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Urea cycle dysregulation drivesmetabolic
stress and neurodegeneration in
Parkinson’s disease

Check for updates

Shengyao Zhang1,6, GuoranWan1,6, Yu Qiu2, Meng Zhang1, Hongmei Deng2, QiongfangWang1, Junyi Hu1,
Jie Gui1, Dilong Chen3,4, Boyue Huang1 & Jianhua Ran1,4,5

Parkinson’s disease (PD), common neurodegenerative disorder, involves substantia nigra
dopaminergic neuron loss and α-synuclein accumulation in Lewybodies.While pathogenesis remains
unclear, dysregulated urea metabolism may play a central role. This study detected elevated serum
urea levels in PD patients with upregulated urea cycle enzymes. In MPTP-induced PD mice, urea
accumulated in the substantia nigra and striatum, alongside increased activity of urea cycle enzymes
(ODC1, ARG1, OTC) and urea transporter UT-B.Mechanistically, brain urea accumulation likely stems
from imbalancedurea cycle activity and impairedUT-B-mediatedclearance,with compensatoryUT-B
upregulation specifically in the substantia nigra. In vitro, MPTP-treated neuronal cells showed
increased enzyme and UT-B expression, while high urea directly suppressed tyrosine hydroxylase
(TH). Importantly, ODC1 knockdown reversed urea dysmetabolism, restored TH, and alleviated
neuronal damage. These findings establish ODC1-mediated urea cycle dysregulation as a core
metabolic feature of PD, proposing ODC1 or urea metabolism as novel therapeutic targets.

Parkinson’s disease (PD), the second most common neurodegenerative
disease after Alzheimer’s disease (AD)1, is characterized by progressive
motor dysfunction, including bradykinesia, rigidity, and resting tremor.
Notably, up to 80% of PD patients develop cognitive dysfunction during
disease progression2. Neuropathologically, PD is defined by the loss of
substantia nigra dopaminergic neurons and the accumulation of misfolded
α-synuclein into Lewy bodies that propagate across brain regions3,4. While
these features are well-established, emerging evidence suggests that meta-
bolic disturbances, particularly dysregulation of urea metabolism, may play
a critical role in PD pathogenesis, a hypothesis supported by parallels in
other neurodegenerative diseases.

Metabolomics studies in AD and Huntington’s disease (HD) have
revealed widespread increases in brain urea levels despite their distinct
clinical and genetic profiles5–8. Intriguingly, although peripheral blood urea
levels in PD patients remain controversial, with reports of elevated plasma
urea9, unchanged serum urea10, and reduced urea in cerebrospinal fluid11

and whole blood12, recent evidence indicates widespread urea accumulation

in PD brains, mirroring observations in AD and HD13. This suggests a
shared pathogenic mechanism involving urea dysregulation across neuro-
degenerative disorders. While the hepatic urea cycle (ornithine cycle) is the
primary pathway for detoxifying ammonia into urea14, recent studies pro-
pose that the brainmay harbor intrinsic urea cycle activity15,16. Key enzymes
of the urea cycle, including ornithine transcarbamylase (OTC), ornithine
decarboxylase 1 (ODC1), and arginase 1 (ARG1)17, are expressed in the
brain, and their upregulation has been linked to neurodegenerative
pathology18,19. For instance, AD brains exhibit transcriptional activation of
all urea cycle enzyme genes, implicating urea cycle dysfunction in disease
progression20. However, whether similar mechanisms operate in PD
remains unexplored.

Elevated brain urea level may also arise from impaired urea transport.
Urea transporter B (UT-B), amajor facilitator of urea clearance in the brain,
regulates urea homeostasis by mediating its osmotic-driven efflux. Dys-
functional UT-B has been associated with urea accumulation in the hip-
pocampus, leading to neuronal damage21. Compensatory upregulation of
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UT-B in HD and AD brains further underscores its role in mitigating
neurotoxic urea levels8,22, yet its involvement in PD remains unknown.
Additionally, urea cycle intermediates, such as polyamines, may exert dual
effects: while essential for neurotransmitter synthesis (e.g., GABA via
putrescine23), their overproduction can disrupt synaptic plasticity and
promote neurotoxicity24.

