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OPEN A novel isoquinoline mitophagy

iInducer ameliorates paclitaxel-
iInduced peripheral neuropathy in
Drosophila and mouse models
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Kang-Min Lee%?2, Eunhee Yoo*, Jong Hyun Cho3*?, Ji Hyun Lee**" & Jeanho Yun%2**

Chemotherapy-induced peripheral neuropathy (CIPN) resulting from neurodegeneration due to
chemotherapy is a challenging complication of widely administered anticancer drugs including
paclitaxel. Although CIPN is common and limits the use of chemotherapies, no curative treatment for
CIPN has been developed. Recently, stimulation of mitophagy has emerged as a promising strategy
for treating neurodegenerative diseases, but studies on its therapeutic effects on CIPN are limited.

In this study, we examined the therapeutic effect of the recently developed mitophagy inducer
ALTO001 on paclitaxel-induced peripheral neuropathy model in Drosophila and mice. Importantly,
ALT001 administration in a paclitaxel-induced Drosophila model of peripheral neuropathy significantly
ameliorated paclitaxel-induced alterations in sensory neurons and the thermal hyperalgesia phenotype
in a mitophagy-dependent manner. Moreover, we demonstrated that ALT001 administration
significantly ameliorated paclitaxel-induced mechanical allodynia and the reduction in intraepidermal
nerve fiber density in a mouse model. Interestingly, ALT001 did not interfere with the cytotoxic effect
of paclitaxel on lung cancer or breast cancer cells. Our results suggest that ALT001 is a potential
candidate for the treatment of paclitaxel-induced peripheral neuropathy and that stimulation of
mitophagy is a promising strategy for CIPN treatment that does not affect the cytotoxic effect of
chemotherapy.
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Chemotherapy-induced peripheral neuropathy (CIPN) is a common complication associated with various widely
used anticancer drugs, such as paclitaxel, vincristine, and bortezomib!. Patients with CIPN experience a range
of painful sensory and motor symptoms, including burning pain, muscle cramps, allodynia, and hyperalgesia®>.
Over 60% of patients are estimated to develop neuropathy within a month of starting chemotherapy, with a
substantial portion continuing to experience chronic or irreversible symptoms even after treatment ends*°. These
persistent effects frequently lead to dose reduction or early termination of chemotherapy, thereby compromising
cancer treatment outcomes®’. Despite the high prevalence of this condition, no effective therapies currently exist
to prevent or reverse CIPN. The underlying mechanisms of CIPN are not fully understood, but accumulating
evidence highlights the central role of sensory neuron degeneration in the pathogenesis of CIPN®. A growing
number of studies have shown that sensory neuron loss or degeneration closely correlates with the onset and
severity of CIPN symptoms, underscoring its central role in this condition®®. For example, numerous studies
have provided evidence of axonal degeneration from nerve biopsies in patients with CIPN that correlates with
the severity of CIPN (reviewed previously'’. Additionally, intraepidermal nerve fiber (IENF) density has been
shown to be closely correlated with the severity of sensory peripheral neuropathy in patients!!. These studies
underscore the need for novel interventions that can halt or reverse neuronal degeneration to effectively treat
CIPN. In addition, extensive research has revealed that various factors, such as mitochondrial dysfunction,
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impaired axonal transport, abnormal calcium signaling, and neuroinflammation, contribute to sensory neuron
loss and degeneration in CIPN patients®1%12,

Mitophagy, the selective clearance of damaged mitochondria, has recently emerged as a promising strategy
for mitigating sensory neuron degeneration and maintaining neuronal health in various neuropathic and
neurodegenerative conditions. Promotion of the PINKI-Parkin pathway, for example, has been shown to
prevent neuronal loss and degeneration in several CIPN and diabetic neuropathy models!*-1°. Yang et al. also
recently showed that the overexpression of SIRT3 restored mitophagy and prevented axonal loss in a mouse
model of diabetic neuropathy'®. These findings suggest that increasing mitophagy may be a novel strategy for
attenuating sensory neuron degeneration in CIPN. For mitophagy-based CIPN therapies to advance, identifying
compounds that are both clinically applicable and validated for their therapeutic efficacy in CIPN models is
essential.

