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Introduction: Prion diseases are deadly neurodegenerative disorders in both animals and humans, causing the destruction of neural tissue and inducing behavioral manifestations. Heat shock proteins (Hsps), act as molecular chaperones by supporting the appropriate folding of proteins and eliminating the misfolded proteins as well as playing a vital role in cell signaling transduction, cell cycle, and apoptosis control. SW02 is a potent activator of Hsp 70 kDa (Hsp70).Methods: In the current study, the protective effects of SW02 against prion protein 106-126 (PrP106-126)-induced neurotoxicity in human neuroblastoma cells (SH-SY5Y) were investigated. In addition, the therapeutic effects of SW02 in ME7 scrapie-infected mice were evaluated.Results: The results showed that SW02 treatment significantly increased Hsp70 mRNA expression levels and Hsp70 ATPase activity (p < 0.01). SW02 also significantly inhibited cytotoxicity and apoptosis induced by PrP106-126 (p < 0.01) and promoted neurite extension. In vivo, intraperitoneal administration of SW02 did not show a statistically significant difference in survival time (p = 0.16); however, the SW02-treated group exhibited a longer survival time of 223.6 ± 6.0 days compared with the untreated control group survival time of 217.6 ± 5.4 days. In addition, SW02 reduced the PrPSc accumulation in ME7 scrapie-infected mice at 5 months post-injection (p < 0.05). A significant difference was not observed in GFAP expression, an astrocyte marker, between the treated and untreated groups.Conclusion: In conclusion, the potential therapeutic role of the Hsp70 activator SW02 was determined in the present study and may be a novel and effective drug to mitigate the pathologies of prion diseases and other neurodegenerative diseases. Further studies using a combination of two pharmacological activators of Hsp70 are required to maximize the effectiveness of each intervention.Keywords: SW02, scrapie, neurodegenerative diseases, heat shock protein 70, ATPase activity, drug
1 INTRODUCTION
Prion diseases are deadly neurodegenerative diseases that cause neuron damage and motor paralysis (Ritchie and Ironside, 2017). Due to their ability to be transmitted from one host to another, these diseases are referred to as transmissible spongiform encephalopathy (TSE) (Liberski and Ironside, 2015; Ritchie and Ironside, 2017), resulting in the characteristic appearance of giant vacuoles in the brain tissue. In prion diseases, the cellular prion protein (PrPC) misfolds into a pathological form (PrPSc), accumulating into insoluble amyloid fibrils in the brain tissue (Caughey, 2003; Kovacs and Budka, 2009). Consequently, prion diseases have been categorized into a group of nervous system disorders known as protein misfolding disorders, including Alzheimer’s disease, Parkinson’s disease, and other neurodegenerative disorders (Scheckel and Aguzzi, 2018). In prion diseases, behavioral disorders, and neuron loss are critically linked to the deposition of misfolded proteins in the brain (Moore et al., 2009). PrPSc causes neurotoxicity and neurodegeneration (Halliday et al., 2014; Glatzel and Sigurdson, 2019), rendering therapies aimed at restoring proper protein folding and promoting neuroregeneration potentially beneficial. Unfortunately, therapies are not currently available to slow the development of prion disorders (Zayed et al., 2023).
According to current knowledge, different potential prospects for intervention in prion diseases exist including targeting cellular PrPs, inhibiting the conversion of PrPC into PrPSc, and clearing accumulated PrPSc or blocking its toxicity (Krance et al., 2020). In our previous study, clonidine treatment of prion-infected mice was shown to result in significant clearance of deposited PrPSc by activating the glymphatic system, the brain’s perivascular waste-clearing mechanism (Kim et al., 2021). However, clonidine did not fully clear all the deposited PrPSc in the prion-infected mice.
