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Abstract

:

Paclitaxel is a widely used anticancer drug that induces dose-limiting peripheral neuropathy. Mitochondrial dysfunction has been implicated in paclitaxel-induced neuronal damage and in the onset of peripheral neuropathy. We have previously shown that the expression of PINK1, a key mediator of mitochondrial quality control, ameliorated the paclitaxel-induced thermal hyperalgesia phenotype and restored mitochondrial homeostasis in Drosophila larvae. In this study, we show that the small-molecule PINK1 activator niclosamide exhibits therapeutic potential for paclitaxel-induced peripheral neuropathy. Specifically, niclosamide cotreatment significantly ameliorated the paclitaxel-induced thermal hyperalgesia phenotype in Drosophila larvae in a PINK1-dependent manner. Paclitaxel-induced alteration of the dendrite structure of class IV dendritic arborization (C4da) neurons was not reduced upon niclosamide treatment. In contrast, paclitaxel treatment-induced increases in both mitochondrial ROS and aberrant mitophagy levels in C4da neurons were significantly suppressed by niclosamide. In addition, niclosamide suppressed paclitaxel-induced mitochondrial dysfunction in human SH-SY5Y cells in a PINK1-dependent manner. These results suggest that niclosamide alleviates thermal hyperalgesia by attenuating paclitaxel-induced mitochondrial dysfunction. Taken together, our results suggest that niclosamide is a potential candidate for the treatment of paclitaxel-induced peripheral neuropathy with low toxicity in neurons and that targeting mitochondrial dysfunction is a promising strategy for the treatment of chemotherapy-induced peripheral neuropathy.
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1. Introduction


Paclitaxel is a widely used anticancer drug for many human solid tumors including breast, ovarian, and lung cancers [1,2]. However, nerve damage leading to painful peripheral neuropathy occurs at high frequency and limits the clinical application of paclitaxel [3]. The major side effects are predominantly associated with sensory nerve abnormalities such as allodynia and hyperalgesia [4]. These symptoms often persist for several months to years and some side effects affect the lifetime of cancer survivors [5]. Although paclitaxel-induced peripheral neuropathy has profound impacts on the duration of chemotherapy and the quality of life of cancer patients, there is no effective treatment to prevent or reverse damage to sensory neurons.



Mitochondrial dysfunction has been implicated in chemotherapy-induced peripheral neuropathy (CIPN) caused by various anticancer drugs, including paclitaxel [4,6,7,8,9]. Previous studies revealed that paclitaxel induces various signs of mitochondrial dysfunction, such as mitochondrial membrane potential loss, mitochondrial reactive oxygen species (ROS) increase, ATP production reduction, and mitochondrial swelling, in both in vitro and in vivo models [6,8,10,11,12]. Given that mitochondria are fundamental to many important functions of neurons, including energy generation, survival, neuronal plasticity, and resistance to stresses [13,14], it is not surprising that mitochondrial dysfunction is considered a major contributor to the onset and progression of CIPN [4,15]. Therefore, the development of a strategy to improve or reduce mitochondrial dysfunction is important for CIPN treatment.



We had previously shown that sensory neuron-specific expression of PINK1 significantly ameliorated the thermal hyperalgesia phenotype in a paclitaxel-induced Drosophila larvae CIPN model [16]. Interestingly, PINK1 expression did not suppress paclitaxel-induced alterations to the sensory dendrite structure of class IV dendritic arborization (C4da) neurons which are responsible for behavioral responses to various noxious stimuli, including high temperatures [17,18]. However, paclitaxel-induced increases in both mitochondrial ROS and mitophagy were significantly suppressed by PINK1 expression [16], suggesting that PINK1 can reduce the mitochondrial dysfunction induced by paclitaxel. Although we observed that PINK1 expression ameliorated paclitaxel-induced mitochondrial dysfunction and attenuated the thermal hyperalgesia phenotype, our previous results also indicated that constitutive PINK1 overexpression led to several side effects. For example, PINK1 expression induced alterations to the dendrite structure of C4da neurons. In addition, thermal nociception interfered with PINK1 expression. Thus, transient pharmacological activation of PINK1 is a preferable treatment strategy.



In this study, we examined the effect of niclosamide, which has been recently reported to be a PINK1 activator [19]. In a Drosophila larval model, niclosamide ameliorated the paclitaxel-induced thermal hyperalgesia phenotype in a PINK1-dependent manner. Moreover, niclosamide improved mitochondrial dysfunction induced by paclitaxel treatment in both Drosophila and human neuronal cell lines. Our results confirm that PINK1 is a potential target for CIPN treatment and suggest that niclosamide is a candidate for the treatment of paclitaxel-induced peripheral neuropathy.




2. Materials and Methods


2.1. Drosophila Strains and Treatments


The w1118, ppk-GAL4, ppk1a-GAL4, UAS-CD4-tdTomato (CD4-tdTom), UAS-mt-Keima, PINK1 RNAi, UAS-GFP dsRNA (BL9331), and UAS-mito-roGFP2-Orp1 lines were described previously [16].



Paclitaxel (Cayman Chemical Co., Ann Arbor, MI, USA) was administered following a feeding regimen described previously [16]. Briefly, twenty virgin female flies were mated with fifty male flies for 48–72 h, and the embryos were collected for 2–4 h on grape juice agar plates. The embryos were grown for 72 h to develop into L3 larvae. The larvae were rinsed with distilled water and transferred to freshly prepared grape juice agar plates containing either 20 μM paclitaxel or 0.2% EtOH. The larvae were grown for another 48 h before performing the thermal nociception assay. Niclosamide (Calbiochem, San Diego, CA, USA) (250 μM) was administered together with paclitaxel using EtOH as the vehicle.