Therefore, this study integrates behavioral, histopathological, and
molecular approaches to investigate urea metabolism in PD patients and a
PD mouse model. We aim to quantify urea levels and urea cycle enzyme
expression (OTC, ARG1) in PD-relevant brain regions. In addition, we
explore whether dopaminergic neuron loss ismechanistically linked to urea
cycle activation or UT-B dysfunction. Our findings may unveil novel
pathogenic pathways and therapeutic targets for PD, bridging metabolic
dysregulation with classical neuropathological hallmarks.

Results
Serum urea and urea cycle increased in PD patients, andMPTP-
induced PDmodel mice showed significant motor dysfunction
Serum samples from PD patients and healthy controls were collected at
University-Town Hospital of Chongqing Medical University. Biochemical
analysis revealed significantly elevated serum urea levels in PD patients
compared to controls, while serum creatinine levels showed no significant
difference betweengroups (Fig. 1A).Westernblot analysis of serumproteins
further demonstrated upregulated expression of urea cycle key enzymes in
PD patients. Concurrently, the expression of α-synuclein, a pathological
marker of PD, was significantly increased in serum samples (Fig. 1B–C).

To investigate urea metabolism in PD pathogenesis, a chronic PD
model was established by intraperitoneally injection of MPTP for 8 weeks,
with saline-injected mice serving as controls (Fig. 1D). Body weight mon-
itoring throughout the modeling period (Fig. 1E) revealed no significant
changes between MPTP-treated mice and controls. Behavioral analysis at
the endpoint confirmed robust PD-like motor deficits in MPTP mice.
Specifically, the Parkinsonism score (Fig. 1F) showed that theMPTPmodel
mice had pronounced motor impairments. Grip strength tests (Fig. 1G),
revealed a significant reduction in forelimb strength, and rotarod perfor-
mance demonstrated impaired motor coordination and endurance in PD
mice compared to controls (Fig. 1H). Open field test (Fig. 1I–J) provided
additional insights: while total movement distance did not differ sig-
nificantly between groups, MPTP mice exhibited reduced average velocity
and spent markedly less time and distance traversing the center area. Col-
lectively, these behavioral findings validated the successful induction of PD-
like motor dysfunction in the MPTP model25.

NigrastriatumofMPTP-inducedPDmodelmiceshowedobvious
pathological manifestations
MPTP-treated and control mice revealed no gross morphological or his-
tological abnormalities (Fig. 2A) in the kidneys, as evidencedbyHEstaining.
However,MPTPmice exhibited a significant increase in the kidney-to-body
weight ratio and elevated serum urea levels but no significant change in
creatinine compared to controls (Fig. 2B). This was consistent with the
previous results of serum creatinine and urea in patients with Parkinson’s
disease. Immunohistochemical staining (Fig. 2C) of the substantia nigra
(SN) and striatum (STR) demonstrated a marked reduction in tyrosine
hydroxylase (TH) expression, amarker of dopaminergic neurons, inMPTP
mice relative to controls26.Quantitative analysis confirmeddecreased counts
of TH-positive cells and optical density in the SN and STR of PDmice (Fig.
2D).HEandNissl staining (Fig. 2E–H) further revealed severe neuronal loss
and structural damage in the SN and STR of PDmice.Western blot analysis
(Fig. 2I) corroborated these findings, showing diminished THprotein levels
in the SN, though α-synuclein expression remained unchanged, consistent
with the prior report27.

Urea cycle activation in PD brains
There is ongoing controversy regarding the activity of the urea cycle in the
brain. Previous studieshave found that theurea cycle in thenormal brain is a

metabolic pathway in thenon-traditional sense, but it exhibits a normal urea
cycle metabolic pathway under AD conditions20. To address controversies
regarding urea cycle activity in PD, we quantified urea levels and urea cycle
enzyme expression in SN and STR (Fig. 3A). MPTP-induced PD mice
exhibited significantly elevated urea levels in both the SN and STR com-
pared to controls.Westernblot analysis (Fig. 3B–E) revealedupregulationof
urea cycle key enzymes ODC1, ARG1 and OTC in the SN and STR of PD
mice. Notably, urea transporter UT-B expression was selectively increased
in the SN, but not the STR, suggesting region-specific compensatory
mechanisms to mitigate urea accumulation. Additionally, we measured the
intermediate by-products of the urea cycle and found that ammonia levels
decreased and putrescine levels increased in the SN and STR of the MPTP
group (Fig. 3F).

