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Parkinson’s Disease (PD) is a neurodegenerative disorder characterized by a-synuclein accumulation
and aggregation, leading to disrupted cellular homeostasis, impaired mitochondrial function, and
neuroinflammation, ultimately causing neuronal death. Recent biomarker studies reveal elevated

serum levels of L-ornithine-derived polyamines correlating with PD progression and clinical subtypes,
though their precise role in PD pathology remains unclear. We investigated the impact of polyamine-
interconversion enzymes (PAIEs) on a-synucleinopathy in a Drosophila melanogaster model of PD,
evaluating key degenerative features such as lifespan, locomotor function, tissue integrity, and a-
synuclein accumulation. Knockdown of ornithine decarboxylase 1 (ODC1), spermidine synthase
(SRM), and spermine oxidase (SMOX) reduced a-synuclein toxicity, while suppression of spermidine/
spermine N1-acetyltransferase 1 (SAT1) and spermine synthase (SMS) exacerbated it. Conversely,
overexpressing SAT1 or SMOX significantly reduced a-synuclein toxicity, highlighting their potential
rolein PD. These findings underscore the critical role of polyamine pathways in modulating a-synuclein

toxicity, offering novel therapeutic targets for PD.

Parkinson’s Disease (PD) is a progressive neurodegenerative disorder
affecting millions of mid-life individuals and is characterized by a decline in
motor function (including slowed movements, tremors, and cognitive
decline)'”. The primary risk factor is increasing age, although environ-
mental factors and genetics may also play a role’. The motor disorder of PD
involves the degeneration of a specific population of neurons located in the
substantia nigra, which project to the striatum and generate dopamine®™.
While most cases of PD appear sporadic’, some cases arise from various
gene mutations’, the most common being LRRK2", and GBAI'. Addi-
tionally, more than two dozen gene mutations have been associated with
causation or enhanced risk for PD'*'”. While PD has multiple etiologies, a
central hallmark of the disease is the pathological accumulation of a-
synuclein (a-Syn)" ", a small, soluble protein encoded by the SNCA gene. a-
Syn plays an essential role in synaptic function'® and neurotransmitter
release'”.

In PD, a-Syn undergoes structural changes, misfolding, and aggrega-
tion into insoluble fibrils'’. These a-Syn aggregates, commonly seen in PD

brain tissue in circular structures known as Lewy bodies'’, accumulate over
time in the progressive disease and in aging individuals as an incidental
finding™. Abnormal a-Syn aggregates interfere with critical cellular pro-
cesses, including mitochondrial dynamics™, proteostasis”, and endo-
lysosomal membrane integrity”. Ultimately, these processes result in
selective neuronal damage and death. Thus, there is a need for mechanistic
studies to further investigate disease-related a-Syn aggregation and its role
in PD progression.

The aggregation process of a-Syn, driven by elevated a-Syn protein
levels, is influenced by both genetic****’ and environmental factors™ .
Recent biomarker studies suggest that the concentration of polyamines
(PAs) is altered in PD***, PAs are essential organic polycations that are
evolutionarily conserved” across diverse organisms, from yeast and
bacteria to plants and mammals. They are ubiquitous in cells and play
critical roles in numerous cellular processes, including cell growth‘“’,
nucleic acid synthesis”**, ion transport”*, and apoptosis™*’. Dysregu-
lation of PA homeostasis can lead to various adverse outcomes'' in
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humans, culminating in disease and pathology; multiple reports link
altered PA metabolism to various types of cancer”™, cardiovascular
disease”, and neurodegeneration*. Serum biomarker studies in PD
identified an increase in three L-ornithine (ORN)-derived PAs, putres-
cine (PUT), spermidine (SPD), and spermine (SPM), in early-stage PD
patients, all of which correlated with the progression of PD and its clinical
subtypes™. Whether this correlation was related to the elevated a-Syn
protein levels is unknown.

PAs can have a dual role in neurodegenerative diseases, functioning as
facilitators that preserve neuronal integrity* by promoting autophagy to
clear toxic proteins like a-Syn™ and reduce oxidative stress, thus supporting
neuronal survival. Conversely, PAs contribute to neuronal damage through
their catabolism, which produces reactive oxygen species such as H,O, and
acrolein™, leading to oxidative stress, inflammation, and excitotoxicity™
that harm neurons™. The balance of PA pathways underscores their critical
role in PD pathology’***. However, it remains unclear whether elevated PA
concentrations directly exacerbate PD pathology by promoting oxidative
stress and inflammation, or if they are a secondary effect of disease pro-
gression, reflecting compensatory mechanisms to mitigate neuronal
damage.

The intracellular homeostasis of ORN, PUT, SPD, and SPM is
meticulously maintained through synthesis, degradation, and export™*".
PA biosynthesis converts ORN into PUT, and with further incorporation
of aminopropyl groups into SPD and SPM through specific polyamine
interconversion enzymes (PAIEs)”. These include PA anabolic and
catabolic enzymes”. PA anabolic enzymes, such as ornithine decarbox-
ylase (ODC1), spermidine synthase (SRM), and spermine synthase
(SMS), facilitate the biosynthesis of PAs”**. This process involves a series
of decarboxylation reactions followed by aminopropylation”. PA cata-
bolism is a more complex process in which PAs are broken down into
their precursors and is facilitated by a distinct group of PAIEs that include
spermine oxidase (SMOX), spermidine/spermine N'-acetyltransferase
(SAT1), and N'-acetylpolyamine oxidase (PAOX)"'. Catabolic PAIEs are
involved in acetylation and oxidation processes>*. Additionally, selec-
tive transporters mediate the translocation of PAs and their byproducts
across cellular membranes. The Na'-independent transporter SLC7A2*
supports PA synthesis by facilitating the uptake of cationic amino acids
and ORN. Furthermore, ATP-dependent transporters ATP13A2 and
ATP13A3® are essential for PA trafficking within the endo-/lysosomal
system, ensuring efficient distribution and homeostasis of PAs in cellular
compartments. These mechanisms highlight the complex regulation of
PA dynamics in cells. Investigating PA pathways—including metabolites,
interconversion enzymes, and transporters“’”—may provide a better
understanding of PD’s pathogenic mechanisms, as indicated by the serum
biomarker™** and related findings™.