2.2. Thermal Nociception Assays


Thermal nociception assays were performed as described previously [16]. Briefly, L3 larvae (120 h after egg laying [AEL]) were rinsed with distilled water and gently placed on a Petri dish. After 10 sec of acclimation, the larval abdominal A4–A5 segments were touched under a microscope with a custom-built 0.6 mm-wide thermal probe whose temperature was controlled by a microprocessor. The time required to induce the aversive corkscrew-like rolling response was measured as the withdrawal latency with a 20 s cut-off. The larvae showing no rolling response within 20 s were considered to have no response. For each thermal nociception assay, at least 30 larvae were analyzed. The thermal nociception assay was repeated three times, and the results are presented as the mean values with the standard errors of the means (S.E.M.).



The larval size was measured as described previously [16] after the thermal nociception assay. The larval area was calculated using ImageJ software (NIH, Bethesda, MD, USA), and at least 30 larvae per sample group were measured.




2.3. Analysis of the Images of C4da Neuron Dendrites


The analysis of the dendritic structure of the C4da neurons of the L3 larvae was performed as described previously [16] using a Zeiss LSM 800 confocal microscope (Carl Zeiss, Oberkochen, Germany) at the Neuroscience Translational Research Solution Center. The dorsal projection of one C4da neuron per larva from abdominal segment A4 was analyzed. At least 3–4 larvae in each genotype group were analyzed. The dendrite image analysis was repeated three times, and the results are presented as the mean values with the S.E.M.




2.4. In Vivo Measurement of Mitochondrial ROS in C4da Neurons


For in vivo ROS imaging, ppk>mito-roGFP2-Orp1 L3 larvae were examined with a Zeiss LSM 800 confocal microscope (Carl Zeiss) at the Neuroscience Translational Research Solution Center with a 405-nm (oxidized) or 488-nm (reduced) excitation laser using 520-nm emission as previously described [20]. One C4da neuron per larva from abdominal segment A4 was analyzed. The 405-nm/488-nm fluorescence intensity was obtained using Zeiss Zen software, and five larvae in each group were measured. The experiment was repeated three times, and the results are presented as the mean values with S.E.M.




2.5. Measurement of Mitophagy Levels


Mitophagy levels of C4da neurons at abdominal segment A4 of L3 larvae were measured as described previously [16] using a Zeiss LSM 800 confocal microscope at the Neuroscience Translational Research Solution Center. The mitophagy level was quantified through a pixel-by-pixel analysis of mt-Keima confocal microscopy images using Zeiss Zen software as described previously [16,21]. One C4da neuron per larva from abdominal segment A4 was analyzed. To quantify the mitophagy level in the C4da neurons, five larval samples were used for quantification, and the average values were calculated. The results are presented as the mean values with the SD.




2.6. Cell Lines, RNA Interference and Treatments


SH-SY5Y cells were maintained in DMEM containing 10% fetal bovine serum (FBS; JR Scientific Inc., Woodland, CA, USA). To knockdown PINK1 expression, SH-SY5Y cells were infected with either a lentivirus encoding PINK1 shRNA (Sigma-Aldrich Inc., St. Louis, MO, USA, TRCN0000199193) or a control lentivirus and selected with 2 μg/mL puromycin. SH-SY5Y cells were treated with paclitaxel (1 μM) for 24 h, and then treat with either niclosamide (10 μM) or EtOH for 9 h. The cells were cultured for another 15 h before performing mitochondrial ROS analysis.




2.7. Western Blot Analysis and Antibodies


Cells were lysed in RIPA buffer and subjected to Western blot analysis as described previously [22]. An anti-OpaI antibody was obtained from BD Biosciences (San Jose, CA, USA). Anti-Parkin pS65, anti-Parkin, anti-actin antibodies were purchased from Cell Signaling Technology Inc. (Danvers, MA, USA). An anti-PINK1 antibody was obtained from Novus Biologicals (Centennial, CO, USA).




2.8. Measurement of Mitochondrial ROS Levels in the Cell Lines


To measure the mitochondrial ROS levels, cells were harvested and then stained with the mitochondrial superoxide indicator MitoSOXTM Red (5 μM) (Invitrogen, Carlsbad, CA, USA) for 30 min. The fluorescence intensities were quantified via flow cytometry (Attune NxT Flow Cytometer, Thermo Fisher Scientific, Waltham, MA, USA) at the Neuroscience Translational Research Solution Center. The results obtained from three repeated experiments are presented as the mean with SD.




2.9. Statistical Analysis


The results are presented as the mean ± SD or mean ± S.E.M. as indicated in the figure legend. One-way ANOVA with Sidák correction was used to compare three or more groups. All data were statistically analyzed using GraphPad Prism software (version 8.0: GraphPad Software, Inc., La Jolla, CA, USA). A p value of <0.05 was considered statistically significant.




2.10. Genotypes


The following genotypes were used: ppk>w1118 (ppk-GAL4/+); ppk1a>CD4-tdTom (ppk1a-GAL4/UAS-CD4-tdTomato); ppk>GFP RNAi (ppk-GAL4/UAS-GFP RNAi; tub-GAL80ts), ppk>PINK1 RNAi (ppk-GAL4/UAS-PINK1 RNAi; tub-GAL80ts); ppk1a>mt-Keima (ppk1a-GAL4, UAS-mt-Keima/+); ppk>mito-roGFP2-Orp1 (ppk-GAL4/UAS-mito-roGFP2-Orp1).