In this study, we investigated the therapeutic effects of ALT001, a recently validated mitophagy-inducing
compound that promotes ULKI-Rab9-mediated alternative mitophagy without causing mitochondrial
dysfunction or cellular toxicity!”, making it a promising candidate for clinical application, in paclitaxel-
induced peripheral neuropathy models. ALT001 alleviated the degeneration of sensory neurons and sensory
abnormalities in both Drosophila and mouse models of paclitaxel-induced peripheral neuropathy. These findings
confirm that induction of mitophagy is an effective therapeutic strategy for CIPN and suggest that ALT001 is a
novel therapeutic candidate.

Results

The novel isoquinoline derivative mitophagy inducer ALT001 alleviates paclitaxel-induced
alterations in sensory neurons in a Drosophila model

The isoquinoline derivative ALT001 has been identified as a novel mitophagy inducer that efficiently
stimulates mitophagy while exhibiting low toxicity!”. To evaluate the therapeutic efficacy of ALT001 in CIPN,
we employed a previously established Drosophila model of paclitaxel-induced peripheral neuropathy, which
enables quantitative assessment of heat hyperalgesia and morphological alterations in sensory neurons'®!?. To
confirm the mitophagy-inducing effect of ALT001 in sensory neurons, we utilized Drosophila larvae expressing
the pH-sensitive mitophagy probe mt-Keima, specifically expressed in C4da sensory neurons (ppk!®>mi-
Keima). The increase in red puncta, a characteristic indicator of mitophagy, was confirmed through confocal
microscopy analysis and was found to correlate with increasing concentrations of ALT001 (Supplementary Fig.
S1). Mitophagy quantification using a previously established method**?! revealed that ALT001 treatment at
750 uM led to an approximately 59% increase in mitophagy levels in C4da neurons (Fig. 1A). Quantitative RT-
PCR analysis further demonstrated that ALT001 treatment reduced the mRNA levels of mitochondrial DNA-
encoded genes, such as ND5, Cyt-b, and Cox2, while increasing the expression of key mitochondrial biogenesis
regulators, including PGC-1a, TFAM, and EWG (a homologue of human NRF-1)*? (Supplementary Fig. S2).
These results are consistent with our previous findings!” and suggest that ALT001 promotes mitophagy followed
by mitochondrial biogenesis not only in mammalian cells but also in Drosophila.

Next, we investigated how ALT001 influences paclitaxel-induced changes in the dendritic architecture of
C4da neurons. Alterations in dendrite structure of C4da neurons are closely associated with the development
of peripheral neuropathy phenotypes upon paclitaxel treatment!*?. Visualization of C4da neuron dendrites
using the plasma membrane marker CD4-tdTomato allowed for dendritic arborization analysis, revealing that
paclitaxel treatment significantly enhanced dendrite length and increased the number of branch points in C4da
neurons (Fig. 1B-D), which is consistent with previous reports'®?%. Paclitaxel treatment led to a 23.6% increase
in dendrite length and a 35.7% rise in the number of branch points in C4da neurons (Fig. 1B-D). Notably,
cotreatment with ALTO001 fully prevented paclitaxel-induced increases in dendrite length and branch point
numbers in C4da neurons (Fig. 1B-D). Quantitative analysis of multiple C4da neurons (n 2 13) showed that, in
the presence of ALT001, paclitaxel did not induce significant changes in dendrite length or branch point number
(Fig. 1B-D). These results suggest that ALT001 may alleviate the paclitaxel-induced thermal hypersensitivity
through the suppression of altered dendrite arborization.

ALTO0O01 alleviates paclitaxel-induced heat hyperalgesia

Next, we investigated how ALT001 affects paclitaxel-induced hyperalgesia, a key characteristic of CIPN>*. The
results from the thermal nociception assay indicated that paclitaxel treatment (20 pM) significantly reduced
the mean withdrawal latency (MWL), the time required to trigger the aversive corkscrew-like rolling response
(Fig. 2A). Paclitaxel treatment led to a reduction in MWL from 7.2 s to 4.5 s, representing an approximate
56% decrease. This reduction indicates the development of a hyperalgesic phenotype, consistent with previous
reports'®?3. Importantly, ALT001 cotreatment completely prevented the paclitaxel-induced decrease in the
MWL (Fig. 2A), suggesting that ALT001 mitigated the heat hypersensitivity phenotype resulting from paclitaxel
treatment.