Here, we utilized Drosophila melanogaster to investigate the sig-
nificance of PA pathway perturbation in PD pathology, modeled through
the neuronal overexpression of human wild-type a-Syn**®. Our aim was to
determine whether targeted PA metabolism could affect a-Syn stability and
impact disease progression. We observed that the regulation of PAIEs sig-
nificantly affects a-Syn toxicity. We identified the PA catabolic enzymes
SAT1 and SMOX as critical factors in PD, as they influenced a-Syn protein
levels and its effects in Drosophila. Our findings provide novel mechanistic
insights into a PD model, using a-Syn pathology as a readout to advance
biomarker research and set the stage for PA-targeted therapies.

Results

Expression of human a-Syn leads to shortened lifespan and
motor dysfunction in Drosophila

We employed overexpression of human wild-type a-Syn as a Drosophila
model to investigate the impact of PA pathway modulation in PD. As an
initial step, we validated the model by assessing whether a-Syn expression
induces neurodegenerative phenotypes when driven ubiquitously or spe-
cifically in neurons. As shown in Fig. 1A, ubiquitous expression of a-Syn

using the sqh-Gald driver’"”” resulted in a dose-dependent reduction in

lifespan in both male and female flies, with two copies of the transgene
reducing median lifespan to 64 days in females and 53 days in males. A more
pronounced effect was observed with pan-neuronal expression of a-Syn
driven by elav-Gal4, as illustrated in Fig. 1B. Flies carrying two copies of a-
Syn had a median lifespan of 29 days in females and 18 days in males,
compared to 76 days in females and 64 days in males with only one copy.
These results confirm that a-Syn dosage strongly influences survival, par-
ticularly when expressed in neurons. Next, we examined a secondary aspect
of fly physiology by assessing fly mobility through the Rapid Iterative
Negative Geotaxis (RING) assay”* (Fig. 1C). In this assay, fly positions across
zones 1-5 indicate graded motor performance. Flies in zone 1 exhibit severe
motor deficits, while those in zones 4 and 5 demonstrate strong climbing
ability and preserved neuromuscular function. This distribution enables
quantification of locomotor impairments and improvements following
genetic interventions. The assay was conducted three and six weeks post-
eclosion of flies ubiquitously expressing a-Syn (Fig. 1D). At week three,
compared to control flies that contained the Gal4 driver in the absence of a-
Syn, a smaller proportion of a-Syn-expressing flies reached zones 4 and 5,
the highest tiers of the motility index. This decline in motility was also dose-
dependent, with flies carrying two copies of the a-Syn transgene exhibiting a
more pronounced impairment in both sexes. Notably, sex-specific differ-
ences emerged at week six, with a higher proportion of male flies expressing
one or two copies of a-Syn remaining in zone 1 compared to their female
counterparts, indicating more severe locomotor deficits. These sex-specific
differences mirror observations in human populations, where PD is more
common in men, with ~65% of patients being male’*”.

We also conducted the same RING assay on flies overexpressing a-Syn
pan-neuronally (Fig. 1E). Due to the early mortality observed in flies with
pan-neuronal a-Syn expression, we performed assays at 3 and 4 weeks post-
eclosion. Pan-neuronal expression of a-Syn led to markedly greater loco-
motor impairments compared to flies with ubiquitous a-Syn expression.
Notably, at both 2 and 4 weeks, 96-100% of male flies carrying two copies of
the a-Syn transgene remained confined to zone 1 at the bottom of the vial,
highlighting the severity of the phenotype. Sex-specific differences were
observed as early as week two in flies pan-neuronally expressing two copies
of the a-Syn transgene, with the proportion of males remaining in zone 1
being ~30% higher compared to females. We conclude that expression of a-
Syn in flies leads to reduced motility and longevity in a dose-dependent
manner. These baseline data establish the a-Syn overexpression fly model as
a valuable tool for investigating the relationship between PA metabolism
and a-Syn toxicity.

Targeting of PAIE modulates a-Syn toxicity in Drosophila
Given the elevated levels of PAs observed in the serum of PD patients™ ™, we
sought to determine whether regulating the PA pathway could influence
disease-related phenotypes in our PD model. To address this, we examined
the effects of PA pathway modulation in our Drosophila model with pan-
neuronal expression of a-Syn. As illustrated in Fig. 2A, the PA pathway
constitutes a tightly regulated metabolic network comprising anabolic and
catabolic interconversion enzymes, along with transporters that collectively
maintain PA homeostasis. To assess how individual PAIEs influence a-Syn-
driven neurodegeneration, we performed RNAi-mediated neuronal
knockdowns of Drosophila orthologs of PAIEs and PA transporters. The
efficiency of each gene knockdown was validated by quantifying PAIE
mRNA levels in the presence and absence of RNAi-mediated knockdown
using qRT-PCR (Supplementary Fig. 1).