Immunofluorescence colocalization studies in the SN revealed reduced
TH expression alongside elevated ARG1 and ODC1 expression in the PD
mice. These enzymes were predominantly localized to the cytoplasm of
dopaminergic neurons, implicating their direct involvement in PD patho-
physiology. The spatial overlap between TH and urea cycle enzymes further
supports their role inmodulating dopaminergic neuron vulnerability under
urea metabolic stress (Fig. 3G–J).

Urea cycle dysregulation in neuronal cell models of PD
To investigate whether urea cycle activation observed in vivo extends to
cellular models, we treated three types of neurons PC12, SH-SY5Y and
Neuro-2a with 2500 μMMPTP for 24 h28. Western blot analysis revealed a
significant upregulationof keyurea cycle enzymes andurea transporterUT-
B in all three cell lines under MPTP challenge (Fig. 4A). Consistent with
protein-level changes, RT-qPCR (Fig. 4B) confirmed elevated ODC1
mRNA expression in MPTP-treated neurons. Additionally, we found that
MPTP-treatedcells had increasedurea levels, decreased ammonia levels and
increased putrescine levels (Fig. 4C). To assess the direct impact of urea on
neuronal physiology, PC12 neurons were exposed to different concentra-
tions of urea. Interestingly, urea treatment reduced TH expression in PC12
neuronswhile upregulating urea cycle key enzyme andUT-B,mirroring the
in vivo PDphenotype (Fig. 4D–E).Moreover, urea treatment also increased
the level of putrescine in the cells (Fig. 4G). However, after culturing
C8-D1A astrocytes with 2500 μM MPTP for 24 h26, TH expression was
decreased, but the urea cycle key enzymes and urea transporter proteins
showed no significant changes (Fig. 4F).

ODC1 knockdown attenuates urea cycle activation
Given the predominant expression of ODC1 in dopaminergic neurons, we
generated an ODC1- knockdown (siODC1) PC12 model to probe its
mechanistic role. In MPTP-treated cells, ODC1 knockdown significantly
reduced urea cycle enzyme expression and restored TH levels (Fig. 5A–B),
effectively reversing PD-associated molecular changes. Immuno-
fluorescence validated these findings, showing partial recovery of TH
immunofluorescence signal in siODC1 cells (Fig. 5C). Similar rescue effects
were observed in SH-SY5Y and Neuro-2a cells following ODC1 silencing
(Fig. 5D–G). Moreover, the urea level decreased after ODC1 knockdown
(Fig. 5H). These findings demonstrate that MPTP-induced urea cycle
activation andUT-B upregulation are recapitulated in neuronal cellmodels,
establishing a direct link between urea metabolism and dopaminergic
dysfunction. The reversibility of PD-like pathology via ODC1 knockdown
highlights this enzyme as a critical regulator of urea cycle activation.

Discussion
PD is a commonneurodegenerative disease in the elderly29. Epidemiological
data reveal an alarming tripling of worldwide PD prevalence from 2.5
million in1990 to6.1million cases,whichhasbecomea serious global health
challenge. Clinically, PD patients are not only accompanied by a decline in
cognitive function, but also gradually aggravated movement disorders,
leading to an increased risk of related pathology and death30. Massive
degenerationof dopaminergicneurons andaccumulationofα-synuclein are
the basic pathological features of PD31; however, more and more
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Fig. 1 | Serum urea and urea cycle increased in PD patients, and MPTP-induced
PD model mice showed significant motor dysfunction. A Serum urea creatinine
levels in normal and PD patients. (n = 20) (B) Western Blot of Serum protein (C)
Statistical plot of Western Blot of serum protein. (n = 3) (D) MPTP model con-
struction process. (n = 5) (E) Body weight of mice at modeling. F Paralysis tremor