Heat shock proteins (Hsps) are a wide family of molecular chaperones that play critical functions in protein translocation across membranes, refolding, and degradation (Vabulas et al., 2010; Miller and Fort, 2018; Rosenzweig et al., 2019). Hsp 70 kDa (Hsp70) has been shown to regulate protein refolding by utilizing the ATP hydrolysis mechanism (Mayer and Bukau, 2005; Rutledge et al., 2022). In studies of chaperone-assisted disintegration, the importance of Hsps in protecting folding intermediates from aggregation and efficiently clearing misfolded species that affect cell survival was demonstrated (Rutledge et al., 2022). The Hsp70 chaperones are fundamental to the appropriate folding of proteins within cells (Rosenzweig et al., 2019). In genetic studies in which protein misfolding diseases were investigated, a strong association between Hsp70 and disease development was found (Petrucelli et al., 2004). Therefore, Hsp70 has recently emerged as a therapeutic target in neurodegeneration through functionally linked ATP-dependent chaperones (Miller and Fort, 2018). For example, molecular chaperones, specifically Hsp70, have been shown to regulate tau ubiquitination, degradation, and aggregation in neurological diseases such as Alzheimer’s disease (Petrucelli et al., 2004; Jinwal et al., 2009).
Hsps play significant roles in cell signaling transduction, cell cycle, and apoptosis in addition to chaperone activities (Hu et al., 2022). Furthermore, Hsps may promote or hamper neurodevelopment via mechanisms that regulate cell differentiation, neurite outgrowth, cell migration, or angiogenesis (Miller and Fort, 2018; Santana et al., 2020; Dutta et al., 2021). Hsp70 was shown to have protective effects against cardiomyopathies (Marber et al., 1995) and enhanced neuroregeneration in a mouse model for spinocerebellar ataxia type 1 (Cummings et al., 2001). In prion diseases, Hsp70 is highly expressed in the brain tissues of Creutzfeldt-Jakob disease patients (Kovács et al., 2001) and scrapie-infected mice (Kenward et al., 1994), indicating its important role in fibril fragmentation and prion propagation (Chernova et al., 2017). Therefore, Mays et al. showed that Hsp70 reduces toxicity and slows prion disease development, presenting opportunities for therapeutic intervention (Mays et al., 2019). Modulating Hsps and their ATPase activity may be an attractive therapeutic approach for neurodegenerative diseases associated with chaperone activities (Beretta and Shala, 2022; Rutledge et al., 2022). Therefore, exploring a novel approach toward chaperone-based treatments for prion diseases is necessary.
SW02, a dimethylformamide compound, is a specific activator/agonist of Hsp70 and Hsp70 ATPase activity (Evans et al., 2006; Jinwal et al., 2009). SW02 indirectly promotes anti-aggregation activity through Hsp70 in Amyloid-β peptide (Aβ) aggregation (Evans et al., 2006). It has been shown that SW02 increases Hsp70 function by approximately 45% (Jinwal et al., 2009). Therefore, Jinwal et al. reported that modulators of ATPase activity can prevent aggregation of Aβ peptide and may be used to target and modify the pathologies of prion diseases and other tauopathies (Jinwal et al., 2010).
The neuropeptide PrP106-126 (106-KTNMKHMAGAAA AGAVVGGLG-126) shares several physicochemical and biological properties with PrPSc, including neurotoxicity, proteinase-K resistance, β-sheet structure, and induction of neuronal cell death (Li et al., 2018). Therefore, it serves as a valuable tool for studying pathophysiology and identifying potential targets for therapeutic intervention in prion diseases. In the present study, the protective effects of the Hsp70 activator (SW02) against PrP106-126-induced neurotoxicity in the human neuroblastoma cell line SH-SY5Y were investigated. In addition, the therapeutic potential of SW02 based on survival analysis was explored and the PrPSc accumulation in ME7 scrapie-infected mice was assessed.
2 MATERIALS AND METHODS
2.1 Cell culture and reagents
SH-SY5Y were obtained from a Korean cell line bank (Seoul, Korea) and cultured in Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM-F12; Gibco, Grand Island, NY, United States) supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% antibiotic cocktail (Gibco) at 37°C with 5% CO2 in a humidified incubator. PrP106-126 (KTNMKHMAGAAAAGAVVGGLG; > 95% purity) was synthesized by Peptron (Yuseong-gu, Daejeon, South Korea). The peptide was dissolved in dimethyl sulfoxide (DMSO) (Biosesang, Gyeonggi-do, Korea) to a concentration of 10 mM and stored at −80°C. The Hsp70 activator, SW02, (Sigma-Aldrich, St. Louis, MO, United States) was also dissolved in DMSO and stored as a 10 mM stock solution at −80°C. All procedures were performed under sterile conditions.