3. Results


3.1. Niclosamide Ameliorates the Paclitaxel-Induced Heat Hyperalgesia Phenotype in Drosophila Larvae


To test the therapeutic potential of niclosamide on paclitaxel-induced peripheral neuropathy, we examined the effect of niclosamide on the thermal nociceptive response using a previously established paclitaxel-induced thermal hypersensitivity model in Drosophila larvae [16,23]. Consistent with previous reports [16,23], paclitaxel treatment (20 μM) in our study resulted in a significant decrease in the time required to induce the aversive corkscrew-like rolling response (mean withdrawal latency; MWL) in the larval thermal nociception assay. Upon paclitaxel treatment, the MWL from the 40 °C heat probe decreased from 7.5 s to 3.8 s, indicating that a heat hyperalgesia phenotype had developed upon paclitaxel treatment (Figure 1A). Importantly, the thermal nociception of Drosophila larvae cotreated with niclosamide (250 μM) was not changed upon paclitaxel treatment, as evidenced by the absence of a significant change in the MWL, and niclosamide treatment alone did not significantly reduce the MWL. These results suggest that niclosamide significantly alleviated the paclitaxel-induced thermal hypersensitivity phenotype.



Niclosamide has been used for a long time as an anthelminthic drug because it induces no apparent side effects in humans [24]. Confirming that niclosamide caused no adverse effects on the larvae, the size of larvae treated with niclosamide for 48 h was not different from that of control larvae (Figure 1B), indicating that niclosamide does not significantly interfere with larval growth.




3.2. The Effect of Niclosamide on the Paclitaxel-Induced Heat Hyperalgesia Phenotype Is PINK1-Dependent


To verify that niclosamide suppressed the paclitaxel-induced thermal hyperalgesia phenotype through PINK1, we examined the effect of niclosamide on the specific knockdown of PINK1 expression in C4da neurons because C4da neurons are responsible for behavioral responses to high temperatures [17,18]. We had previously observed in a heat probe assay that knocking down PINK1 by using PINK shRNA in C4da neurons resulted in a significant decrease in MWL [16]. To observe the effect of niclosamide on the specific knockdown of PINK1 expression more clearly, we moderately inhibited PINK1 expression by using a temperature-sensitive mutant of the GAL80 repressor GAL4, GAL80ts [25]. GAL80ts is active at 18 °C but inactivated at 29 °C, so it could not repress GAL4-dependent expression. To induce moderate inhibition of PINK1 expression, we maintained larvae expressing PINK1 RNAi (ppk>PINK1 RNAi; tub-GAL80ts) at 27 °C instead of 29 °C after paclitaxel with niclosamide treatment. Under this moderate PINK1 knockdown condition, the MWL to the 40 °C heat probe was slightly reduced (from 7.0 to 5.9 s). Importantly, although PINK1 expression was moderately inhibited, the effect of niclosamide on the paclitaxel-induced reduction in MWL was completely abolished, and the paclitaxel-induced reduction in MWL was significantly reduced by niclosamide in the control RNAi larvae (ppk>GFP RNAi; tub-GAL80ts) (Figure 2). These results suggest that the effect of niclosamide on paclitaxel-induced thermal hypersensitivity was dependent on PINK1.




3.3. Niclosamide Does Not Reduce Paclitaxel-Induced Alterations in C4da Neuron Arborization


Alterations in the sensory dendritic structure of C4da neurons are associated with paclitaxel-induced peripheral neuropathy [16,23]. We next analyzed the effect of niclosamide on paclitaxel-induced alterations of dendrite structure in C4da neurons. We had previously shown that PINK1 expression did not suppress structural alterations upon paclitaxel treatment [16]. Consistent with this result, analysis of terminal dendrite morphology and branch points in C4da neurons performed by visualizing the C4da neuron plasma membrane marker CD4-tdTomato revealed that paclitaxel-induced alterations in the dendrite length and the number of dendrite branch points were not affected by niclosamide (Figure 3A,B). Paclitaxel treatment alone increased the dendrite length by 26% and the number of dendrite branch points by 42%. Similarly, cotreatment with niclosamide and paclitaxel increased the dendrite length by 28% and the number of dendrite branch points by 31%. Interestingly, whereas PINK1 expression itself significantly reduced dendrite arborization of C4da neurons in our previous study [16], here we observed that niclosamide treatment alone did not significantly change either the dendrite length or the number of dendrite branch points in C4da neurons (Figure 3A,B). In conjunction with the results showing that thermal nociception did not change upon niclosamide treatment, these results indicate that niclosamide is not toxic to C4da sensory neurons.




3.4. Niclosamide Alleviates Paclitaxel-Induced Mitochondrial Dysfunction in C4da Neurons


Our previous results had suggested that PINK1 alleviates paclitaxel-induced thermal hypersensitivity by improving mitochondrial dysfunction [16]. To determine the effect of niclosamide on paclitaxel-induced mitochondrial dysfunction, we examined the level of mitochondrial ROS levels in C4da neurons upon paclitaxel and niclosamide cotreatment by expressing the in vivo mitochondrial ROS probe mito-roGFP2-Orp1 [20] specifically in C4da neurons. As shown in Figure 4, the increase in mitochondrial ROS levels in response to paclitaxel treatment was significantly reduced by niclosamide cotreatment.