In our longevity assays, knockdown of ODC1 (Fig. 2B, J), SRM (Fig. 2C,
K), or SMOX (Fig. 2G, O) significantly extended lifespan in both female and
male a-Syn flies compared to RNAi controls. Notably, knockdown of SAT1
reduced lifespan in female flies (Fig. 2F) but not in males (Fig. 2N), sug-
gesting a sex-specific effect. Additionally, neuronal knockdown of PAOX,
ATP13A3, or SLC7A2, regardless of a-Syn expression, led to pronounced
developmental abnormalities such as unexpanded wings and impaired leg
mobility, resulting in early lethality (Fig. 2E, H, I, M, P, Q). These findings
indicate that these genes are essential for normal development and function
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Fig. 1 | Longevity and motility analyses of flies ubiquitously or pan-neuronally
expressing a-Syn. A, B Longevity curves of adult female (left) and male (right) flies
expressing zero (black), one (green), or two (pink) copies of a-Syn throughout
development and adulthood, driven by (A) sqh-Gal4 and (B) elav-Gal4. Median
survival days are indicated to the right of each panel. Statistical significance was
assessed using log-rank tests: ns (not significant), *(p < 0.05), **(p < 0.01),

¥ (p < 0.001), ¥*¥**(p < 0.0001). C Diagram illustrating methodology of the Rapid

RING assay Result

=

Analyze the photo and determine the number of flies
present in each designated zone.

Reference
Measurement
Vial

—

Iterative Negative Geotaxis (RING) assay. For details, please see the Methods sec-
tion. D, E Motility analysis (RING assay) of flies with (D) ubiquitous and (E) pan-
neuronal a-Syn expression, with the week of measurement indicated at the top. Each
vial was divided into five zones, with different colors representing each zone. Flies
were photographed, and the number of flies in each zone was counted and nor-
malized to the total number of flies. The percentage of flies in each zone is shown in
the figure.

independently of a-Syn-associated toxicity. Due to these developmental
defects, proper lifespan comparisons under a-Syn expression could not be
assessed for these knockdowns. In summary, the lifespan extension
observed following ODC1, SRM, or SMOX knockdown highlights the
potential protective role of modulating specific PAIE pathways in the
context of a-Syn-induced pathology.

Next, we examined whether modulation of PAIEs affects the motility of
the a-Syn Drosophila model using the RING assay (Fig. 3). In week one,
knockdown of SMS and SAT1 impaired climbing ability in female flies, with
fewer individuals reaching the higher zones (4 and 5); notably, SAT1
knockdown led to a statistically significant reduction in the percentage of
flies in zones 4 and 5 (p = 0.0027), and 50% of flies remaining in zone 1 (Fig.
3A). In male flies, knockdown of ODC1, SRM, SMOX, or SAT1 initially
enhanced climbing performance (Fig. 3B), with a greater proportion
reaching zone 5 and fewer remaining in zone 1. ODC1 knockdown resulted
in a statistically significant improvement in climbing ability (p = 0.0351). As
observed in the longevity experiments (Fig. 2), knockdown of PAOX,

ATP13A2, or SLC7A2 caused severe developmental abnormalities. These
flies displayed a complete inability to climb and remained in zone 1 at the
bottom of the vial (Fig. 3A, B).

By the fourth week, female flies with knockdown of SRM or SMOX
showed a marked improvement in mobility, as indicated by a higher
proportion of flies reaching zone 5 and fewer remaining in zone 1 (Fig. 3C).
For SMOX knockdown, the combined percentage of flies in zones 4 and 5
was significantly increased (p < 0.0001). In contrast, knockdown of ODCI1,
SMS, or SAT1 resulted in reduced mobility, with fewer females reaching
zone 5. In males, knockdown of ODCI1, SRM, or SMOX (Fig. 3D)
enhanced locomotor performance, with a greater percentage of flies
reaching zone 5 compared to controls. Conversely, knockdown of SMS or
SAT1 led to decreased motility, with fewer flies reaching zone 5 and more
remaining in zone 1. By the eighth week, SMOX knockdown continued to
promote improved motor function, with 33% of both female (Fig. 3E) and
male (Fig. 3F) flies reaching zone 5, compared to only 12% and 8% in the
respective control groups. The combined proportion of flies in zones 4 and
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Fig. 3 | Knockdown of enzymes in the polyamine pathway impacts motility in the
a-Syn Drosophila model. A-F RING assay results showing the effects of neuronal
knockdown of individual polyamine pathway enzymes in the a-Syn Drosophila
model at week 1 (A, B), week 4 (C, D), and week 8 (E, F), with female flies on the left
and male flies on the right. In (A, B), asterisks indicate that flies with neuronal
knockdown of PAOX, ATP13A2, and SLC7A2 were assessed only at week 1, as these
flies exhibited severe developmental abnormalities, including unexpanded wings,

and died within three weeks. Higher zone-specific comparisons from each RING
assay are shown in (A, B), and on the right side of (C-F). The total percentage of flies
in Zones 4 and 5 was calculated for each vial, with each group consisting of five vials
containing 20 flies per vial. Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s multiple comparisons test against the Ctrlgna;
group, using GraphPad Prism.

5 was significantly increased in both sexes (female: p=0.0012; male:
P <0.0001). Interestingly, ODC1 knockdown led to improved mobility
exclusively in males (Fig. 3F), with 26% reaching zone 5 and 32%
remaining in zone 1. A significantly greater proportion of flies occupied
zones 4 and 5 (p =0.0055). Knockdown of SAT1 consistently impaired
locomotor function in both sexes, with most flies confined to zone 1 (92%
in females and 81% in males). Knockdown of SMS also reduced motility,
though to a lesser extent, with only 1% of females and 4% of males reaching

zone 5. Together, these findings indicate that SMOX knockdown sig-
nificantly improves locomotor outcomes in the a-Syn model, while SAT1
knockdown consistently worsens them.