2.2 Cell viability assay
To assess the cytotoxicity of the PrP106-126 peptide, SH-SY5Y cells were treated with different concentrations (0, 100, and 200 μM) of the peptide for 24 h as described in previously published research (Park et al., 2012; Han et al., 2019). The optimization of concentration and exposure time of PrP106-126 was evaluated (Supplementary Figure S1). To assess the effects of SW02, different concentrations of SW02 (0, 1, 5, 10, and 20 μM) were applied to SH-SY5Y cells for 24 h. To evaluate the protective effects of SW02 against the PrP106-126 peptide, cells were pretreated with SW02 for 3 h before adding PrP106-126 followed by incubation for 24 h. The Cell Counting Kit-8 assay kit (Sigma-Aldrich) was used to evaluate cell viability. The CCK-8 solution was directly added to the cell culture medium and incubated for 2 h at 37°C in 5% CO2. A microplate reader (SpectraMax Plus 384, Molecular Devices, California, United States) was used to measure absorbance at 450 nm with a background control sample serving as the blank.
2.3 Hsp70 ATPase activity
To examine the Hsp70 ATPase activity of SW02, SH-SY5Y cells were pretreated with SW02 for 3 h followed by PrP106-126 for 24 h. Nontreated and SW02 only were used as a control. Cell lysates were then collected, and the Hsp70 ATPase activity was measured using the HSP70 Assay Kit (BPS Bioscience, San Diego, CA, United States) according to the manufacturer’s protocol. In brief, cell lysates were added to a 96-well plate (SPL Life Sciences, Gyeonggi-do, Korea) and mixed with Hsp70 followed by incubation for 30 min at room temperature. The reaction was initiated by adding 50 μM ATP and incubated at 30°C for 60 min before adding ADP-Glo reagent (Promega, #V6930). Luminescence was measured with a multimode plate reader (Perkin Elmer, Massachusetts, United States).
2.4 RNA isolation and quantitative real-time polymerase chain reaction
RNA was isolated using TRIzol (Invitrogen), and reverse transcription was performed to convert 1 μg RNA to cDNA using ReverTra Ace-α (Toyobo, Tokyo, Japan). Quantitative real-time polymerase chain reaction (RT-PCR) analysis was performed using SYBR Green dye (Yuseong-gu, Daejeon, Republic Korea). The relative mRNA expression levels were normalized to β-actin. The primer sequences for RT-PCR were as follows: Hsp70: forward: 5′- TGT​GTC​TGC​TTG​GTA​GGA​ATG​GTG​GTA-3′ and reverse: 5′- TTA​CCC​GTC​CCC​GAT​TTG​AAG​AAC-3′, β-actin: forward: 5′- TGG​CAC​CCA​GCA​CAA​TGA​A-3′ and reverse: 5′ CTA​AGT​CAT​AGT​CCG​CCT​AGA​AGC​A-3′.
2.5 Anti-apoptotic activity of SW02
Terminal deoxynucleotidyl transferase dUTP end labeling (TUNEL) staining was used to assess the apoptotic cell death according to the manufacturer’s instructions (Abcam TUNEL Assay Kit -HRP-DAB, Abcam, Manheim, Germany). Briefly, SH-SY5Y cells were grown on poly-d-lysine coated 12-well plates at a density of 1 × 105 cells per well. The cells were exposed to SW02 followed by PrP106-126 for 24 h. The apoptotic cells were stained in a dark brown color by adding DAB and a phase contrast microscope (Carl Zeiss, Oberkochen, Germany) was used to observe the cells.
Caspase-3 is a prevalent trigger of apoptosis. To examine the anti-apoptotic activity of SW02, SH-SY5Y cells were pretreated with SW02 for 3 h followed by PrP106-126 for 24 h. Cell lysates were then collected, and caspase-3 activity was determined using the Caspase-3/CPP32 Colorimetric Assay Kit (BioVision, Waltham, MA, United States) according to the manufacturer’s protocol. In addition, the protein level of caspase-3 has been evaluated (Western blotting section).