We next examined the effect of niclosamide on the induction of mitophagy, which is a marker for mitochondrial dysfunction [21,26], upon paclitaxel treatment. The level of mitophagy in C4da neurons was measured quantitatively by expressing the pH-sensitive mitophagy fluorescent probe mt-Keima [26] specifically in C4da neurons. Measurement of mitophagy levels by analyzing the mt-Keima signal revealed that paclitaxel increased the mitophagy level of C4da neurons by approximately 3.7-fold (Figure 5A,B) indicating that paclitaxel induced mitochondrial dysfunction in C4da neurons. Niclosamide cotreatment significantly reduced the increase in mitophagy levels in response to paclitaxel treatment. Notably, the mitophagy level in C4da neurons was not significantly changed upon niclosamide treatment alone (Figure 5B), suggesting that niclosamide did not induce mitochondrial stress, at least under this experimental condition. Taken together, these results suggest that niclosamide reduced paclitaxel-induced mitochondrial dysfunction in C4da neurons.




3.5. Niclosamide Ameliorates Paclitaxel-Induced Mitochondrial Dysfunction in SH-SY5Y Cells in a PINK1-Dependent Manner


To further validate the effect of niclosamide on paclitaxel-induced mitochondrial dysfunction, we tested the effect of niclosamide in the human neuroblastoma cell line SH-SY5Y. It has been recently shown that niclosamide activates PINK1 through a temporal and reversible decrease in the mitochondrial membrane potential [19]. Notably, niclosamide treatment (10 μM) for 9 h resulted in an increase in both Parkin Ser65 phosphorylation, a marker of PINK1 activation [27], and cleavage of OPA1, a marker of mitochondrial membrane uncoupling [28] (Figure 6A). Parkin Ser65 phosphorylation upon niclosamide treatment was abolished by PINK1 knockdown, while OPA1 cleavage was not changed, confirming that niclosamide-mediated activation of PINK1 can be suppressed by expressing PINK1 shRNA (Figure 6A).



We next examined the effect of niclosamide on paclitaxel-induced mitochondrial dysfunction in SH-SY5Y cells. As shown in Figure 6B, niclosamide cotreatment completely suppressed the increase in mitochondrial ROS levels in response to paclitaxel treatment. However, the expression of PINK1 shRNA abolished the effect of niclosamide on the paclitaxel-induced increase in mitochondrial ROS levels (Figure 6B). These results suggest that niclosamide efficiently suppressed the paclitaxel-induced increase in mitochondrial ROS in a PINK1-dependent manner in human cells.





4. Discussion


In this study, we report that the PINK1 activator niclosamide exhibits therapeutic potential in paclitaxel-induced peripheral neuropathy. We show that cotreatment with niclosamide ameliorated the paclitaxel-induced thermal hyperalgesia phenotype in a Drosophila larval model. While paclitaxel treatment reduced the time required to respond to the heat probe (mean withdrawal latency; MWL) by nearly half, niclosamide completely suppressed paclitaxel-induced sensitivity to heat sensing in Drosophila larvae. We confirmed that the effect of niclosamide on the paclitaxel-induced thermal hyperalgesia phenotype was abolished by PINK1 expression knockdown in C4da neurons, suggesting that niclosamide exerts its neuroprotective function through PINK1.



Niclosamide is a well-known anthelminthic drug used to treat parasite infections in several million people worldwide [24]. Since receiving US FDA approval for use in humans to treat tapeworm infection in 1982, niclosamide has been widely used without causing severe side effects [29]. Interestingly, recent studies have shown that niclosamide exhibits the potential to regulate multiple pathways and to treat other diseases, such as various cancers, bacterial infections, viral infections, and metabolic diseases, in addition to parasite treatment [30,31,32,33,34,35,36,37]. Numerous studies have shown that niclosamide inhibits the growth of various types of tumors [24]. Moreover, niclosamide potentiates the cytotoxic effect of anticancer drugs or radiation therapy [32,37]. Interestingly, niclosamide exhibits minimal effects on normal cells while potentially inhibiting tumor cell proliferation [38]. Cerles O et al. recently showed that niclosamide potentiates the cytotoxicity of oxaliplatin in cancer cells without affecting normal cells [39], suggesting that niclosamide could selectively potentiate anti-tumor effects on cancer cells. More importantly, Cerles O et al. showed that niclosamide ameliorates hypoesthesia and hyperalgesia phenotypes in a mouse model without affecting the antitumor effect of oxaliplatin. These results suggest that niclosamide could protect peripheral neurons without reducing the antitumor effects of chemotherapeutic drugs. Whether niclosamide suppresses neurotoxicity without impairing the antitumor effect of paclitaxel remains to be verified in future work.



Importantly, it has been recently reported that niclosamide rapidly activates PINK1 activity in both HeLa cells and primary cortical neurons [19]. Niclosamide-induced mitochondrial uncoupling, which is required for PINK1 activation, is transient and reversible, and thus niclosamide did not induce mitochondrial damage or cellular toxicity in a previous study [19]. Consistent with these reports, our study shows that niclosamide treatment caused no severe toxicity. First, we found that niclosamide treatment did not interfere with the growth of Drosophila larvae (Figure 1B). Second, we found that dendrite arborization of C4da neurons and thermal nociception were not changed upon niclosamide treatment (Figure 3). Finally, the levels of mitochondrial ROS and mitophagy were not significantly changed by niclosamide in C4da neurons (Figure 4 and Figure 5), suggesting that niclosamide does not induce mitochondrial stress. We confirmed that niclosamide does not increase mitochondrial ROS levels in SH-SY5Y human neuronal cells (Figure 6). Given that PINK1 expression resulted in the alteration of C4da dendrite structure and thermal nociception [16], transient activation of PINK1 by niclosamide may be a particularly effective therapeutic strategy because this compound does not produce severe side effects.