PAIE regulates fly eye integrity in the context of a-Syn-induced
toxicity

We observed that neuronal PAIE knockdown influences longevity and
motility phenotypes in the a-Syn model. To investigate whether these effects

npj Parkinson’s Disease | (2025)11:231


www.nature.com/npjparkd

https://doi.org/10.1038/s41531-025-01087-9

Article

GMR-Gal4> a-Syn ; CD8GFP

A
Ctrlrnai ODC1gnai SRMenai SMSkgnai SMOXgnai SAT1rnai PAOXgnNai ATP13A2rNai SLC7A2rNai
Day 1
o .
. .
B D14 D28 C D14 D28 D D14 D28 E D14 D28
kKK Aok
20
15
§ 5 § g
£ £ £10 £
o o o o
L w 10 ™ ™
(] S S 5 S
(]
GMR-Gal4> GMR-Gal4> GMR-Gal4> RO GMR-Gal4>
CD8GFP CD8GFP CD8GFP Q< @‘EQ QO ‘gﬂe CD8GFP
a-Syn + a-Syn + a-Syn + ¢ 5 O 3 a-Syn +
F D14 D28 G H D14 D28 | D14 D28
20 RkRR okiokk 20 20 25 *k I
>15 [ 3 >15 215 2z = 2
] 8 & ] 5 £
c < 5 S 15
210 210 £10 £
s a 1
& & & g1 #*
G 5 G 5 N ° .
0 0 0 0
GMR-Gald> S GMR-Gal4> GMR-Gal4> F P ¢ GMR-Gal4> SRR SR SRS
coaGFP o & oo e CDBGFP CDBGFP ¢ & Q& e CDBGFP ¢ & o o &
asyn+ @ oF < s aSyn+ © a-Syn + q’fb Q\'b a-Syn + a P
& ® & &

Fig. 4 | Polyamine pathway enzyme knockdown modulates eye integrity in the a-
Syn Drosophila model, assessed by CD8GFP fluorescence. A Representative GFP
images of fly heads co-expressing CD8GFP, a-Syn, and RNAi targeting polyamine
pathway enzymes in the eye. Female fly head images were gathered on days 1, 14, and

28 post-eclosion. B-I Quantification of GFP fluorescence intensity at days 14 and 28
using Image]. Sample size: N > 15 per condition. Statistical analysis was performed
using Brown-Forsythe and Welch ANOVA tests. Significance levels: ns (not sig-
nificant), *(p < 0.05), **(p < 0.01), *¥¥(p < 0.001), ****(p < 0.0001).

are associated with cellular-level changes in neuronal integrity, we utilized
the Drosophila eye, a well-established system for studying neurodegenera-
tion and cellular toxicity. Each ommatidium of the compound eye contains a
cluster of photoreceptor neurons. By expressing a membrane-tagged
fluorescent marker, CD8GFP, in these photoreceptors, we were able to
visualize cellular architecture and assess neuronal integrity in vivo™*”". This
model provides a robust and quantifiable platform for evaluating a-Syn-
induced toxicity in response to PAIE modulation. In this context, toxicity is
reflected by the degeneration of internal ommatidial components, leading to
photoreceptor cell loss and reduced GFP fluorescence’. Conversely,
enhanced fluorescence indicates preserved eye structure and improved
neuronal integrity’”. Figure 4A represents the GFP photos of the female fly
eyes, Showing a significantly enhanced GFP signal in the eyes of ODClgnai»
SRM gnai and SMOX gnai at days 1, 14, and 28. Quantification of GFP
intensity (Fig. 4B-I) confirmed that knockdowns of ODCI (Fig. 4B), SRM
(Fig. 4C), or SMOX (Fig. 4E) at days 14 and 28 led to a notable increase in
fluorescence compared to background controls. In contrast, flies co-
expressing a-Syn with either SAT1zna; (Fig. 4F) or PAOXgna; (Fig. 4G) at
days 14, and 28, as well as those with SMSgn; (Fig. 4D) at day 28, exhibited

significantly reduced GFP intensity compared to the controls. Moreover,
while knockdown of PA transport enzyme ATP13A2 did not alter GFP
fluorescence (Fig. 4H), knockdown of the sodium-independent transporter
SLC7A2 led to a significant GFP reduction at day 28 (Fig. 4I). Overall, these
results indicate that knockdown of ODC1, SRM, and SMOX enhances
cellular integrity in the a-Syn model, whereas knockdown of SAT1, SMS,
PAOX, or SLC7A2 exacerbates cellular toxicity.

We conducted similar analyses in male fly eyes (supplementary fig.
2). Our results show that the overall patterns of neuronal integrity are
largely consistent between males and females. Specifically, knockdown of
ODC1, SRM, and SMOX increased neuronal integrity, while knockdown
of SAT1, PAOX, and SLC7A2 reduced integrity in both sexes. The one
notable exception is SMS knockdown at day 28: females exhibited a sig-
nificant reduction in neuronal integrity compared to controls, while
males did not. We believe this discrepancy is due to control males already
exhibiting substantial neuronal degeneration by day 28, limiting the
ability to detect further decline. In contrast, control females retained
higher neuronal integrity at the same time point, allowing the effect of
SMS knockdown to be more clearly observed. Collectively, these findings

npj Parkinson’s Disease | (2025)11:231


www.nature.com/npjparkd

https://doi.org/10.1038/s41531-025-01087-9

Article

underscore the significance of PAIE modulation in mitigating a-Syn-
induced toxicity.

PAIE knockdowns affect a-Syn protein levels

To further understand how PAIE modulation influences a-Syn-induced
toxicity, we next examined whether changes in PAIE expression affect a-Syn
protein levels. Since a-Syn accumulation and aggregation are central fea-
tures of PD pathology, we assessed a-Syn protein abundance in flies with
pan-neuronal expression of a-Syn and RNAi-mediated knockdown of
individual PAIE genes (Fig. 5A-H with quantification on the right). We
observed significant increases in a-Syn protein levels following knockdown
of SMS (Fig. 5C), ATP13A2 (Fig. 5D),and SAT1 (Fig. 5F). In contrast, a-Syn
protein levels were reduced when PAOX (Fig. 5E) or SMOX (Fig. 5G) was
knocked down. Knockdown of ODC1 (Fig. 5A), SRM (Fig. 5B), or SLC7A2
(Fig. 5H) did not result in notable changes in a-Syn levels. Together, these
findings suggest that individual PAIE enzymes differentially regulate a-Syn
protein homeostasis, with knockdown of PAOX and SMOX reducing a-Syn
accumulation, while the knockdowns of SMS, SAT1, or ATP13A2 pro-
mote it.