2.6 Neural extension assay
Retinoic acid (RA, Sigma-Aldrich, St Louis, MO) is a vitamin A derivative and the most well-characterized method for inducing neurite extension in SH-SY5Y cells. To quantify neurite extension, SW02 was applied to SH-SY5Y cells for 24 h. To determine the total length of neurite extension, five microscopic fields were randomly selected. ImageJ software (version 1.52, imagej.nih.gov) was used to measure the mean neurite length under an inverted microscope. The measured neurite lengths from five fields are averaged and represented on the Y-axis. At least three experiments were performed, and their mean values were calculated. The experiment was performed with 10 µM RA as a positive control.
2.7 Animal experiments
Nara Biotech (Pyeongtaek, Korea) provided C57BL/6J mice for animal experiments. Jeonbuk National University’s Institute of Animal Care and Use Committee (JBNU 2020-080) authorized all experimental protocols. To establish an experimental model for prion disease, C57BL/6 mice (6-week-old) were intraperitoneally inoculated with 100 μL of 1% (w/v) brain homogenate prepared from terminally ill ME7 scrapie-infected mice. One-week post-injection, 100 μL SW02 (50 μg/kg) was administered weekly to assess the therapeutic effects of SW02 against prion infection. ME7 scrapie-infected control mice did not receive any treatment. For a negative control, 100 μL of phosphate-buffered saline (PBS) was administered for 1 week after injection. Mice (n = 3) from the three groups were euthanized 5 months post-injection for proteinase K-resistant PrPSc accumulation analysis using western blotting. To perform the survival analysis, the mice were monitored daily until neurologic signs developed and then euthanized at the terminal stage. Western blotting analysis was used to assess PrPSc in brain tissue. To detect PrPSc in the brain, 50 μg/mL proteinase K was added to quantified samples for 1 h at 37°C. The proteinase K-treated samples were heated to 95°C for 10 min in 5X sample buffer (Thermo Fisher Scientific, Waltham, MA, United States) and the PrPSc bands were detected using western blotting.
2.8 Western blotting
A 10% volume of RIPA lysis buffer (Thermo Fisher Scientific) with a protease inhibitor cocktail (Roche, Munich, Germany) was used to homogenize the whole brain. The homogenized samples were loaded into 12% sodium dodecyl sulfate (SDS) gel lanes. An electrophoretic transfer system (BioRad, Hércules, CA, United States) was used to transfer the proteins to a nitrocellulose membrane (Amersham, Little Chalfont, United Kingdom) for 1.5 h at 100 V. After washing, membranes were blocked for 2 h at room temperature with 5% skimmed milk and then incubated with primary antibodies against the PrP monoclonal antibody (SAF84, Bertin, Montigny le Bretonneux, France), glial fibrillary acidic protein (GFAP) (2E1; Santa Cruz Biotechnology, Dallas, TX, United States), and caspase-3 (#9662; Cell Signaling, MA, United States). After washing, the membranes were incubated for 1 h with horseradish peroxidase-conjugated secondary antibodies (Sigma-Aldrich). Protein levels were normalized to β-Actin (Santa Cruz Biotechnology). A Pierce ECL kit (Thermo Fisher Scientific) was used to detect the targeted proteins. Densitometry was used to quantify the intensity of the signal acquired for each protein using ImageJ software (version 1.52).
2.9 Statistical analysis
All data are presented as means ± standard deviation (SD). Statistical analysis was performed using SPSS 25.0 (IBM, Armonk, NY, United States) and the t-test or one-way analysis of variance (ANOVA) with the Tukey Comparison Test as a post-test. The symbols *, **, and *** indicate p < 0.05, p < 0.01, and p < 0.001 respectively.
3 RESULTS
3.1 Cytotoxic effects of PrP106-126 and SW02 on SH-SY5Y cell line
The amino acid sequence of PrP106-126 shares several physicochemical and biological properties with PrPSc, including neurotoxicity. The viability of SH-SY5Y cells treated with different concentrations of PrP106-126 and SW02 for 24 h was evaluated using the CCK-8 assay. To confirm the neurotoxicity of the PrP106-126 peptide, SH-SY5Y cells treated with 100 and 200 μM PrP106-126 showed a significant decrease in viability and proliferation rate (p < 0.01; Figure 1A). Significant difference was not observed between 100 and 200 μM PrP106-126; therefore, 100 μM was selected as the optimal concentration to study the effects of PrP106-126 on the SH-SY5Y cells. Regarding SW02 exposure (1, 5, 10, and 20 μM), cell viability remained stable, with no significant cytotoxicity observed up to 20 μM (Figure 1B). The morphological appearance of cells treated with SW02 at 20 μM was similar to the non-exposed control (Figure 1B).