We had previously shown that PINK1 expression alleviates the paclitaxel-induced thermal hypersensitivity phenotype by attenuating mitochondrial dysfunction not by suppressing altered C4da dendrite arborization [16]. In this study, we again observed that paclitaxel-induced alteration of C4da neuron dendrite structure was not affected by niclosamide treatment (Figure 3). In contrast, niclosamide efficiently reduced the paclitaxel-induced increase in mitochondrial ROS levels and the aberrant increase in mitophagy in C4da neurons (Figure 4 and Figure 5). The effect of niclosamide on paclitaxel-induced mitochondrial dysfunction was confirmed in the SH-SY5Y cell line (Figure 6). These results indicate that niclosamide efficiently reduces paclitaxel-induced mitochondrial dysfunction.



Previous studies have revealed that paclitaxel-induced neuronal damage is closely associated with mitochondrial dysfunction. In addition, numerous previous experiments revealed that paclitaxel treatment resulted in structural and functional alterations in mitochondria, such as Ca2+ release from mitochondria, an increase in mitochondrial ROS levels, and reduced mitochondrial respiration [6,40,41]. Specifically, Xiao et al. and Zheng et al. revealed that paclitaxel induced mitochondrial dysfunction, including mitochondrial swelling and reduced mitochondrial respiration, in sensory neurons in a rat model [9,12]. Moreover, using a zebrafish model, Cirrincione AM et al. recently showed that an increase in mitochondrial ROS levels is the cause of axon degeneration [10]. These results suggest that mitochondrial dysfunction plays an important role in neuronal damage upon paclitaxel treatment. Thus, a reduction in paclitaxel-induced mitochondrial dysfunction may be an effective strategy for the treatment of peripheral neuropathy. Our results in this study suggest that niclosamide may be a potential candidate for paclitaxel-induced peripheral neuropathy by attenuating mitochondrial dysfunction. Interestingly, niclosamide has been recently shown to ameliorate oxaliplatin-induced tactile hypoesthesia and cold hyperalgesia phenotypes [39]. Given that mitochondrial dysfunction is also closely associated with oxaliplatin-induced peripheral neuropathy, niclosamide may alleviate sensory phenotypes by improving mitochondrial dysfunction. Because mitochondrial dysfunction is considered an important contributor to CIPN [4,6], it would be interesting to determine whether niclosamide has a therapeutic effect on peripheral neuropathy induced by anticancer drugs in addition to paclitaxel.



In summary, our data show that niclosamide ameliorates the thermal hyperalgesia phenotype and mitochondrial dysfunction in paclitaxel-induced peripheral neuropathy in a PINK1-dependent manner. In contrast to PINK1 expression, niclosamide did not induce alterations in sensory neurons or thermal nociception. This study illustrates that niclosamide exhibits therapeutic potential for paclitaxel-induced peripheral neuropathy and that targeting mitochondrial dysfunction may be an effective strategy for the treatment of CIPN.







Author Contributions


Conceptualization: Y.-Y.K. and J.Y.; methodology: H.-J.J., Y.-Y.K. and K.-M.L.; validation: Y.-Y.K. and K.-M.L.; investigation: H.-J.J. and Y.-Y.K.; resources: J.-E.S.; data curation: H.-J.J. and Y.-Y.K.; writing—original draft preparation: J.Y.; writing—review and editing: Y.-Y.K., K.-M.L., J.-E.S. and J.Y.; visualization: H.-J.J. and Y.-Y.K.; supervision: Y.-Y.K. and J.Y.; funding acquisition: J.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Korea Health Technology R&D Project through the Korea Health Industry Development Institute (KHIDI) and Korea Dementia Research Center (KDRC), funded by the Ministry of Health & Welfare and Ministry of Science and ICT, Republic of Korea (grant number: HU21C0107) and by a National Research Foundation of Korea (NRF) grant funded by the Korea government (MSIT) (2016R1A5A2007009).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data are all contained within the article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Abu Samaan, T.M.; Samec, M.; Liskova, A.; Kubatka, P.; Busselberg, D. Paclitaxel’s Mechanistic and Clinical Effects on Breast Cancer. Biomolecules 2019, 9, 789. [Google Scholar] [CrossRef] [PubMed]

	



Mekhail, T.M.; Markman, M. Paclitaxel in cancer therapy. Expert Opin. Pharmacother. 2002, 3, 755–766. [Google Scholar] [CrossRef] [PubMed]

	



Nyrop, K.A.; Deal, A.M.; Shachar, S.S.; Basch, E.; Reeve, B.B.; Choi, S.K.; Lee, J.T.; Wood, W.A.; Anders, C.K.; Carey, L.A.; et al. Patient-Reported Toxicities During Chemotherapy Regimens in Current Clinical Practice for Early Breast Cancer. Oncologist 2019, 24, 762–771. [Google Scholar] [CrossRef]

	



Klein, I.; Lehmann, H.C. Pathomechanisms of Paclitaxel-Induced Peripheral Neuropathy. Toxics 2021, 9, 229. [Google Scholar] [CrossRef]

	



Miaskowski, C.; Mastick, J.; Paul, S.M.; Abrams, G.; Cheung, S.; Sabes, J.H.; Kober, K.M.; Schumacher, M.; Conley, Y.P.; Topp, K.; et al. Impact of chemotherapy-induced neurotoxicities on adult cancer survivors’ symptom burden and quality of life. J. Cancer Surviv. Res. Pract. 2018, 12, 234–245. [Google Scholar] [CrossRef] [PubMed]

	