Overexpression of SAT1 and SMOX mitigates a-Syn-induced
toxicity in Drosophila

We have compared longevity, motility, eye integrity, and a-Syn protein
levels in the a-Syn Drosophila models and discovered that suppressing
enzymes in the PA pathway affects a-Syn-mediated toxicity. Given the
strong effects we observed with SAT1pna; and SMOXgnaj, We were inter-
ested in whether overexpressing these genes would produce the opposite
outcome and further support their regulatory roles. We generated new fly
lines carrying UAS-DmSAT1 or UAS-DmSMOX by inserting Drosophila
SAT1 or SMOX ¢DNA into the attP2 site on chromosome 3 (Fig. 6A-C).
We utilized flies with pan-neuronal expression of two copies of a-Syn to
induce a stronger phenotype and tested whether overexpression of
DmSAT1 could rescue it. As expected, DmSATI overexpression sig-
nificantly extended lifespan compared to control flies (Fig. 6D). Further-
more, DmSAT1 markedly improved climbing ability (Fig. 6E), with females
showing a more pronounced enhancement than males, as significantly more
flies reached the higher zones 4 and 5 (Fig. 6F). Western blot analyses also
revealed a reduction in a-Syn protein levels in the presence of DmSAT1
overexpression (Fig. 6G).

Similarly, we tested flies with pan-neuronal expression of both
DmSMOX and a-Syn. Intriguingly, despite the protective effects pre-
viously observed with SMOX knockdown, overexpression of DmSMOX
also significantly extended the lifespan of a-Syn-expressing flies (Fig. 6H).
RING assays showed improved climbing ability in both sexes, with males
displaying a greater enhancement, as more flies reached zones 4 and 5
compared to females (Fig. 6I). Quantification of flies in zone 1 and zone 5
(Fig. 6]) further supports these findings. In females, SMOX over-
expression significantly decreased the percentage of flies in zone 1 and
increased those in zone 5. A similar trend was observed in males, with a
significant reduction in zone 1 and an increase in zone 5. These results
confirm that SMOX overexpression enhances motor performance in both
sexes, with a more pronounced effect in males. Western blot analysis
further confirmed that SMOX overexpression significantly reduced a-Syn
protein levels (Fig. 6K). This dual outcome, in which both suppression
and overexpression of SMOX attenuate a-Syn toxicity, was
unexpected and suggests a more nuanced role for SMOX in regulating PA
metabolism and a-Syn homeostasis. Collectively, these findings support
the conclusion that overexpression of either SAT1 or SMOX mitigates
a-Syn toxicity in Drosophila models.

Discussion

In this study, we systematically investigated the role of PA pathway enzymes
in modulating a-Syn-induced toxicity using an intact organism model.
Previous reports of elevated L-ORN-derived PAs in the serum of PD
patients™ suggest a potential systemic disruption in PA metabolism. Given

the tightly regulated nature of PA homeostasis®’, we hypothesized that
altered concentrations of the various PAs contribute to PD pathology, as
proposed in prior studies™'. To test this, we examined the functional
relevance of the PA pathway in a Drosophila model of a-Syn toxicity, with a
particular focus on PAIEs and PA transporters. Our findings demonstrate
distinct phenotypic outcomes associated with specific gene knockdowns,
highlighting the importance of PA metabolism in synucleinopathy and its
potential as a therapeutic target (Fig. 7).

The modulation of a-Syn protein levels by PAIEs observed in our
Western blot analyses (Figs. 5 and 6) suggests that these enzymes regulate a-
Syn through multiple mechanisms. Several PAIEs likely influence protein
turnover via the ubiquitin-proteasome system or autophagy. For instance,
SMOX activity generates reactive oxygen species, which can alter autop-
hagic flux or induce oxidative modifications that affect a-Syn aggregation
and clearance™". SAT1, known for its role in PA catabolism and acetylation
pathways, may influence a-Syn stability by affecting lysosomal degradation
or proteasomal activity’****. Moreover, PAs such as spermidine are
essential for eIF5A hypusination®", a process that modulates translation
elongation and may indirectly influence the production or handling of a-
Syn and other proteostasis-related proteins®’. Although transcriptional
regulation seems less likely, post-transcriptional mechanisms, including
mRNA stability and translation efficiency, may also contribute to the
observed changes. Future studies will need to differentiate among these and
other possibilities.

The a-Syn toxicity readouts in knockdown experiments, including
longevity, motility,and GFP eye integrity assays, closely correlate with a-Syn
protein levels. This highlights the functional impact of PA pathway mod-
ulation on a-Syn homeostasis and associated neurodegenerative pheno-
types (Fig. 7). Among the enzymes tested, SAT1 showed the most
pronounced effect. Knockdown of SAT1 exacerbated a-Syn toxicity,
resulting in elevated a-Syn protein levels, increased structural degeneration
in the fly eye, reduced lifespan, and impaired motility. In contrast, SMOX
knockdown produced the opposite outcome, lowering a-Syn protein levels,
improving eye integrity, extending lifespan, and enhancing motor perfor-
mance. Notably, both SAT1 and SMOX are catabolic enzymes in the PA
pathway, raising an important question: why does knockdown of each result
in such divergent effects? Further investigation is needed to examine the
roles of specific metabolic byproducts and the balance of individual PA
species in shaping these outcomes. Suppression of ODCl and SRM
improved longevity and eye integrity, while motility was enhanced in ODC1
knockdown males and SRM knockdown flies before week 4; however, a-Syn
protein levels remained unchanged. Knockdown of SMS resulted in
increased a-Syn levels, yet only worsened motility and eye integrity, with no
significant effect on lifespan. These findings suggest that distinct PAIEs
differentially regulate a-Syn toxicity, either directly or indirectly; they
highlight the complex role of PAIEs in a-Syn-associated neurodegeneration.