[image: Figure 1]FIGURE 1 | Effect of SW02 and PrP106-126 on cellular viability in human SH-SY5Y cells. (A) Representative cell morphology of SH-SY5Y and viability assay after treatment with different concentrations of PrP106-126 (0, 100, and 200 µM) using the Cell Counting Kit-8 (CCK8 assay). All values represent means ± SD (n = 3, **p < 0.01. Statistical testing was done by One-way-ANOVA with post hoc Tukey’s multiple comparisons test. (B) Representative cell morphology of SH-SY5Y and viability assay after treatment with different concentrations of SW02 (1, 5, 10, and 20 µM) using CCK8 assay. All values represent means ± SD (n = 3). Statistical analysis was done by One-way-ANOVA with post hoc Tukey’s multiple comparisons test.
Consequently, the concentration of 20 μM SW02 was selected for subsequent experiments to elucidate the protective effects of SW02 against PrP106-126-induced neurotoxicity. These results indicated that SW02 maintained cell viability and PrP106-126-induced cell toxicity by inhibiting cell viability.
3.2 SW02 upregulates the gene expression of Hsp70 and Hsp70 ATPase activity
Hsp70 and its ATPase activities are known to be responsible for the regulation of various biological processes. A representative function of the Hsp70 family is chaperone activity such as protein folding, suppression of protein aggregation, removal of misfolded proteins, and regulation of assembly/disassembly of protein complexes (Bukau and Horwich, 1998; Cho et al., 2015). To determine whether SW02 upregulates Hsp70 and Hsp70 ATPase activity, SH-SY5Y cells were pretreated with SW02 followed by the PrP106-126 peptide. As shown in Figure 2A, treatment with SW02 significantly upregulated Hsp70 mRNA expression in SH-SY5Y cells (p < 0.01). Of note, treatment with SW02 alone was sufficient to enhance Hsp70 expression.
[image: Figure 2]FIGURE 2 | SW02 upregulated mRNA and ATPase activity of Hsp70. (A) The relative expression levels of Hsp70 in the treated cells. The data are reported as the mean ± SD; *p < 0.05, **p < 0.01. (B) SW02 upregulated heat shock protein 70 ATPase activity in SH-SY5Y cells however, PrP106-126 only downregulated ATPase activity. ATP in the cell lysate was detected via a luminescence assay. All values represent means ± SD (n = 3, *p < 0.05, **p < 0.01, and ***p < 0.001). Statistical analysis was done by One-way-ANOVA with post hoc Tukey’s multiple comparisons test.
On the other hand, a higher amount of ATPase was detected in the cell lysate of SH-SY5Y cells treated with SW02 (p < 0.001; Figure 2B). In addition, the ATPase amount was higher in cells treated with SW02 only. In contrast, the release of ATPase significantly decreased when cells were treated with the PrP106-126 peptide (p < 0.01; Figure 2B).
3.3 SW02 attenuates PrP106-126-induced neurotoxicity
To assess the protective effects of SW02 against PrP106-126-induced neurotoxicity, SH-SY5Y cells were pretreated with SW02 before the addition of the PrP106-126 peptide. SW02 exposure protected the cells from PrP106-126-induced viability inhibition. Cell viability measured using the CCK8 assay was significantly increased by SW02 compared with the PrP106-126 positive control (p < 0.01; Figure 3A).
[image: Figure 3]FIGURE 3 | SW02 (20 µM) enhanced SH-SY5Y cell viability and inhibited apoptosis induced by PrP106-126 (100 µM). (A) SW02 increased the cell viability compared with the PrP106-126 positive control. The images of representative cell morphology are from one of three separate experiments. Statistical analysis was done by One-way-ANOVA with post hoc Tukey’s multiple comparisons test. Error bars represent SD (**p < 0.01). (B) SW02 protected against PrP106-126-induced cell apoptosis. SH-SY5Y cell apoptosis was assayed using Terminal deoxynucleotidyl transferase dUTP end labeling staining. The brown substrate at the site of DNA fragmentation indicates apoptotic cell nuclei. The images of representative cell morphology are from one of three separate experiments. (C) The Caspase-3 Assay Kit (Colorimetric) shows the rescue effect of SW02 against PrP106-126-induced cell apoptosis based on caspase-3 activity. (D) Expression and quantitative analysis of caspase-3 were performed using Western blot analysis *p < 0.05. All values represent means ± SD (n = 3, **p < 0.01). Statistical analysis was done by One-way-ANOVA with post hoc Tukey’s multiple comparisons test.