Canta, A.; Pozzi, E.; Carozzi, V.A. Mitochondrial Dysfunction in Chemotherapy-Induced Peripheral Neuropathy (CIPN). Toxics 2015, 3, 198–223. [Google Scholar] [CrossRef] [PubMed]

	



Flatters, S.J.L.; Bennett, G.J. Studies of peripheral sensory nerves in paclitaxel-induced painful peripheral neuropathy: Evidence for mitochondrial dysfunction. Pain 2006, 122, 245–257. [Google Scholar] [CrossRef] [PubMed]

	



Staff, N.P.; Fehrenbacher, J.C.; Caillaud, M.; Damaj, M.I.; Segal, R.A.; Rieger, S. Pathogenesis of paclitaxel-induced peripheral neuropathy: A current review of in vitro and in vivo findings using rodent and human model systems. Exp. Neurol. 2020, 324, 113121. [Google Scholar] [CrossRef]

	



Zheng, H.; Xiao, W.H.; Bennett, G.J. Functional deficits in peripheral nerve mitochondria in rats with paclitaxel- and oxaliplatin-evoked painful peripheral neuropathy. Exp. Neurol. 2011, 232, 154–161. [Google Scholar] [CrossRef]

	



Cirrincione, A.M.; Pellegrini, A.D.; Dominy, J.R.; Benjamin, M.E.; Utkina-Sosunova, I.; Lotti, F.; Jergova, S.; Sagen, J.; Rieger, S. Paclitaxel-induced peripheral neuropathy is caused by epidermal ROS and mitochondrial damage through conserved MMP-13 activation. Sci. Rep. 2020, 10, 3970. [Google Scholar] [CrossRef]

	



Duggett, N.A.; Griffiths, L.A.; McKenna, O.E.; de Santis, V.; Yongsanguanchai, N.; Mokori, E.B.; Flatters, S.J. Oxidative stress in the development, maintenance and resolution of paclitaxel-induced painful neuropathy. Neuroscience 2016, 333, 13–26. [Google Scholar] [CrossRef] [PubMed]

	



Xiao, W.H.; Zheng, H.; Zheng, F.Y.; Nuydens, R.; Meert, T.F.; Bennett, G.J. Mitochondrial abnormality in sensory, but not motor, axons in paclitaxel-evoked painful peripheral neuropathy in the rat. Neuroscience 2011, 199, 461–469. [Google Scholar] [CrossRef]

	



Murali Mahadevan, H.; Hashemiaghdam, A.; Ashrafi, G.; Harbauer, A.B. Mitochondria in Neuronal Health: From Energy Metabolism to Parkinson’s Disease. Adv. Biol. 2021, 5, e2100663. [Google Scholar] [CrossRef] [PubMed]

	



Trigo, D.; Avelar, C.; Fernandes, M.; Sa, J.; da Cruz, E.S.O. Mitochondria, energy, and metabolism in neuronal health and disease. FEBS Lett. 2022. [Google Scholar] [CrossRef] [PubMed]

	



Flatters, A.T.S.J.L. Mitochondrial dysfunction in the pathogenesis of chemotherapy-induced peripheral neuropathy. Rev. Int. Rev. Neurobiol. 2019, 145, 83–126. [Google Scholar] [CrossRef]

	



Kim, Y.Y.; Yoon, J.H.; Um, J.H.; Jeong, D.J.; Shin, D.J.; Hong, Y.B.; Kim, J.K.; Kim, D.H.; Kim, C.; Chung, C.G.; et al. PINK1 alleviates thermal hypersensitivity in a paclitaxel-induced Drosophila model of peripheral neuropathy. PLoS ONE 2020, 15, e0239126. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, R.Y.; Zhong, L.; Xu, Y.; Johnson, T.; Zhang, F.; Deisseroth, K.; Tracey, W.D. Nociceptive neurons protect Drosophila larvae from parasitoid wasps. Curr. Biol. CB 2007, 17, 2105–2116. [Google Scholar] [CrossRef] [PubMed]

	



Tracey, W.D., Jr.; Wilson, R.I.; Laurent, G.; Benzer, S. painless, a Drosophila gene essential for nociception. Cell 2003, 113, 261–273. [Google Scholar] [CrossRef]

	



Barini, E.; Miccoli, A.; Tinarelli, F.; Mulholland, K.; Kadri, H.; Khanim, F.; Stojanovski, L.; Read, K.D.; Burness, K.; Blow, J.J.; et al. The Anthelmintic Drug Niclosamide and Its Analogues Activate the Parkinson’s Disease Associated Protein Kinase PINK1. Chembiochem A Eur. J. Chem. Biol. 2018, 19, 425–429. [Google Scholar] [CrossRef]

	



Albrecht, S.C.; Barata, A.G.; Grosshans, J.; Teleman, A.A.; Dick, T.P. In vivo mapping of hydrogen peroxide and oxidized glutathione reveals chemical and regional specificity of redox homeostasis. Cell Metab. 2011, 14, 819–829. [Google Scholar] [CrossRef]

	



Kim, Y.Y.; Um, J.H.; Yoon, J.H.; Kim, H.; Lee, D.Y.; Lee, Y.J.; Jee, H.J.; Kim, Y.M.; Jang, J.S.; Jang, Y.G.; et al. Assessment of mitophagy in mt-Keima Drosophila revealed an essential role of the PINK1-Parkin pathway in mitophagy induction in vivo. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2019, 33, 9742–9751. [Google Scholar] [CrossRef]

	



Kim, Y.Y.; Jee, H.J.; Um, J.H.; Kim, Y.M.; Bae, S.S.; Yun, J. Cooperation between p21 and Akt is required for p53-dependent cellular senescence. Aging Cell 2017, 16, 1094–1103. [Google Scholar] [CrossRef] [PubMed]