We observed sex-specific differences in survival motor function across
nearly all conditions in the a-Syn Drosophila model. As shown in Fig. 2,
female flies exhibited longer median lifespans than males in both control
and PAIE knockdown groups. This female-biased longevity is consistent
with prior findings in Drosophila and other model organisms, where females
often demonstrate greater resilience to neurodegenerative insults™"".
Although the precise mechanisms underlying this sex disparity remain
unclear, several biological factors may contribute. In Drosophila, females are
generally larger than males and tend to possess stronger wings and legs’',
which may enhance their physiological robustness. These physical traits are
likely governed by intrinsic, sex-specific gene regulatory networks. Addi-
tional contributing factors may include differences in mitochondrial func-
tion, redox homeostasis, hormonal signaling, and immune response
pathways”". This observation has potential relevance to human disease, as
approximately 65% of PD patients are male’***”, a sex disparity for which
the underlying biological basis remains unresolved. Our findings under-
score the importance of incorporating sex as a biological variable in neu-
rodegeneration research and suggest that identifying protective
mechanisms in females could reveal novel therapeutic targets.
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the intensity of the a-Syn bands to the corresponding total protein signal from Direct
Blue. Statistical significance was assessed using an unpaired two-tailed Student’s ¢
test. Significance levels are indicated as follows: ns (not significant), *(p < 0.05),
*E(p < 0.01), ¥¥*(p < 0.001), ****(p < 0.0001).
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Fig. 6 | Overexpression of DmSAT1 and DmSMOX alters disease-related phe-
notypes in the a-Syn Drosophila model. A A diagram of the cloning strategy used to
insert DmSAT1 or DmSMOX into the pWALIUM10.moe vector, with plasmids
integrated into the third chromosome of the pCary fly line at the attP2 site;

B, C amino acid sequences of HA-tagged DmSAT1 (B) and DmSMOX (C), with the
HA tag underlined in orange; D, H longevity analysis of flies with pan-neuronal
expression of two copies of a-Syn, with or without overexpression of DmSAT1 (D)
or DmSMOX (H), where the numbers in the circles indicate median survival days
and statistical significance was determined using log-rank tests (ns: not significant,
*p <0.05, ¥*p < 0.01, ¥**p < 0.001, ¥***p < 0.0001); E, I motility analysis using the
RING assay at week 4 in flies expressing two copies of a-Syn, with or without
DmSATI (E) or DmSMOX (I) overexpression. Zone-specific comparisons from

Direct Blue (loading)

each RING assay (E, I) are shown in (F, J). The percentages of flies in zone 1 (the
bottom zone) and zones 4 + 5 (F) or 5 only (J) (the top zone) were calculated per vial,
with each group consisting of 5 vials containing 20 flies each. Statistical analysis was
performed using an unpaired two-tailed Welch’s ¢ test. Significance levels: ns (not
significant), *(p < 0.05), **(p < 0.01), ***(p < 0.001), ****(p < 0.0001), using
GraphPad Prism. G, K western blot analyses of a-Syn protein levels in flies with pan-
neuronal expression of a-Syn, with or without DmSAT1 (G) or DmSMOX (K)
overexpression, where the arrowhead in (G) indicates non-specific bands; and in
(K), the red arrow marks SMOX-specific bands and the black arrow denotes non-
specific bands. Statistical analysis for western blots was performed using an unpaired
two-tailed Student’s ¢ test with significance levels as follows: ns (not significant),
*(p < 0.05), ¥¥(p < 0.01), ***(p < 0.001), ****(p < 0.0001).

While females generally outlived males in our model, the effects of
individual PAIE knockdowns were directionally consistent between
sexes, with one notable exception. In the case of SAT1 knockdown,
females displayed reduction in lifespan compared to controls, whereas
males showed no significant change. This divergence suggests that
SAT]I exert sex-specific effects on neuronal survival. One possibility is
that males and females differ in their basal SAT1 expression or protein
turnover rates, making females more susceptible to SAT1 loss.
Importantly, SAT1 knockdown has broad cellular effects beyond PA
catabolism, including modulation of stress response genes’”,

chromatin remodeling””, autophagy pathways™, hypoxia signaling

(via HIF-1a)***, and mRNA translation (via eIF5A hypusination)” ",
These downstream processes may also differ between sexes, amplifying
the phenotypic disparity. Future studies are needed to dissect the sex-
specific roles of SAT1 and to identify the molecular mechanisms driving
these differential responses.

We also observed that SMOX overexpression improved climbing
ability in both sexes, with a more pronounced effect in males (Fig. 6I). A
greater proportion of male flies reached the upper zones (zones 4 and 5)
compared to females, indicating a sex-specific enhancement in motor
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beneficial polyamine metabolism, where knockdown of ODC1, SRM, SMOX, or
PAOX, or overexpression of SMOX or SAT1, reduces a-Syn levels and toxicity,
promoting health and longevity. In contrast, the right half illustrates a PD-like
condition, where knockdown of SMS, SAT1, ATP13A2, or SLC7A2 leads to either a-
Syn accumulation or increased toxicity, ultimately resulting in neurodegeneration.

performance. Although the endogenous SMOX gene (CG7737) is located
on the X chromosome, the overexpression construct used in our study
was inserted into chromosome 3, thus avoiding direct effects of X-linked
dosage compensation'”. However, sex differences in the response to
SMOX overexpression may still arise from underlying physiological or
molecular differences between males and females™'*. For example, males
may be more sensitive to changes in PA homeostasis or more responsive
to elevated SMOX activity due to differential regulation of downstream
targets, oxidative stress handling, or autophagic pathways. These findings
suggest that sex is an important variable in determining the neuropro-
tective capacity of SMOX and should be considered in future studies
aiming to dissect the mechanistic basis of PA-related interventions in a-
Syn toxicity.