Interestingly, the MWL did not significantly change upon ALT001 treatment (Fig. 2A), suggesting that
ALT001 had no impact on the thermal nociceptive response in Drosophila larvae. Furthermore, larvae treated
with ALT001 exhibited no significant size difference compared to control larvae (Fig. 2B), suggesting that
ALT001 did not affect larval growth. As reported in previous studies!®??, paclitaxel significantly suppresses
larval growth, and this effect persisted even when larvae were cotreated with ALT001 (Fig. 2B), suggesting that
ALTO001 does not reduce the impact of paclitaxel on larval growth.
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Fig. 1. ALTO001 alleviates paclitaxel-induced alterations in C4da neurons in Drosophila larvae. (A)
Fluorescence images representing mt-Keima-labeled mitochondria in C4da sensory neurons of L3 control
larvae (ppk!® > mt-Keima) at abdominal segment A4 following 48 h treatment with DMSO (Veh) or ALT001
(750 uM) (left). Scale bars, 10 um. Mitophagy levels in C4da sensory neurons were quantified across
experimental groups (n =12 per group) (right). (B) Representative images illustrating C4da neurons of L3
control larvae (ppk!® > CD4-tdTom) at abdominal segment A4 following 48 h treatment with DMSO (Veh)

or ALT001 (750 uM) (left). Enlarged views of the boxed regions are displayed in the lower panel. Scale

bars, 50 pm. (C-D) Quantification of dendritic morphology, including dendrite length (C) and the number
of dendritic branch points (D) in C4da neurons (n=13-14 per sample). A single C4da neuron per larva

was analyzed. Experiments were performed in triplicate, and data are presented as mean + SD. Statistical
significance was assessed using Student’s t-test (A) or one-way ANOVA followed by SidéKk’s correction (C, D).
Unless otherwise noted, differences are not statistically significant. ** p <0.01; ***p <0.001. NS, not significant.

ALT001 mitigates heat hypersensitivity caused by paclitaxel through the alternative
mitophagy pathway

We then examined whether mitophagy is essential for the therapeutic effects of ALT001 on hyperalgesia
resulting from paclitaxel treatment. We previously demonstrated that ALT001 induces mitophagy in a ULK1-
Rab9 alternative pathway dependent manner, while being independent of ATG7 or PINK1 !7. Consistent with
this observation, C4da neuron-specific knockdown of the ATG5 or ATG7 genes, which are essential genes in the
canonical mitophagy pathway?%, did not interfere with the ALT001-mediated therapeutic effect on paclitaxel-
induced hyperalgesia (Fig. 3A, B).

However, C4da neuron-specific knockdown of ATG6 (Beclinl), ULK1 or Rab9 gene, which is essential gene
in the alternative mitophagy pathway?®, completely eliminated the therapeutic effect of ALT001 on paclitaxel-
induced hyperalgesia (Fig. 4A-C). These results indicated that ALT001 ameliorated the paclitaxel-induced
nociceptive sensitization through the induction of mitophagy via alternative pathway.

ALTO001 ameliorates mechanical allodynia and prevents loss of IENF density associated with
paclitaxel treatment in a mouse model
To further verify the therapeutic efficacy of ALT001, we tested its effect in a mouse model of peripheral
neuropathy induced by paclitaxel treatment. Paclitaxel administration results in peripheral neuropathy
phenotypes, including mechanical allodynia and a decrease in IENFs*>?. Indeed, mice receiving repeated
paclitaxel injections (16 mg/kg, i.p.) exhibited a significantly lower paw withdrawal threshold in the von Frey test
than the vehicle-treated controls on day 15 (p <0.01; Fig. 5A). Importantly, cotreatment with ALT001 (10 mg/kg
i.p.) significantly alleviated the reduction in the thresholds caused by paclitaxel (p <0.05; Fig. 1A).