To further investigate whether SW02 prevents apoptotic cell death in PrP106-126-induced cytotoxicity, TUNEL staining was used to identify cells undergoing apoptosis. PrP106-126 peptide treatment significantly increased apoptotic cells (dark brown; Figure 3B). Notably, the TUNEL assay showed that SW02 treatment inhibited SH-SY5Y cell apoptosis induced by the PrP106-126 peptide compared with the PrP106-126 control (Figure 3B). SW02 also markedly prevented the activation of caspase-3, a pro-apoptotic enzyme (Figure 3C). Notably, cells treated with SW02 only did not activate caspase-3. Conversely, caspase-3 was activated in PrP106-126-treated cells based on results from the caspase-3 activity assay kit (p < 0.01; Figure 3C). To confirm the result of the caspase-3 activity, the protein level of caspase-3 was further examined by Western blot analysis. The findings indicated that SW02 significantly decreased the protein level of caspase-3 which was increased upon treatment with PrP106-126 (Figure 3D).
Consequently, these findings indicated that SW02 protects against the PrP106-126 peptide by inhibiting apoptotic cell production and preserving cell viability in PrP106-126-treated SH-SY5Y cells.
3.4 SW02 increases neurite outgrowth activity
Neurite outgrowth is a fundamental process in the formation of neural networks and nerve regeneration (Sherman and Bang, 2018). Following injury, neurite outgrowth plays a key role in the regeneration of the nervous system. To evaluate the effects of SW02 on neurite formation, cells were treated with SW02. SW02 significantly increased neurite extension in SH-SY5Y cells (p < 0.01; Figure 4). The results suggest a potential neuroregenerative effect of SW02.
[image: Figure 4]FIGURE 4 | Representative micrographs were used to quantify neurite extension in SH-SY5Y cells after incubation with SW02 (20 µM). SW02 increased the neurite extension of SH-SY5Y cells. All values represent means ± SD (n = 3, **p < 0.01). Retinoic acid (RA) was used as a positive control to induce neurite outgrowth. Statistical analysis was done by One-way-ANOVA with post hoc Tukey’s multiple comparisons test.
3.5 The therapeutic effects of SW02 in ME7 scrapie-infected mice
Several studies have demonstrated that Hsp70 plays key roles in neuroprotection through different processes (Venediktov et al., 2023). Therefore, small molecule-based activators of Hsp70 have been exploited for use as potential therapeutic agents. To assess the therapeutic effects of SW02 against prion disease, the ME7 scrapie strain was inoculated into 6-week-old mice, followed by weekly treatment with or without SW02. The mice were sacrificed at two-time points, 5 months and at the terminal stage post-injection (Figure 5A). Although a significant difference was not found in the survival analysis between the ME7 scrapie-infected untreated mice (control) and SW02-treated ME7 scrapie-infected mice (p = 0.16), the survival time was longer in the SW02-treated mice (223.6 ± days) compared with the untreated control mice (217.6 ± 5.4 days; Figure 5B).
[image: Figure 5]FIGURE 5 | Evaluation of the protective effects of SW02 in ME7-infected mice. (A) Experimental outline of the assessment of the effects of heat shock protein 70 activator, SW02 (20 µM), in ME7 scrapie-infected mice. (B) Kaplan-Meier survival curve was generated to show the effects of SW02 on the survival of ME7-infected mice (n = 5 individual animals). (C) Evaluation of the protective effects of SW02 on PrP and PrPSc accumulation expression in the ME7 scrapie-infected mice at 5 months post-injection based on western blotting. β-actin was used as an internal control. (D) The quantitative analyses of PrP and PrPSc immunoblot *p < 0.05. All data are expressed as the means ± standard deviation (n = 3). Student’s t-test and one-way ANOVA were used for comparison between two groups and multiple groups, respectively.