score of mice.GMouse grip strength test.HMouse rotarod test. IMouse open field
test track map and heat map. JMouse open field test data index. Data are presented
as the mean ± SEM. Significant differences were established by Student’s t-test.
***p < 0.001, **p < 0.01, and *p < 0.05.
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Fig. 2 | Nigra striatum of MPTP-induced PD model mice showed obvious
pathological manifestations. A Gross morphology of mouse kidney and HE
staining (bar = 100 μm). B Mouse kidney-to-body weight ratio, serum urea and
creatinine. CMouse substantia nigra and striatum TH immunohistochemistry.
(bar = 250 μm, bar = 1 mm). D The average optical density and the number of
positive cells in the substantia nigra and striatum. EHE staining ofmouse substantia
nigra (short bar = 250 μm, long bar = 100 μm). FNissl staining of mouse substantia

nigra (short bar=250μm, long bar = 100 μm). G HE staining of mouse striatum
(short bar = 1 mm, long bar = 100 μm). H Nissl staining of mouse striatum (short
bar = 1 mm, long bar = 100 μm). IWestern Blot analysis of TH, A-Synuclein in the
substantia nigra and striatum ofmice and protein expression and relative expression
statistics. (n = 3).Data are presented as themean ± SEM. Significant differences were
established by Student’s t-test. ***p < 0.001, **p < 0.01, and *p < 0.05.
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Fig. 3 | Urea cycle activation in PD brains. AUrea levels in the substantia nigra and
striatum of mice. n = 3 (B) Expressions of key urea cycle enzymes and urea channel
proteins in the substantia nigra of mice byWestern Blot. n = 3.CRelative expression
statistics of urea cycle key enzymes and urea channel proteins in the substantia nigra
of mice. n = 3.D Expressions of urea cycle key enzymes and urea channel proteins in
the striatum of mice by Western Blot assay. E Western Blot analysis of relative
expression statistics of key urea cycle enzymes and urea channel proteins in mouse
striatum. F Measurement of ammonia and putrescine level changes in substantia
nigra and striatum in the MPTP model. n = 3. G Mice dopaminergic neurons in

substantia nigra co-labeled with ODC1 immunofluorescence (short bar = 100 μm,
long bar = 10 μm). HMouse dopaminergic neurons in substantia nigra co-labeled
with ARG1 immunofluorescence (short bar = 100 μm, long bar = 10 μm). I Mice
striatum dopaminergic neurons co-labeled with ODC1 immunofluorescence (short
bar = 500 μm, long bar = 10 μm). JMouse striate dopaminergic neurons co-labeled
with ARG1 immunofluorescence (short bar = 500 μm, long bar = 10 μm). Data are
presented as the mean ± SEM. Significant differences were established by Student’s
t-test. ***p < 0.001, **p < 0.01, and *p < 0.05.
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Fig. 4 | Urea cycle dysregulation in neuronal cell models of PD. A Western Blot
analysis of key urea cycle enzymes and urea channel proteins in PC12, SH-SY5-Y
and Neuro-2a MPTP model. B RNA relative expression of ODC1. CMeasurement
of urea, ammonia and putrescine level changes in the MPTP model. n = 3.
D Western Blot analysis of urea cycle key enzyme and urea channel protein
expression in neurons induced by high urea. EWestern Blot analysis of the relative

expression of key urea cycle enzymes and urea channel proteins in neurons induced
by high urea. n = 4. F Western Blot analysis of key urea cycle enzymes and urea
channel proteins in C8-D1A astrocytes.GMeasurement of putrescine level changes
after urea treatment. Data are presented as the mean ± SEM. Significant differences
were established by Student’s t-test. ***p < 0.001, **p < 0.01, and *p < 0.05.
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Fig. 5 | ODC1 knockdown attenuates urea cycle activation. A Graph of Western
Blot results after knockdown of ODC1 in PC12 cells. B Statistical plot of Western
Blot results after knockdownofODC1 in PC12 cells. n = 3.C Fluorescence pattern of
PC12 cells after knockdown of ODC1. (bar = 50um). D Graph of Western Blot
results after knockdown of ODC1 in SH-SY5-Y cells. E Statistical plot of Western
Blot results after knockdown of ODC1 in SH-SY5-Y cells. n = 3. FGraph ofWestern