Loss of IENFs is a representative characteristic of chemotherapy-induced neuropathy, and paclitaxel
administration is known to induce a decrease in IENFs in both animals and patients?®?°. The assessment of
IENFs consistently revealed an approximately 25% decrease in the number of IENFs in the hind paw skin relative
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Fig. 2. ALT001 mitigates heat hyperalgesia caused by paclitaxel treatment in Drosophila larvae. (A) Drosophila
L3 larvae (ppk >w'!18) were exposed to paclitaxel (20 uM) either alone or in combination with ALT001 (750
uM) for 48 h, and a thermal nociception assay was performed with a 40 °C heat probe (n =90 per sample).
(B) Representative images showing larvae from each experimental group in (A). The larval area, calculated
as the product of length and width, was measured and plotted (n2 90 per sample) (right). Scale bars, 1 mm.
Statistical significance was assessed using one-way ANOVA followed by Siddk’s multiple-comparison test.
*p<0.05; ***p < 0.001. NS, not significant.
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Fig. 3. Therapeutic effects of ALT001 on paclitaxel-induced heat hyperalgesia in a Drosophila larval model
are independent of ATG5 and ATG?7. (A-B) Drosophila L3 larvae expressing control RNAi (CON RNAi), and
ATG5 RNAI (A), or ATG7 RNAi (B) were expose to paclitaxel (20 uM) either alone or in combination with
ALTO001 (750 uM) for 48 h, and a thermal nociception assay was performed with a 40 °C heat probe (n =40
per sample). Significance was assessed using one-way ANOVA followed by Sidak’s multiple-comparison test.
***p <0.001. NS, not significant.

to that in the control group (Fig. 5B). ALT001 cotreatment also significantly inhibited the loss of IENFs (Fig. 5B).
These results suggest that ALT001 mitigates sensory dysfunction and neuronal degeneration in paclitaxel-
induced peripheral neuropathy, not only in a Drosophila model but also in a mouse model.

ALT001 does not compromise the cytotoxic effect of Paclitaxel in lung and breast cancer cells
To assess the potential impact of ALT001 on the cytotoxicity of paclitaxel, we conducted a clonogenic survival
assay in A549 lung cancer and MCF7 breast cancer cells treated with paclitaxel in the presence or absence of
ALTO001. The analysis of clonogenic survival revealed that ALT001 cotreatment did not lead to a significant
change in the viability of A549 and MCF7 cells treated with paclitaxel (Fig. 6A, B). These results suggest that
ALT001 does not compromise the cytotoxic potential of paclitaxel at least in lung and breast cancer cells.
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Fig. 4. Blocking the alternative mitophagy pathway eliminates the therapeutic effect of ALT001 on the
paclitaxel-induced heat hyperalgesia phenotype in a Drosophila larval model. (A-C) Drosophila L3 larvae
expressing control RNAi (CON RNAi), and ULK1 RNAi (A), Rab9 RNAi (B), or ATG6 RNAi (C) were
exposed to paclitaxel (20 uM) either alone or in combination with ALT001 (750 uM) for 48 h, and a thermal
nociception assay was performed with a 40 °C heat probe (n= 50 per sample). Statistical significance was
assessed using one-way ANOVA followed by Sidédk’s multiple-comparison test. *p < 0.05; ***p <0.001. NS, not
significant.

Discussion

The development of drugs that prevent chemotherapy-induced neuronal degeneration while preserving its
anticancer efficacy is critical for treating CIPN. In this study, we demonstrated that the recently developed
mitophagy inducer ALT001 has therapeutic effects on paclitaxel-induced peripheral neuropathy in Drosophila
and mouse models. ALT001 treatment alleviated sensory neuronal alterations and heat hyperalgesia phenotypes
in a Drosophila model of paclitaxel-induced neuropathy. Furthermore, ALT001 effectively lessened mechanical
allodynia and protected against IENF loss in a paclitaxel-induced peripheral neuropathy mouse model.
Importantly, ALT001 did not compromise paclitaxel-induced cancer cell death. These results suggest that
ALTO001 confers neuroprotection from paclitaxel-induced toxicity while preserving the anticancer efficacy of
paclitaxel.

Induction of mitophagy is increasingly recognized as an effective therapeutic strategy for addressing
mitochondrial dysfunction in various neurodegenerative disease models**~33. The targeted elimination of
impaired mitochondria through mitophagy is vital for sustaining mitochondrial function and avoiding the
accumulation of damaged mitochondria®*. Defects in mitochondrial function can impair neuronal function and
survival®>. Previous studies in various cellular and animal models have indicated that anticancer drugs impair
mitochondrial function in peripheral neurons, significantly contributing to CIPN onset®”-,