	



Brazill, J.M.; Cruz, B.; Zhu, Y.; Zhai, R.G. Nmnat mitigates sensory dysfunction in a Drosophila model of paclitaxel-induced peripheral neuropathy. Dis. Models Mech. 2018, 11, dmm032938. [Google Scholar] [CrossRef] [PubMed]

	



Chen, W.; Mook, R.A., Jr.; Premont, R.T.; Wang, J. Niclosamide: Beyond an antihelminthic drug. Cell. Signal. 2018, 41, 89–96. [Google Scholar] [CrossRef] [PubMed]

	



Duffy, J.B. GAL4 system in Drosophila: A fly geneticist’s Swiss army knife. Genesis 2002, 34, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Sun, N.; Yun, J.; Liu, J.; Malide, D.; Liu, C.; Rovira, I.I.; Holmstrom, K.M.; Fergusson, M.M.; Yoo, Y.H.; Combs, C.A.; et al. Measuring In Vivo Mitophagy. Mol. Cell 2015, 60, 685–696. [Google Scholar] [CrossRef] [PubMed]

	



Kazlauskaite, A.; Martinez-Torres, R.J.; Wilkie, S.; Kumar, A.; Peltier, J.; Gonzalez, A.; Johnson, C.; Zhang, J.; Hope, A.G.; Peggie, M.; et al. Binding to serine 65-phosphorylated ubiquitin primes Parkin for optimal PINK1-dependent phosphorylation and activation. EMBO Rep. 2015, 16, 939–954. [Google Scholar] [CrossRef]

	



Zhang, K.; Li, H.; Song, Z. Membrane depolarization activates the mitochondrial protease OMA1 by stimulating self-cleavage. EMBO Rep. 2014, 15, 576–585. [Google Scholar] [CrossRef] [PubMed]

	



Andrews, P.; Thyssen, J.; Lorke, D. The biology and toxicology of molluscicides, Bayluscide. Pharmacol. Ther. 1982, 19, 245–295. [Google Scholar] [CrossRef]

	



Arend, R.C.; Londono-Joshi, A.I.; Samant, R.S.; Li, Y.; Conner, M.; Hidalgo, B.; Alvarez, R.D.; Landen, C.N.; Straughn, J.M.; Buchsbaum, D.J. Inhibition of Wnt/beta-catenin pathway by niclosamide: A therapeutic target for ovarian cancer. Gynecol. Oncol. 2014, 134, 112–120. [Google Scholar] [CrossRef] [PubMed]

	



Imperi, F.; Massai, F.; Ramachandran Pillai, C.; Longo, F.; Zennaro, E.; Rampioni, G.; Visca, P.; Leoni, L. New life for an old drug: The anthelmintic drug niclosamide inhibits Pseudomonas aeruginosa quorum sensing. Antimicrob. Agents Chemother. 2013, 57, 996–1005. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.L.; Son, A.R.; Ahn, J.; Song, J.Y. Niclosamide enhances ROS-mediated cell death through c-Jun activation. Biomed. Pharmacother. 2014, 68, 619–624. [Google Scholar] [CrossRef] [PubMed]

	



Li, Y.; Li, P.K.; Roberts, M.J.; Arend, R.C.; Samant, R.S.; Buchsbaum, D.J. Multi-targeted therapy of cancer by niclosamide: A new application for an old drug. Cancer Lett. 2014, 349, 8–14. [Google Scholar] [CrossRef]

	



Sun, Z.; Zhang, Y. Antituberculosis activity of certain antifungal and antihelmintic drugs. Tuber. Lung Dis. Off. J. Int. Union Against Tuberc. Lung Dis. 1999, 79, 319–320. [Google Scholar] [CrossRef] [PubMed]

	



Tao, H.; Zhang, Y.; Zeng, X.; Shulman, G.I.; Jin, S. Niclosamide ethanolamine-induced mild mitochondrial uncoupling improves diabetic symptoms in mice. Nat. Med. 2014, 20, 1263–1269. [Google Scholar] [CrossRef] [PubMed]

	



Wu, C.J.; Jan, J.T.; Chen, C.M.; Hsieh, H.P.; Hwang, D.R.; Liu, H.W.; Liu, C.Y.; Huang, H.W.; Chen, S.C.; Hong, C.F.; et al. Inhibition of severe acute respiratory syndrome coronavirus replication by niclosamide. Antimicrob. Agents Chemother. 2004, 48, 2693–2696. [Google Scholar] [CrossRef]

	



You, S.; Li, R.; Park, D.; Xie, M.; Sica, G.L.; Cao, Y.; Xiao, Z.Q.; Deng, X. Disruption of STAT3 by niclosamide reverses radioresistance of human lung cancer. Mol. Cancer Ther. 2014, 13, 606–616. [Google Scholar] [CrossRef]

	



Jin, Y.; Lu, Z.; Ding, K.; Li, J.; Du, X.; Chen, C.; Sun, X.; Wu, Y.; Zhou, J.; Pan, J. Antineoplastic mechanisms of niclosamide in acute myelogenous leukemia stem cells: Inactivation of the NF-kappaB pathway and generation of reactive oxygen species. Cancer Res. 2010, 70, 2516–2527. [Google Scholar] [CrossRef]

	



Cerles, O.; Benoit, E.; Chereau, C.; Chouzenoux, S.; Morin, F.; Guillaumot, M.A.; Coriat, R.; Kavian, N.; Loussier, T.; Santulli, P.; et al. Niclosamide Inhibits Oxaliplatin Neurotoxicity while Improving Colorectal Cancer Therapeutic Response. Mol. Cancer Ther. 2017, 16, 300–311. [Google Scholar] [CrossRef]