Our observation that both knockdown and overexpression of SMOX
confer protective effects in the a-Syn Drosophila model was unexpected and
suggests that SMOX may modulate a-Syn toxicity through multiple,
potentially distinct mechanisms. SMOX catalyzes the oxidation of SPM to
SPD, producing reactive oxygen species (ROS), including hydrogen per-
oxide (H,0,), as metabolic byproducts®*'**'”, which can contribute to
oxidative stress. Partial suppression of SMOX may protect neurons by
limiting ROS generation, thereby reducing oxidized a-Syn-induced toxicity
and genomic damage™. This protective effect is supported by our western
blot results showing reduced a-Syn protein accumulation, which correlates
with improved cellular function as evidenced by extended lifespan,
enhanced motility, and preserved neuronal integrity in the eyes. Subse-
quently, we observed that SMOX overexpression also produced a protective
effect, which was unexpected given the benefits previously seen with SMOX
knockdown. This intriguing result led us to further test whether over-
expressing two copies of SMOX would yield an enhanced effect. As shown in
supplementary fig. 3. Flies expressing two copies of DmSMOX exhibited a
greater extension in median lifespan compared to those with non or only
one copy (supplementary fig. 3A, B), with statistical significance observed in
females based on the Gehan-Breslow-Wilcoxon test. In addition, Western
blot analysis confirmed that two-copy DmSMOX overexpression reduces a-
Syn protein level (supplementary fig. 3C). These results strengthen the
evidence that SMOX overexpression confers neuroprotective effects and

suggest that the degree of SMOX activity may differentially influence a-Syn
pathology. Future work is needed to investigate how varying SMOX
expression levels affect a-Syn aggregation, degradation, and associated
neurotoxicity.

Mechanistically, SMOX catalyzes the conversion of SPM to SPD, a
process that may facilitate the clearance of excess SPM and restore PA
balance. In addition, elevated SPD levels have been associated with various
beneficial effects, including stimulation of eIF5A hypusination®*”’, reduc-
tion of histone acetylation'”'”, and promotion of compensatory
autophagy'®™""” and cellular repair processes'''. These molecular changes
may contribute to enhanced autophagic flux, supporting the removal of a-
Syn aggregates and improving phenotypic outcomes™. This dual observa-
tion suggests that both reduced and elevated SMOX activity play a role in a-
Syn toxicity, likely through different mechanisms.

Additionally, we found that neuronal knockdown of the PA trans-
porters ATP13A2 and SLC7A2, as well as the catabolic enzyme PAOX,
caused severe developmental abnormalities and led to early mortality in
flies. These findings suggest that ATP13A2, SLC7A2, and PAOX are
essential for normal developmental processes, potentially functioning
both within and beyond their roles in maintaining PA homeostasis during
development. Similarly, SAT1 knockdown was associated with increased
a-Syn-related toxicity. As a rate-limiting enzyme in PA catabolism®'",
SAT1 facilitates the acetylation of SPD and SPM, allowing these PAs to be
further metabolized, reintegrated into other pathways, or exported from
the cell. Reduced SAT1 activity may disrupt PA flux, resulting in the
accumulation of SPD and SPM, which can become cytotoxic at elevated
concentrations and compromise cellular homeostasis. In addition to its
enzymatic role, SAT1 also interacts with other proteins and contributes to
broader cellular functions’™'". For example, SAT1 has been shown to
bind HIF-1a and RACK1, promoting the ubiquitination and degradation
of HIF-1a'", a transcription factor that regulates the expression of many
stress- and metabolism-related genes''>"'°. Furthermore, the acetylation
of PAs or other cellular targets may exert protective effects under con-
ditions of cellular stress™'"”. Taken together, our results suggest that
SAT] activity influences longevity, motility, and neuronal integrity in the
a-Syn Drosophila model. The opposing outcomes observed with SAT1
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knockdown versus overexpression indicate that SAT1 plays a protective
role in a-Syn-induced toxicity, likely through both PA-dependent and
independent mechanisms.

The PA pathway is highly interconnected and tightly regulated,
making it challenging to consistently and persistently isolate the effects of
a single enzyme. Modulating one PAIE can alter PA levels, which may in
turn trigger compensatory responses from other enzymes within the same
or related pathways to maintain cellular homeostasis. This dynamic bal-
ance reflects the regulatory mechanisms that cells employ to preserve
homeostasis. The finding that both SMOX knockdown and over-
expression confer protection from a-Syn likely reflects such compensa-
tory dynamics. Overexpression of SMOX promotes the oxidation of SPM
to SPD, generating hydrogen peroxide as a byproduct. In response to
reduced SPM and elevated SPD levels, cells may activate additional reg-
ulatory mechanisms, including the modulation of PAIEs such as SAT1,
SMS, SRM, and even SMOX itself, to restore PA balance. To address these
complex interactions, future studies will need to incorporate metabolomic
profiling, single-cell protein analysis, and single-cell RNA sequencing to
monitor compensatory responses and clarify the specific roles of indivi-
dual PAIEs at cellular resolution. Although disentangling these
mechanisms is inherently challenging, we believe our findings represent a
critical first step toward understanding how PA metabolism contributes to
PD pathology.

Overall, our study demonstrates that specific PAIEs and PA
transporters significantly affect the phenotypic outcomes of a-Syn-
induced toxicity in a Drosophila model of PD. These findings highlight
the importance of PA pathway regulation in modulating a-Syn home-
ostasis, neuronal integrity, and disease progression (Fig. 7). Future
research should focus on dissecting the underlying molecular mechan-
isms and evaluating whether modulation of PAIE activity can serve as a
viable therapeutic strategy. Moreover, given their strong influence on
disease-relevant phenotypes, PAs, PAIEs, and related transporters may
also hold promise as biomarkers''*'"” for early diagnosis and monitoring
of PD”. Together, these insights position the PA pathway as a compelling
target for both therapeutic intervention and biomarker development in
synucleinopathies.