Recent studies revealed that anticancer drugs, including paclitaxel, induces various mitochondrial defects,
such as swelling, decreased oxygen utilization, and impaired ATP generation®*~42. Moreover, while mitochondrial
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Fig. 5. ALT001 mitigates mechanical allodynia and the loss of IENFs caused by paclitaxel treatment in a
mouse model. (A) C57B] mice were injected intraperitoneally with paclitaxel (16 mg/kg) either alone or in
combination with ALT001 (10 mg/kg), four times every four days. Mechanical allodynia was assessed on day
16 using the von Frey test (n=6 per group). (B) Representative fluorescence images of IENFs in the plantar
surface of hind paws from mice in (A), stained with PGP 9.5. Scale bars, 25 um. The number of fibers crossing
from the dermis to the epidermis was quantified relative to skin length (1 =6 per group) (right). Statistical
significance was assessed using one-way ANOVA followed by Sidak’s multiple-comparison test. *p <0.05; **
Pp<0.01; **p<0.001. NS, not significant.
A A549 B
120 . MCF7
-e— \eh e \eh
-=- ALTOO1 = ALTOO1
R X
g g
= 2
= 3
w %)
0 T T T u
0 20 40 60 80 0 20 40 60 80

Taxol dose (nM) Taxol dose (nM)

Fig. 6. Impact of ALT001 on the cytotoxic effects of paclitaxel in lung and breast cancer cells. (A-B)
Clonogenic survival of A549 lung cancer cells (A) and MCF7 breast cancer cells (B) was assessed following
treatment with paclitaxel (20 uM) alone or in combination with ALT001 (15 uM). Colonies were stained with
methylene blue after 10-12 days and counted. Statistical significance was evaluated using one-way ANOVA
followed by Sid4k’s multiple-comparison test. NS, not significant.

toxins such as rotenone and oligomycin worsen paclitaxel-induced sensory phenotypes*, interventions designed
to promote mitochondrial function have ameliorated CIPN symptoms?*>44-46,

We also previously reported that the expression of PINK1 or treatment with the PINK1 activator niclosamide
alleviates thermal hyperalgesia caused by paclitaxel'®!. According to these studies, stimulating mitophagy,
which plays a vital role in mitochondrial function, may offer a viable therapeutic option for CIPN. Consistent
with this notion, in the present study, ALT001, an alternative mitophagy pathway-specific inducer, successfully
ameliorated paclitaxel-induced neuronal degeneration and sensory symptoms in both Drosophila and mouse
models. Our results further support the notion that stimulation of mitophagy is a promising therapeutic strategy
for CIPN. Given the central role of chemotherapy-induced neurodegeneration in CIPN, promotion of mitophagy
could alleviate peripheral neuropathy associated with other chemotherapeutic drugs.

Scientific Reports|  (2025) 15:20960 | https://doi.org/10.1038/s41598-025-04178-y nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Our study also highlights that targeting the alternative mitophagy pathway could be beneficial for CIPN
treatment. Previous intense studies have established the critical role of the PINK1-Parkin-dependent canonical
pathway in the removal of damaged mitochondria?**’. However, recent studies have revealed the important
role of the alternative mitophagy pathway in maintaining mitochondrial function?>*8. We recently showed that
ALT001 alleviates mitochondrial dysfunction in the hippocampal region and cognitive defects in Alzheimer’s
disease mouse models!”. ATG5 and ATG? are not required for the alternative mitophagy pathway'”*. Instead,
ULK1, Rab9, and ATG6 (Beclinl) are essential for proper induction'”?. Consistently, we found that ALT001
alleviated paclitaxel-induced thermal hyperalgesia in ATG5 and ATG7 Drosophila larvae, but knocking down of
ULK1, Rab9, or ATG6 abolished the ALT001-mediated therapeutic effect. Our results suggest that stimulating the
ULK1-Rab9 alternative mitophagy pathway is beneficial for ameliorating neuronal degeneration upon paclitaxel
treatment. While our study revealed that ALT001 ameliorates paclitaxel-induced peripheral neuropathy, the
underlying molecular mechanisms by which induction of mitophagy prevents paclitaxel-induced neuronal
degeneration remain unclear. A recent study showed that stimulation of mitophagy alleviates neuropathic pain
by inhibiting inflammasome activation in a chronic constrictive injury mouse model®. Further studies are
needed to evaluate whether ALT001 exerts neuroprotective effects through a similar mechanism. Although our
Drosophila and mouse models provide important in vivo evidence, further studies utilizing human neuronal
cell lines will be critical to dissect the cellular mechanisms and validate the translational potential of ALT001. In
addition, although no adverse effects were detected in the vehicle control group administered with 5% DMSO
and 10% Tween 80, the pharmacological effects of ALT001 should be validated using DMSO-free formulations
to conclusively attribute the observed biological effects to the compound itself. Similarly, given the potential
differences between experimental and clinical formulations, it may be important to consider evaluating paclitaxel
using clinically approved formulations in future research to improve translational applicability.