Blot results after knockdown of ODC1 in Neuro-2a cells. G Statistical plot of
Western Blot results after knockdown of ODC1 in Neuro-2a cells. n = 3.
HMeasurement of urea levels after knockdown of ODC1. n = 3. Data are presented
as the mean ± SEM. Significant differences were established by Student’s t-test.
***p < 0.001, **p < 0.01, and *p < 0.05.
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metabolomics studies have shown that metabolism may be one of the
important pathological mechanisms of PD32. Our findings revealed urea
cycle activation and elevated urea levels as a central biochemical disturbance
in PD pathogenesis. This biochemical anomaly aligns with prior observa-
tions in PD dementia, dementia with Lewy bodies, Alzheimer’s disease
(AD), and Huntington’s disease (HD), where urea concentrations are
consistently elevated across multiple brain regions, often reaching patho-
genic levels comparable to uremic encephalopathy. Notably, in PDmodels,
we observed a significant increase in urea levels within the nigrostriatal
pathway, mirroring the neuropathological changes seen in human PD
brains. This suggests that urea dysregulation is not merely an epipheno-
menon but may directly contribute to disease pathogenesis.

Mechanistic dissection reveals paradoxical consequences of urea cycle
hyperactivity. While PD models demonstrate upregulation of key enzymes
(ODC1, ARG1, OTC) potentially mitigating nitrogen overload, this adap-
tive response generates neurotoxic byproducts. Similar to AD, where
astrocytic urea cycle activation drives ammonia detoxification but para-
doxically promotes cognitive decline via toxic polyamine accumulation, our
data suggest that urea cycle hyperactivity in PD may exert dual roles.
According to the neuron priority injury theory, dopamine neuronal injury
(MPTP) in Parkinson’s disease (PD) leads to more significant disorders in
the urea cycle of neurons themselves33. However, astrocytes maintain
metabolic homeostasis through other pathways. Single-cell transcriptome
data show that the expression of urea cycle enzymes (such as ARG1 and
OTC) in astrocytes of PDpatients changes by less than 2 times, while ARG1
is down-regulated by more than 5 times in neurons34. Additionally, α-syn
aggregates selectively inhibit neuronal lysosomal function (affecting argi-
nase transport), but have a weaker effect on astrocyte lysosomes, and the
neuronal urea cycle ismore susceptible to proteinopathies.Meanwhile, urea
in astrocytes may be rapidly excreted through AQP4, leading to deviations
in intracellular concentration detection. Importantly, the urea cycle of
astrocytes is significantly activated only in acute ammonia poisoning and
changes weakly in chronic neurodegeneration. ARG1 catalyzes the hydro-
lysis of arginine to produce ornithine and urea, thereby accelerating the
entire urea cycle rate and driving the conversion of ammonia to urea,
thereby enhancing the endogenous ammonia clearance capacity within the
cells. While potentially mitigating nitrogen overload, it could also generate
neurotoxic intermediates such as putrescine35, which disrupts GABAergic
signaling and synaptic plasticity23,24. This dual-edged mechanism is further
supportedby studies inHD,whereurea cycle defects andhyperammonemia
precede overt neurodegeneration36, implicating ureametabolism as an early
pathological trigger.

The direct consequences of excessive activation of the urea cycle also
include an increase in the level of the final product urea. Elevated urea levels
may extend beyond neurodegenerative pathologies to influence psychiatric
disorders. Emerging evidence suggests that high urea levels may act as an
independent biological factor in conditions such as depression and anxiety.
Mechanistically, urea disrupts neuronal synaptic plasticity, inducing
depressive-like behaviors24, and promotes abnormal myelin maintenance,
which correlates with anxiety-like phenotypes37. These findings underscore
the broad neurotoxic potential of urea dysregulation, potentially linking
metabolic disturbances to both psychiatric and neurodegenerative
manifestations.