Brain tissues from mice were homogenized and analyzed using western blot to detect total PrP and PrPSc. The total PrP expression in the SW02-treated mice was similar to the untreated mice at 5 months (p = 0.42; Figure 5C, D). PrPSc accumulation in SW02-treated ME7 scrapie-infected mice was significantly decreased at 5 months compared with untreated ME7 scrapie-infected mice (p < 0.05; Figure 5C, D). At the terminal stage of the disease, however, a difference was not observed in PrPSc levels between the SW02-treated and untreated groups (Supplementary Figure S2).
3.6 SW02 treatment does not decrease reactive astrocytes
GFAP was used to detect astrocytes reactivity throughout the brain in response to most forms of central nervous system damage. The results showed a non-significant difference in GFAP expression at 5 months (p =  0.47; Figure 6A, B) in the SW02-treated ME7 scrapie-infected mice compared with the untreated ME7 scrapie-infected mice. However, GFAP was significantly higher expressed (p < 0.05) in the ME7 scrapie-infected mice compared with the negative control mice (Figure 6A, B), indicating an upregulation of neuroinflammation.
[image: Figure 6]FIGURE 6 | Evaluation of astrocyte in the ME7 scrapie-infected mice by western blot analysis. (A) Protein expression of glial fibrillary acidic protein (GFAP), astrocyte marker, in the ME7 scrapie-infected mice at 5 months post-injection based on western blotting. β-actin was used as an internal control. (B) The quantitative analyses of GFAP immunoblot. The results in the graph are the mean ± SD. All data are expressed as the means ± SD (n = 3, **p < 0.05). Statistical analysis was done by One-way-ANOVA with post hoc Tukey’s multiple comparisons test.
4 DISCUSSION
In the present study, the effects of SW02 as a potential therapeutic agent against prion disease were investigated. First, the protective effects of SW02 against PrP106-126-induced neurotoxicity were evaluated using SH-SY5Y cells followed by assessment of its therapeutic effects in prion-infected mice. The results provided evidence that SW02 protected PrP106-126-treated SH-SY5Y cells from neurotoxicity. However, in vivo, although SW02 did not show a significant difference in survival time, PrPSc accumulation at 5 months post-infection decreased. In the current study, SW02, a stimulator of Hsp70 ATPase activity, was utilized (Chang et al., 2008). SW02 was confirmed to stimulate Hsp70 ATPase activity; SW02-treated SH-SY5Y cells increased the Hsp70 ATPase activity, indicating the SW02 mechanism may function via ATPase activation of Hsp70 (Hu et al., 2022; Rutledge et al., 2022).
SH-SY5Y is a cell-based model for different neurodegenerative diseases (Xicoy et al., 2017), including prion diseases (O’donovan et al., 2001; Puig et al., 2016). Accordingly, in the present study, SH-SY5Y was used as an in vitro cell model for prion diseases to study cell viability, apoptosis, and neurite extension. In addition, because PrP106-126 induces neuronal apoptosis and cytotoxicity, it is commonly used as a model for examining PrPSc neurotoxicity (O’donovan et al., 2001; Seo et al., 2010; Ning and Mu, 2018). The results of this study consistently showed the PrP106-126 peptide decreased cell viability and increased apoptotic cells based on the TUNEL assay. In addition, caspase-3, which participates in the cell apoptosis process and DNA fragmentation (Brentnall et al., 2013), was significantly upregulated, indicating PrP106-126 is an efficient model for in vitro study of prion-induced cell death and maintains the pathological properties of misfolded prions. However, SW02 alleviated the cell viability in PrP106-126-treated SH-SY5Y cells. Furthermore, SW02 inhibited cell apoptosis by decreasing the apoptotic cell death, caspase-3 activity, and the protein level of caspase-3, indicating a suppressive effect on the apoptosis process (Ko et al., 2015). The observed effects of SW02 are likely attributed to the biological activities of the stimulated Hsp70 ATPase activity (Kwong et al., 2015; Hu et al., 2022). To study whether the SW02 increases the Hsp70 expression, we performed RT-PCR analysis and observed a higher expression of Hsp70 mRNA in cells treated with SW02. Similarly, Lui and Kong showed that Hsp70 exerts an anti-apoptotic activity (Lui and Kong, 2007). In addition, Hsp70 participated in rescuing cells from apoptosis more than other Hsps (Vasaikar et al., 2015). It has been shown that the ATPase activity of SW02 enhances Hsp70 function and targeting the ATPase activity of Hsp70 regulates tau accumulation (Jinwal et al., 2009). In the same study, the authors investigated whether Hsp70 and Hsp90 inhibitors could facilitate the clearance of tau mutants. They found that while Hsp90 inhibitors showed varied effects, Hsp70 inhibition significantly reduced tau levels. These findings highlight a distinction in the mechanism of action between Hsp90 and Hsp70 inhibitors. Together, these findings are consistent with previous studies indicating stimulation of the Hsp70 ATPase activity attenuates neurotoxicity (Pratt and Toft, 2003; Kumar et al., 2007).