In conclusion, although the precise molecular mechanisms by which the alternative mitophagy pathway
confers neuroprotection against paclitaxel-induced neuronal damage remain to be elucidated, our study
identified ALTO001 as a promising therapeutic candidate for paclitaxel-induced peripheral neuropathy. This
study underscores the therapeutic potential of induction of mitophagy in mitigating the neuropathic symptoms
associated with chemotherapy while preserving the anticancer efficacy of chemotherapeutic agents.

Materials and methods

Drosophila strains and treatments

The w!l8, ppk-GAL4, ppk1°-GAL4, UAS-mt-Keima, UAS-CD4-tdTomato (CD4-tdTom), and UAS-mito-roGFP2-
Orpl lines were described previously'®!°. UAS-ATG7 RNAi (5489R-2) and UAS-Rab9 RNAi (9994R-3) were
obtained from the National Institute of Genetics (Mishima, Japan). UAS-ATG5 RNAi (BDSC 27551), UAS-ATG6
RNAi (BDSC 35741), and UAS-ULK1 RNAi (BDSC 44034) were obtained from the Bloomington Drosophila
Stock Center (Bloomington, IN, USA).

Paclitaxel (Cayman Chemical Co., Ann Arbor, MI, USA) was administered according to a previously
described feeding regimen'®!?. Briefly, following a 48-72 h mating period between twenty virgin females
and fifty males, embryos were harvested on grape juice agar plates within 2-4 h. After incubating for 72 h,
the embryos matured into L3 larvae. After being rinsed with distilled water, the larvae were relocated onto
newly prepared grape juice agar plates supplemented with either 20 uM paclitaxel or 0.2% EtOH. The thermal
nociception assay was performed after the larvae had been cultured for another 48 h. ALT001 was synthesized
as described previously!”. In a dried 250 mL round-bottom flask, palmatine (1 g, 2.92 mmol) was dissolved in
40 mL of anhydrous dichloromethane (CH,CL,). A solution of BBr; (12.8 mL, 12.80 mmol) was added dropwise
under a nitrogen atmosphere at 0 °C. The reaction mixture was stirred at room temperature for 12 h, and the
completion of the reaction was confirmed by TLC. Subsequently, 10 mL of MeOH was added, and stirring
continued for 30 min. The mixture was concentrated under reduced pressure. The resulting solid was washed
five times with CH,Cl, (100 mL each), and then dried under vacuum to yield 2,3,9,10-tetrahydroxyberberine in
99% yield (1.09 g, 2.98 mmol). ALT001 (750 uM) was administered in combination with paclitaxel with EtOH
as the vehicle.

Measurement of mitophagy levels in C4da neurons

To assess mitophagy levels in C4da neurons of Drosophila larvae treated with ALT001, we utilized the pH-
sensitive fluorescent probe mitochondria-targeted Keima (mt-Keima), following previously established
protocols!®?” and imaged using a Zeiss LSM 700 confocal microscope with a C-Apochromat 40x/1.20 W Korr
M27 lens at the Neuroscience Translational Research Solution Center (Busan, South Korea). The fluorescence
signal of mt-Keima was acquired by applying two sequential excitation wavelengths (458 nm and 561 nm) and
collecting emitted light in the 595-700 nm spectrum. Quantification of mitophagy levels was performed by
analyzing mt-Keima confocal images with Zeiss Zen software, following previously established methods?®2!.
The proportion of pixels with an increased red/green ratio was utilized to calculate mitophagy percentage. Each
experiment was repeated three times independently with at least four images per sample being evaluated in each
instance. The results are presented as the means+ SDs.

