteomics dataset from

the human SN (PRIDE: PXD000427) revealed that DLAT pro-

tein abundance was significantly lower in PD patients compared

to healthy elderly individuals (Fig. S12A and S12B). Further-

more, the dataset (PRIDE: PXD051145) revealed a dramatic

90% reduction in DLAT protein levels in elderly individuals

(mean age, 83.9) compared to the young (mean age, 28.7) and

middle-aged (mean age, 62.3) groups (Fig. S12C). This positions

DLAT as a potential candidate for the biomarkers of neurode-

generative progression.

Importantly, lipoylation modification of DLAT is essential for

maintaining its functional integrity, highlighting the significance

of PTM in DLAT-mediated mitochondrial regulation. Protein

lipoylation is an essential PTM for mitochondrial enzymes and is

conserved in only five human proteins, including DLAT, DLST,

DBT, and GCSH56,57. In this study, we found that lipoylation of

DLAT was decreased in the 6-OHDA-induced PD model, thereby

impacting mitochondrial energy metabolism. Also, studies by

Grassi et al.58 revealed that α-syn aggregates reduce mitochondrial

lipoylation and induce mitochondrial fragmentation, ATP deple-

tion, and oxidative stress. These indicate that lipoylation may play

a role in the pathological pathways of PD. Beyond PD, lipoylation

is also closely linked to aging59. Lipoylation also influences other

pathways, such as fatty acid oxidation and branched-chain

amino acid degradation. These results open up the possibility of

alleviating age-associated decline in energy expenditure by

enhancing the mitochondrial lipoylation pathway, like α-lipoic

acid supplementation or pharmacological modulation of

lipoylation-modifying enzymes, offering a potential therapeutic

strategy for PD.

SIRT4 is a member of the mammalian NAD+-dependent

deacetylase enzyme family, which regulates a variety of biological

processes, including genomic regulation, stress responses, mito-

chondrial metabolic homeostasis, and aging60. However, unlike

other SIRTs in this family, SIRT4 exhibits low deacetylase activity

but possesses robust delipoylase activity. It enzymatically hydro-

lyzes the lipoamide cofactor of DLAT, thereby reducing PDC

activity45. In our study, Rhy was found to inhibit the interaction

between SIRT4 and DLAT, leading to enhanced mitochondrial

energy metabolism accompanied by increased PDC enzyme ac-

tivity. Importantly, single-cell transcriptomics revealed elevated

SIRT4 protein levels in the SN of PD patients, consistent with

recent findings showing that SIRT4 expression in the brain’s

preoptic region also increases with age61. Knockdown of SIRT4 in

cellular and animal models of Alzheimer’s disease significantly

reduces neuronal apoptosis62. Another study demonstrated that

SIRT4 levels are elevated in oocytes of aged mice, and SIRT4

knockout partially rescues the defective phenotypes in these oo-

cytes63, while overexpression of SIRT4 in mouse oocytes results

in increased ROS levels, reduced ATP production, and mito-

chondrial damage64. Beyond its role in aging, most studies to date

have confirmed SIRT4’s tumor-suppressive functions65, which

may stem from its inhibitory effects on mitochondrial energy

metabolism, particularly through its modulation of lipoylation

levels. However, the relationship between SIRT4 and mitochon-

drial energy metabolism remains controversial, as some studies

suggest that SIRT4 has anti-aging properties and contributes to

maintaining normal mitochondrial function. Therefore, further in-

depth research on SIRT4 is warranted to elucidate its multifaceted

roles.

Overall, therapeutic approaches targeting mitochondrial dy-

namics, including the use of compounds like Rhy, have demon-

strated the potential to restore mitochondrial function. By

bolstering lipoylation-dependent metabolic flexibility, such in-

terventions may counteract age-related bioenergetic decline and

PD progression. Thus, future efforts can prioritize exploring the

feasibility of taking DLAT as a PD target in clinical lipoylation-
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enhancing adjuvants and emphasizing mitochondrial resilience as

an anti-aging treatment.

5. Conclusions

In this study, we demonstrated that Rhy mitigated 6-OHDA-

induced mitochondrial dysfunction by promoting mitochondrial

fusion and uncovered DLAT as the direct molecular target un-

derlying Rhy-mediated regulation of mitochondrial dynamics.

Mechanistically, Rhy binds to the N-terminal lipoyl domain of

DLAT, allosterically disrupting its interaction with SIRT4 and

subsequently enhancing DLAT lipoylation, thereby rescuing en-

ergy metabolism and enhancing mitochondrial fusion. Taken

together, our results not only validate the therapeutic feasibility of

modulating mitochondrial dynamics by Rhy in PD but also

pinpoint DLAT as a druggable target with translational potential.
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