The systemic nature of urea dysregulation in PD is underscored by
clinical evidence showing elevated blood urea and creatinine levels in PD
patients, correlate with disease severity and progression. In PD models, we
also observed marked motor dysfunction concomitant with elevated urea
levels. At the same time, the increase of urea levels can also induce PD-like
pathological manifestations in neurons, so urea may be the main factor
inducing motor dysfunction in PD. The parallel between urea-induced
pathology in models and clinical observations in PD patients, where blood
urea levels correlate with disease severity and progression7, further supports
urea as a primary effector of neurodegeneration. Crucially, experimental
induction of urea elevation in neurons recapitulated PD-like pathological
features, including dopaminergic neuron loss and α-synuclein aggregation.

In addition to the direct effect of urea on the nervous system, these per-
ipheral biomarkers may reflect broader metabolic disruptions, including
impaired renal function or altered protein catabolism, which could
exacerbate central nervous system pathology.

Importantly, ourfindings raise critical questions about causality.While
elevated urea levels are associated with PD-like motor deficits and neuronal
pathology in models, whether urea accumulation directly drives neurode-
generation or arises secondary to other metabolic insults remains unclear.
The shared urea cycle abnormalities across diverse neurodegenerative dis-
eases, despite their distinct clinical and neuropathological features, suggest a
convergent pathway of urea metabolism dysregulation. This could stem
frommitochondrial dysfunction, oxidative stress, or protein aggregation, all
of which are known to disrupt cellular homeostasis in PD7,38. Additionally,
the role of transcriptional dysregulation, as seen in HD where mutant
huntingtin disrupts C/EBPα-mediated urea cycle enzyme expression7, may
offer parallels for PD pathogenesis.

The increase in urea levels is not only related to the abnormally active
urea metabolism, but also to the abnormal transport and clearance in the
brain. Urea transporters (UTs) are a group of membrane channel proteins
responsible for selective permeability to urea across cellular membranes39,40.
Among them, UT-B is widely expressed in kidney, heart, brain, testis,
urinary tract and other tissues41. Our previous study on UT-B knockout
mice found that UT-B deficiency leads to urea accumulation in the brain,
which causes neuromorphological changes, such as neuronal loss24,37,42. At
the same time, through single-cell RNA sequencing and morphological
observation, we found that UT-B was highly expressed in substantia nigra
and other neurons, suggesting that UT-Bmay play an important role in the
excretion of urea in substantia nigra neurons21. Therefore, this study found
that the expression of UT-B in the nigrostriatal region, which regulates
motor function, was enhanced in the PD model, suggesting that UT-B
expression plays an important role in the regulation of motor function and
may be an important mechanistic target in the pathogenesis of PD. Fur-
thermore, the interaction between urea and neuroinflammation warrants
attention. For instance, inhibition of urea transporter UT-B reduces pro-
inflammatory mediators (e.g., TNF-α, NO) in microglia43, suggesting that
urea transport may modulate neuroinflammatory cascades, a hallmark of
PD and other neurodegenerative diseases.

However, there are some limitations of this study and some have not
been fully determined. While our study establishes a strong association
between urea cycle activation and PD, longitudinal studies are needed to
determine whether urea dysregulation precedes or follows neurodegen-
eration. The translational relevance of animal models to human PD also
requires validation, particularly regarding regional specificity of urea
accumulation and its interaction with α-synuclein pathology. Furthermore,
therapeutic strategies targeting urea cycle enzymes (e.g., ODC1 silencing) or
polyaminemetabolism, as demonstrated in AD17, should be explored in PD
animal models to assess their potential to mitigate motor and cognitive
deficits. Meanwhile, we should use A53T mice for the same experimental
verification.

In conclusion, urea cycle activation and high urea emerge as a unifying
metabolic signature in neurodegenerative diseases, with profound impli-
cations for PD pathogenesis. The dual role of urea, acting both as a com-
pensatorymechanism fornitrogendetoxification and a source of neurotoxic
intermediates, highlights its central yet paradoxical contribution to disease
progression. Elucidating the interplay betweenureametabolismandprotein
aggregation may unlock novel therapeutic avenues, emphasizing the need
for biomarker development and targeted interventions in PD and related
disorders.