Quantitative RT-PCR

For quantitative real-time PCR analysis, total RNA was isolated from ten L3 larvae using an easy-BLUE™ Total
RNA Extraction Kit (iNtRON Biotechnology, Seongnam, Korea) according to the manufacturer’s instructions,
and cDNA was synthesized using TOPscript™ RT DryMIX (Enzynomics, Daejeon, Korea). Quantitative real-
time PCR was performed in triplicate using SYBR Green PCR Master Mix (Enzynomics) and an ABI Prism 7500
Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). rp49 was used as an internal control
for all samples, with normalization of gene-specific mRNA levels to the rp49 RNA level. The mRNA levels were
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determined using the 2722CT_threshold cycle method. For primer pairs, we used rp49-F (5-GCTTCAAGATG
ACCATCCGCCC-3), rp49-R (5-GGTGCGCTTGTTCGATCCGTAAC-3’), PGC-1a-F (5-GGAGGAAGACG
TGCCTTCTG-3’), PGC-1a-R (5- TACATTCGGTGCTGGTGCTT-3’), TFAM-F (5-AACCGCTGACTCCCT
ACTTTC-3’), TFAM-R (5- CGACGGTGGTAATCTGGGG-3’), EWG-F (5- ACGAACAGCGATGGAACAG
T-3"), EWG-R (5-TGCTTAGCAGAGTGGCATCC-3’), ND5-F (5- GGGTGAGATGGTTTAGGACTTG-3),
ND5-R (5-AAGCTACATCCCCAATTCGAT-3’), Cyt-B-F (5- GAAAATTCCGAGGGATTCAA-3’), Cyt-B-R
(5-AACTGGTCGAGCTCCAATTC-3’), COX2-F (5- GAATCGGCCATCAATGATATTGAAGTTACG-3’),
COX2-R (5-GTTCAAGAATGAATAACATCAGCAGCTG-3’). The experiment was independently repeated
three times, and the results are presented as the mean + SD.

Analysis of C4da neuron dendrites

The structural analysis of C4da neuron dendrites in L3 larvae was conducted based on previously described
protocols'®!® using a Zeiss LSM 800 confocal microscope (Carl Zeiss, Oberkochen, Germany) at the Neuroscience
Translational Research Solution Center. To determine the dendritic structure of C4da neurons at abdominal
segment A4 of L3 larvae, images of the fluorescent plasma membrane marker CD4-tdTomato (CD4-tdTom)>!
were obtained by confocal microscopy. Confocal image stacks of C4da neuron dendrites were converted to
maximum intensity projections using Zeiss Zen software. Dendrite length and the number of dendritic branches
were analyzed in ImageJ software using the skeleton plugin function (NIH, Bethesda, MD). For each larva, a
single C4da neuron from abdominal segment A4 was analyzed for its dorsal projection, with at least 13 larvae
examined in each genotype group. The results are presented as the mean values with the SDs.

Thermal nociception assays

Heat hypersensitivity caused by paclitaxel was analyzed using thermal nociception assays conducted based on
previously described protocols'®!°. Briefly, L3 larvae (120 h after egg laying [AEL]) were briefly rinsed with
distilled water and gently transferred onto a Petri dish. After an acclimation period of 10 s, the abdominal
segments A4-A5 were stimulated under a microscope using a custom-designed 0.6 mm-wide thermal probe,
whose temperature was regulated by a microprocessor. The latency to elicit the aversive corkscrew-like rolling
behavior was recorded as the withdrawal latency, with a maximum cut-off time of 20 s. Larvae that failed to
exhibit a rolling response within 20 s were classified as non-responders. A minimum of 50 larvae were tested per
assay, with results presented as mean + SD.

Following the thermal nociception assay, larval size was assessed by capturing images using a dissection
microscope (OLYMPUS MVX10, Olympus Co., Tokyo, Japan). The larval area was subsequently measured
using Image]J software (NIH, Bethesda, MD). At least 30 larvae were analyzed per genotype, and the results are
expressed as mean values with standard deviations (SD).

Mouse experiments

Healthy 6-week-old C57BJ mice were acquired from SAMTAKO Bio Korea (Osan, Gyeonggi, Korea), and
maintained under controlled conditions, including a 12 h light/dark cycle and ad libitum access to food and
water. All experimental procedures were approved by the Dong-A Institutional Animal Care and Use Committee
(DIACUC-16-15) and conducted in accordance with the relevant guidelines and regulations. All in vivo animal
experiments were performed in accordance with the ARRIVE guidelines (https://arriveguidelines.org). After
one week of adaptation, mice were injected intraperitoneally with paclitaxel (16 mg/kg, 5% DMSO in PBS) either
alone or in combination with ALT001 (10 mg/kg, 5% DMSO, 10% Tween 80 in DW), four times every four days,
and mechanical allodynia was assessed using the von Frey test on day 16. The vehicle control animals received
the same vehicle formulation (5% DMSO and 10% Tween 80 in distilled water) as the treatment group, and all
procedures were conducted in a blinded manner.