	



Evtodienko, Y.V.; Teplova, V.V.; Sidash, S.S.; Ichas, F.; Mazat, J.P. Microtubule-active drugs suppress the closure of the permeability transition pore in tumour mitochondria. FEBS Lett. 1996, 393, 86–88. [Google Scholar] [CrossRef]

	



Kidd, J.F.; Pilkington, M.F.; Schell, M.J.; Fogarty, K.E.; Skepper, J.N.; Taylor, C.W.; Thorn, P. Paclitaxel affects cytosolic calcium signals by opening the mitochondrial permeability transition pore. J. Biol. Chem. 2002, 277, 6504–6510. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 10 00863 g001 550] 





Figure 1. Niclosamide ameliorates the paclitaxel-induced heat hyperalgesia phenotype. (A) Thermal nociceptive withdrawal of the ppk>w1118 L3 larvae in response to a 40 °C heat probe after 48 h of exposure to either paclitaxel (20 μM) alone or in combination with niclosamide (250 μM; n = 30 per sample). (B) Representative images of the larvae of each sample group 120 AEL and treated with either paclitaxel (20 μM) alone or in combination with niclosamide (250 μM) for 48 h (left). The larval area was calculated by the length multiplied by the width of each larva in each sample group, and the results were plotted (n ≧ 30 per sample) (right). Scale bars, 1 mm. The experiment was repeated three times, and the results are presented as the mean values with the S.E.M. Significance was determined by one-way ANOVA with Sidák correction. Unless otherwise indicated differences are not significant. * p < 0.05; ** p < 0.01. 
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Figure 2. The effect of niclosamide on the paclitaxel-induced heat hyperalgesia phenotype is PINK1-dependent. Thermal nociceptive withdrawal of ppk>GFP RNAi and ppk>PINK1 RNAi to a heat probe (40 °C) was examined after 48 h of exposure to either paclitaxel (20 μM) alone or in combination with niclosamide (250 μM; n = 30 per sample). The experiment was repeated three times, and the results are presented as the mean values with the S.E.M. Significance was determined by one-way ANOVA with Sidák correction. Unless otherwise indicated differences are not significant. ** p < 0.01; *** p < 0.001. 
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Figure 3. Niclosamide did not reduce paclitaxel-induced arborization in C4da neurons. (A) Representative images of C4da neurons at abdominal segment A4 of control L3 larvae (ppk1a>CD4-tdTom) after 48 h of exposure to paclitaxel (20 μM) either alone or in combination with niclosamide (250 μM). The boxed regions are shown enlarged in the bottom panel. Scale bars, 50 μm. (B) Quantification of the length of dendrites and the number of dendritic branch points of C4da neurons; n = 3–4 per sample. One C4da neuron per larva was analyzed. The experiment was repeated three times and the results are presented as the mean values with the S.E.M. Significance was determined by one-way ANOVA with Sidák correction. Unless otherwise indicated differences are not significant. * p < 0.05. 
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Figure 4. Increases in mitochondrial ROS levels of C4da neurons upon paclitaxel treatment were suppressed by niclosamide. (A) Representative fluorescence images of C4da sensory neurons at abdominal segment A4 in L3 larvae expressing the in vivo mitochondrial H2O2 probe mito-roGFP2-Orp1 (ppk>mito-roGFP2-Orp1) with either paclitaxel (20 μM) alone or in combination with niclosamide (250 μM). Scale bars, 5 μm. (B) Quantitative analysis in the mitochondrial ROS levels of the C4da sensory neurons in each group (n = 5 per group). One C4da neuron per larva was analyzed. The experiment was repeated three times and the results are presented as the mean values with the S.E.M. Significance was determined by one-way ANOVA with Sidák correction. Unless otherwise indicated differences are not significant. ** p < 0.01. 
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Figure 5. Effect of niclosamide on paclitaxel-induced mitophagy in C4da neurons. (A) Representative mt-Keima fluorescence images of C4da sensory neurons at abdominal segment A4 in control L3 larvae (ppk1a>mt-Keima) treated with paclitaxel (20 μM) either alone or in combination with ni-closamide (250 μM) for 48 h. Scale bars, 5 μm. (B) Quantitative analysis of the mitophagy of C4da sensory neurons in each group (n = 5 per group). One C4da neuron per larva was analyzed. The results are presented as the mean values, and the error bars represent the SD. Significance was determined by one-way ANOVA with Sidák correction. Unless otherwise indicated differences are not significant. * p < 0.05; ** p < 0.01. 
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Figure 6. Niclosamide ameliorates paclitaxel-induced mitochondrial dysfunction in SH-SY5Y cells in a PINK1-dependent manner. (A) SH-SY5Y cells were treated with niclosamide (10 μM) for 9 h. Cell lysates were prepared and subjected to Western blot analysis using the indicated antibodies. (B) SH-SY5Y cells expressing control shRNA (shNT) or PINK1 shRNA (shPINK1) were treated with paclitaxel (1 μM) for 24 h, and then treat with either niclosamide (10 μM) or EtOH for 9 h. After 15 h additional culture, mitochondrial ROS levels were measured by flow cytometry after the cells were stained with MitoSOX Red. Data are presented as the mean ± SD of three biological replicates. Significance was determined by one-way ANOVA with Sidák correction. Unless otherwise indicated differences are not significant. * p < 0.05; *** p < 0.001. 
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