Methods
Animals and drugs
MaleC57BL/6 Jmice (8weeks old; 22–25 g)were used for experiments. The
animals were housed in the Laboratory Animal Center of Chongqing
Medical University, with 12-h light and dark cycles and the same sleeping
conditions. The animal experiments conducted in this study were approved
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by the Chongqing Medical University Animal Care and Use Committee
(approval number: IACUC-CQMU-2025-0611) and performed following
institutional and national guidelines. All mice were euthanized under iso-
flurane anesthesia.

After 1week of animal adaptation,micewere intraperitoneally injected
with 1-methyl-4-phenyl-1,2,3, 6-tetrahydropyridine (MPTP; ST1020-
100mg, Beyotime, Chongqing, China) at a dose of 20mg/kg, once a day for
7 days; mice in the control group were given equal volume normal saline
once a day for 7 days. During the modeling period, the changes in body
weight and the tremor state were monitored and recorded. The modeling
method was consistent with the conventional Parkinson’s modeling
method26. After the end of behavioral study, mouse eye venous blood was
collected in a centrifugal tube and serumwas isolated. At the same time, the
brain tissue was partitioned and sampled.

For human samples, all biochemical tests were performed at the
Department of Neurology in the University-Town Hospital of
Chongqing Medical University. Blood samples were collected by
venipuncture into the heparin treated centrifuge tubes and placed
statically for 30 min. Plasma was separated by centrifugation at
3000 rpm for 15 min. Serum chemistry values, which including serum
creatinine level, urea level, were measured using serum biochemistry
analyzer. All experimental operations were approved by the Ethics
Sub-committee of the University Town Hospital affiliated to
Chongqing Medical University (LL-202440).

Behavior analysis
Behavioral tests were performed on all mice after modeling. The grip
strength test assessed forelimb strength by suspending mice by the tail,
allowing them to grip a force transducer with their forepaws, and recording
the peak force (in grams, g). For the open-field test, mice were acclimatized
in the testing room for 30min. Themice were then placed in the center of a
40 × 40 cm opaque plexiglass arena for 5min under 500 lux illumination.
Locomotor activity was recorded using SMART video tracking software. In
the rotarod test, mice were placed on a rotating rod accelerating from 4 to
40 rpm over 5min. After 3 days of training (4 rpm, 5min/day), latency to
fall was averaged over three trials with 1-h intervals.

Western blot
Appropriate amounts of brain tissue and cells that were rinsed with PBS
were weighed and homogenized in lysis buffer containing protease inhibi-
tors. After sonication, the tissue was placed on ice and centrifuged at
12,000 × g at 4 °C for 15min. The supernatant was collected and the con-
centration was measured using the BCA kit (Beyotime, P0010). 25 μg ali-
quots of protein were separated by SDS-PAGE (Epizyme, PG122) and
transferred to PVDF (Epizyme,WJ002) membranes. After incubation with
Quick Block Western solution (Biosharp, BL506A), membranes were
incubated with the following primary antibodies: anti-ARG1 (1:1000;
Proteintech, #16001-1-AP), anti-ODC1 (1:1000; Abcam, ab193338), anti-
OTC (1:1000; Abcam, ab203859), anti-UT-B (1:1000; CST, #44897S), anti-
TH (1:1000; Proteintech, #25859-1-AP), anti-α-synuclein (1:1000; Pro-
teintech, #66412-1-Ig), and anti-β-actin (1:1000; Abmart, P60709). Mem-
branes were then incubated with secondary antibody (1:10000; anti-goat
IgG, Proteintech, SA00001-2) at room temperature for 1.5 h. Membranes
were extensivelywashedwithTBSTandproteinbandsweredetectedusing a
chemiluminescence imaging system. The band intensities of the target
proteins were quantified using image analysis software ImageJ. The images
were background subtracted to eliminate the influence of nonspecific sig-
nals. Regions of interest were delineated consistently. Normalization was

performed by dividing the integrated density of target proteins by that of
β-actin. If technical replicates were made for the same bio-sample, the
average of their normalized valueswas takenas thefinal representative value
for that bio-sample. These mean values were included in subsequent sta-
tistical analyses based on biological replicates. Normalized values were
analyzed using statistical software.