Methods

Drosophila stocks and maintenance

Stock numbers and genotypes of all flies are listed in Table 1. Publicly
available stocks were obtained from the Bloomington Drosophila Stock
Center (BDSC) or the Vienna Drosophila Resource Center (VDRC). Flies
overexpressing UAS-DmSAT1 and UAS-DmSMOX were generated in our
laboratory. cDNA of DmSAT1 (CG4210) and DmSMOX (CG7737) with an
in-line HA tag was synthesized by GenScript (Piscataway, NJ), cloned into
the pWalium10.moe plasmid, and injected into fly embryos for insertion
into the attP2 site. Genomic DNA was extracted and sequenced to confirm
line integrity and identity. Flies were reared in 5 mL of standard cornmeal fly
medium supplemented with 2% agar, 10% sucrose, 10% yeast, and appro-
priate preservatives, under a 25°C incubator at 40% humidity with a 12/12-
hour light/dark cycle. In all experiments, food vials were replaced every two
to three days.

Longevity assay

Approximately 20 adult flies, matched by age and separated by sex within
48 hours of eclosion as adults from their pupal cases, were collected per vial
and maintained on standard cornmeal fly medium at 25 °C. Flies were
transferred to fresh food vials every 2-3 days, and mortality was monitored
daily until all flies had died. Total fly numbers are indicated in each figure.
Survival data were analyzed using the log-rank test in GraphPad Prism (San
Diego, CA, USA).

Motility assay
Negative geotaxis was assessed through a modified RING assay™’*”
involving groups of at least 100 flies. Vials with 20 flies each were tapped

to force them to settle at the bottom, and their climbing responses were
captured with photographs taken 3 seconds afterward. Weekly records
of the average performance from five consecutive trials were main-
tained. Between tests, flies were maintained on standard food. The
positions of the flies within each vial were analyzed by dividing the vial
into predefined zones. The number of flies in each zone was counted
from the photographs and expressed as a percentage using RStudio
(Boston, MA, USA), following the methodology described in our pre-
vious study®.

CDB8GFP fluorescence measurements

All flies analyzed in this study were heterozygous for both the driver (GMR-
Gal4) and transgenes (UAS-CD8GFP and UAS-RNAI). Progeny were
collected at eclosion and aged for 14 and 28 days. At these intervals, fly heads
were dissected and imaged for GFP fluorescence using an Olympus BX53
microscope with a x4 objective and a DP72 digital camera. The fluorescence
intensity was quantified using Image], as previously described’'”’. Statistical
analysis of GFP expression was performed using ANOVA in GraphPad
Prism 9 (San Diego, CA, USA). All groups had n > 15 flies.

Western blots

Fourteen fly heads (seven males, seven females) per replicate were
homogenized in hot lysis buffer (50 mM Tris pH 6.8, 2% SDS, 10% gly-
cerol, 100 mM dithiothreitol), sonicated, boiled for 10 minutes, and cen-
trifuged at maximum speed for 10 minutes. Protein lysates from at least
three replicates were analyzed by western blotting using 4-20% Mini-
PROTEAN® TGX™ Gels (Bio-Rad) and transferred to 0.2 um PVDF
membranes. After blocking in 5% milk/TBST, membranes were incubated
overnightat4 °Cwith primary antibodies: mouse anti-a-Syn (4B12, MA1-
90346) (1:1000, ThermoFisher Scientific) and anti-HA (1:1000, Cell Sig-
naling Technology), followed by secondary peroxidase-conjugated anti-
bodies (1:5000, Jackson ImmunoResearch) for 1hour at room
temperature. Signal detection used EcoBright Pico/Femto HRP substrates
(Innovative Solutions), imaged on a ChemiDoc system (Bio-Rad). PVDF
membranes were stained with 0.1% Direct Blue 71 for total protein
visualization'”'"'*. The band intensities for a-Syn were quantified using
ImageLab software (Bio-Rad). To normalize a-Syn levels, the intensity of
the a-Syn band was divided by the total protein signal from Direct Blue
71 staining, which was measured across a standardized area of the full
lane'**'**. This approach ensures consistency across blots and accounts for
variation in protein loading.

gRT-PCR

qRT-PCR was employed to quantify mRNA levels following PAIE knock-
down (supplementary fig. 1). Total RNA was extracted from 14 fly heads per
sample (six biological replicates per group) using TRIzol reagent (Invitro-
gen, Waltham, MA, USA) and treated with TURBO DNase (Invitrogen) to
eliminate genomic DNA contamination. cDNA was synthesized using the
High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, USA). Primer sequences are provided in supplementary fig.
1A. Quantitative PCR was performed on a StepOnePlus Real-Time PCR
System (ThermoFisher Scientific) using Fast SYBR Green Master Mix
(Applied Biosystems). Expression levels were normalized to the internal
control gene rp49. Statistical analysis was conducted using an unpaired two-
tailed Student’s t test in GraphPad Prism (San Diego, CA, USA). Sig-
nificance thresholds were defined as: ns (not significant), *(p <0.05),
*¥(p <0.01), ***(p < 0.001), ****(p < 0.0001).

Statistics

All statistical analyses for longevity, motility assays, eye scoring, and
Western blotting are described in the corresponding figure legends. For
Western blot analyses, a-Syn levels were normalized to total protein as
measured by Direct Blue 71 staining and compared to the appropriate
control groups. Prism 9 (GraphPad) was used for data visualization and
statistical analyses.
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Data availability

Fly lines and source data are available upon request. The authors affirm that
all data necessary for confirming the conclusions of the article are present
within the article and figures. To request data from this study, please contact
W-L. T at wtsou@wayne.edu.

Code availability

RStudio code (Boston, MA, USA) for converting fly counts of all zones into
percentages and generating bar graphs is available upon request. Contact
W-L. T at wtsou@wayne.edu to obtain the code from this study.
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