Neurite outgrowth motivates the connecting of the nervous system during development and regeneration after disease. In the present study, SH-SY5Y cells treated with SW02 were shown to have increased neurite outgrowth, indicating SW02 may contribute to the regeneration of damaged neurons induced by prion disease. However, further experiments are required to show the contribution of SW02 in neuroregeneration process. Hsp70 chaperone and their stimulators were previously shown to promote neurite outgrowth (Takeuchi et al., 2002; Evans et al., 2010; Lackie et al., 2017).
Drugs known to induce Hsp70 expression, such as 17-DMAG and dexamethasone, have been explored for their therapeutic potential in treating prion diseases in Drosophila. However, significant outcomes were not observed when the individual treatment was used; however, their combination significantly increased the level of inducible Hsp70, decreased PrP expression, inhibited the accumulation of PrPSc, and enhanced locomotor activity (Zhang et al., 2014). Recently, Thackray et al. showed that metazoan Hsp70 disaggregase system protects neurons from prion toxicity and reduces the prion seeding activity in scrapie prion-exposed ovine PrP Drosophila (Thackray et al., 2022). In the present study, the survival time was longer in the SW02-treated group than in the control group but without statistical significance. In addition, western blot analysis revealed a lower PrPSc level in the SW02-treated group after 5 months compared with the control group. However, a possible explanation for the lack of effect on increasing the survival time could be due to a partial functional activity of SW02 against prion disease. Therefore, a combination action of two pharmacological activators of Hsp70 may maximize the effectiveness of each intervention, as reported by Zhang et al. (2014). Higher GFAP levels have been reported to correlate with prion disease in brain tissue (Lakkaraju et al., 2022). In the present study, SW02 treatment did not decrease GFAP expression compared with the untreated mice and was likely due to the high PrPSc levels. Another important aspect that may contribute to the lack of decreased GFAP levels is the association with the immunostimulatory properties of Hsp70 (Borges et al., 2012).
We acknowledge that our study has certain limitations, and further work is needed to elucidate the details of the mechanism of SW02 action. In addition, using different neuronal cell types to investigate the potential protective effects of SW02 is required.
To the best of our knowledge, Hsp70 activators have not received consideration in the field of neurodegenerative diseases. Because cures or palliative therapies for prion diseases do not currently exist, the results of the present study showing the neuroprotective potential of SW02 are promising. This is the first study in which the therapeutic effects of SW02 against prion disease were shown. Furthermore, additional research studies in which the therapeutic potential of SW02 in other scrapie strain-infected mice models (RML, 22L, 137A, and Chandler) are investigated are required. Reportedly, other Hsps have a protective effect in animal models of prion disease (Jackrel and Shorter, 2017). Thus, studies in which other Hsps are used are needed to investigate their therapeutic effects against prion disease.
5 CONCLUSION
The findings showed that SW02 has neuroprotective properties against PrP106-126-induced neurotoxicity. In vitro results indicated that SW02 reduces neurotoxicity-mediated apoptosis by downregulating cell death and caspase-3 activity. SW02 also exhibited enhanced neurite extension and Hsp70 ATPase activity. Although prion-infected mice treated with SW02 showed non-significant results compared with the control mice, the SW02-treated mice exhibited a longer survival time. Further research is required to determine the precise mechanisms through which SW02 exerts neuroprotective effects in other scrapie strain-infected mice such as RML, 22L, 137A, and Chandler.
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