Von Frey tests

Mechanical sensitivity was determined using a series of von Frey filaments (0.16, 0.6, 1, 1.4, 2, and 4 g; Stoelting,
IL, USA; North Coast Medical, Morgan Hill, CA, USA) following the “up-and-down” or “ascending stimuli”
method as previously established®. The mice were acclimated in a glass panel box placed on a platform with
a metal mesh floor, which allowed free access to the plantar surface of the paw for 30 min. Calibration was
performed by initially applying a 4 g von Frey filament (Stoelting, IL, USA). Mice were placed inside an acrylic
box equipped with a mesh floor, which permitted access to the plantar side of the paw or testing. After a 30-minute
habituation period, the filaments were gently applied to the mid-plantar surface of the hind paw via the mesh
floor. The testing protocol started with the lowest filament force (0.6 g). If no response was observed, higher
forces were applied. The force that elicited a 60% response-defined as paw withdrawal, licking, or toe clenching
with shaking-was recorded as the withdrawal threshold. Each force level was tested five times with a 5-minute
interval between applications. The final threshold value was calculated by averaging the five measurements. The
data were compiled using GraphPad Prism 9 (Boston, MA, USA) and analyzed statistically.

Analysis of IENF in the footpads

After euthanasia, foot pad tissues from the plantar surface of the hind paws were collected and fixed in Zamboni
fixative (Newcomer Supply, WI, USA) at 4 °C for one day. After fixation, the tissues were washed three times with
PBS and stored in 20% sucrose for two days for cryoprotection. The footpad tissues were then cryosectioned at a
thickness of 50 um and subsequently fixed in 4% (wt/vol) paraformaldehyde. The tissue sections were subjected
to sequential washes with PBS, PBS-T (0.1% Triton X-100 in PBS), and a final PBS rinse, before being blocked in
5% FBS for 1 h at room temperature. To detect PGP9.5, blocked sections were incubated overnight at 4 °C with
a 1:1,000 diluted primary antibody (Abcam, Cambridge, UK). Following three PBS washes, they were treated

Scientific Reports |

(2025) 15:20960 | https://doi.org/10.1038/s41598-025-04178-y nature portfolio


https://arriveguidelines.org
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

for 2 h at room temperature with an Alexa Fluor 488-conjugated secondary antibody (1:1,000; Invitrogen, MA,
USA). The sections underwent three PBS washes before being incubated in the dark for 2 h with an Alexa
488-labeled rabbit IgG secondary antibody (1:500, Invitrogen, A21206) for nuclear staining. The stained tissues
were then mounted using Antifade Mounting Medium containing DAPI (Vector Laboratories, Burlingame, CA,
USA) to protect sample integrity.

For IENF analysis, five plantar skin sections were selected from each animal, with three random sites per
section chosen for evaluation. Fluorescence images were acquired using an ApoTome?2 fluorescence microscope
equipped with an Axiolmager 2 (Carl Zeiss, Gottingen, Germany) at the Neuroscience Translational Research
Solution Center (Busan, South Korea). Imaging was performed using the Z-stack tool, which captured 19 images
at 10 um intervals at 200x magnification. Nerve fibers with peripheral endings extending from the dermis to the
epidermis were counted. Peripheral endings that appeared only in the epidermis or dermis were excluded from
the analysis. The results were normalized to the total length of the dermal-epidermal boundary and analyzed
using Image]/Fiji software.

Clonogenic survival assay

A clonogenic survival assay was conducted following previously established protocols®®, while A549 lung cancer
and MCEF?7 breast cancer cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS; JR
Scientific Inc., Woodland, CA, USA). For the paclitaxel survival assay, 5x 10” cells were plated in a 60 mm dish
and incubated for one day with different concentrations of paclitaxel, with or without ALT001 (15 pM), followed
by three PBS washes. After incubation for 10-12 days, colonies were fixed, stained with methylene blue, and
counted. All survival experiments were conducted in duplicate or triplicate, with results expressed as mean
values £ SD.

Statistical analysis

Differences between two groups were assessed using Student’s t-test, whereas statistical comparisons among
three or more groups were conducted using one-way or two-way ANOVA with the Siddk correction. Survival
curves were statistically analyzed using the log-rank test. Statistical significance was determined at p <0.05 and
All statistical tests were carried out in Prism 9.0 (GraphPad Software, San Diego, CA, USA).

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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