HE and Nissl staining
Brain tissue was fixed with 4% paraformaldehyde, embedded in paraffin,
and sectioned at 5 μm thickness for histological examination. Sections were
dewaxed, rehydrated, stained with hematoxylin and eosin (HE) using a
staining kit (Bioss, C02-04004) and Nissl stain using a separate kit (Bioss,
S0198), then examined by light microscopy.

Immunohistochemical and immunofluorescence analysis
The following primary antibodies were used for immunohistochemical
(IHC) and immunofluorescence (IF) analyses: anti-ODC1 (1:200; Abcam,
ab193338), anti-OTC (1:200; Abcam, ab203859), anti-ARG1 (1:200; Pro-
teintech, #16001-1-AP), anti-TH (1:200; Proteintech, #25859-1-AP), and
anti-UT-B (1:200; CST, #44897S). Sections were incubated with primary
antibodies at 4 °C overnight, washed three times with PBS, then incubated
with secondary antibody (1:500) at 37 °C for 50min. For IHC: Detection
was performed using the biotin-streptavidin HRP system, followed by
coverslipping. For IF: After secondary antibody incubation, sections were
coverslipped with an antifade mounting medium containing DAPI
(Beyotime, P0131). Fluorescence was imaged using a Nikon confocal laser
scanning microscope with FITC and TRITC channels.

Urea, Ammonia and Putrescine assay
According to the kit (BioAssay, DIUR-500) instructions, urea levels in
mouse brain tissue and cells were measured using BioAssay Systems. Fol-
lowing the kit (UpingBio, YPD1091) instructions, ammonia levels inmouse
brain tissues and cells were measured. According to the kit (Gelatins,
JLC_K6002-96T) instructions, Putrescine levels in mouse brain tissues and
cells were measured.

Cell culture
PC12, SH-SY5Y, and Neuro-2a cells were cultured in high-glucose DMEM
containing 10%FBS and 1% penicillin/streptomycin in a 37 °C, 5% CO2

incubator. C8-D1A cells were cultured in high-glucose DMEM medium
containing 10% fetal bovine serum (FBS) and 1%penicillin/streptomycin in
a 37 °C, 5%CO2 incubator. Themediumwas refreshed every 24 h.When the
cell confluence reached more than 90%, detached with 0.25% trypsin, the
subsequent experiments were performed. The experiment was divided into
two groups, a control group and an experimental group treated with
2500 μM MPTP, and further assays were conducted after 24 h of culture,
respectively. At the same time, neurons were treated with different con-
centrations of urea for 24 h. PC12 cells were transfected with siODC1 for
72 h, and then the corresponding experimentswereperformed.Knockdown
sequences were provided by Sangon Biotech Co., Ltd. (Shanghai, China),
accession number: NM_013614.

RNA extraction and RT-qPCR
Total RNA was extracted from the cells for concentration and purity
determination, cDNA was synthesized using a reverse transcription kit
(Vazyme, R412-01) following the manufacturer’s protocol, and RT-qPCR
was performed on a Bio-Rad system. The primers, provided by Sangon
Biotech Co., Ltd. (Shanghai, China), are listed in Table 1.

Statistical analysis
All the data in the figure came from at least three independent repeated
experiments. These data were expressed as mean ± SEM, and P < 0.05 was
considered significant. *p < 0.05, **p < 0.01, ***p < 0.001. All statistical
analyses were performed using GraphPad Prism 8.0 (GraphPad Software,
Inc., San Diego, CA, USA).

Table. 1 | Primer sequences of target and reference genes

Species Gene Sequence 5′ to 3′

Mouse Odc1 Forward TGCCACACTCAAAACCAGCAGG

Reverse ACACTGCCTGAACGAAGGTCTC
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