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Background: Cilostazol is an antiplatelet agent with vasodilating, endothelial function restoration, and anti-inflammatory effects. This study aims to investigate the efficacy of oral cilostazol for preventing the development of diabetic peripheral neuropathy (DPN).
Materials and Methods: Ninety adult male Sprague-Dawley rats were divided into five groups: 1) naïve (control); 2) diabetic (DM); 3) DM receiving 10 mg/kg cilostazol (cilo-10); 4) DM receiving 30 mg/kg cilostazol (cilo-30); and 5) DM receiving 100 mg/kg cilostazol (cilo-100). Hindpaw responses to thermal and mechanical stimuli were measured. Activation of microglia and astrocytes in the spinal dorsal horn (SDH) and expression of NaVs in the dorsal root ganglia (DRG) were examined with Western blots and immunofluorescence.
Results: DM rats displayed decreased withdrawal thresholds to mechanical stimuli (mechanical allodynia) and blunted responses to thermal stimuli. In addition, the expression of microglia increased, but astrocytes were reduced in the SDH. Upregulation of Nav −1.1, 1.2, −1.3, −1.6, and −1.7 and downregulation of Nav-1.8 were observed in the DRG. The DM rats receiving cilostazol all returned DM-induced decrease in withdrawal threshold to mechanical stimuli and attenuated neuropathic pain. Additionally, all cilostazol treatments suppressed the level of activated microglial cells and ameliorated the DM-induced decline in astrocyte expression levels in the SDH. However, only the rats treated with cilo-100 demonstrated significant improvements to the aberrant NaV expression in the DRG.
Conclusion: Oral cilostazol can blunt the responses of mechanical allodynia and has the potential to treat diabetic neuropathy by attenuating NaV and glial cell dysregulation.
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INTRODUCTION
Diabetic peripheral neuropathy (DPN) is a debilitating complication affecting up to 60% of patients with types I and II diabetes mellitus (DM) (Standl et al., 2019). It is characterized by various peripheral nerve abnormalities and dysfunctions due to chronic hyperglycemia that contributes to hyper- or hyposensitizations of the peripheral organs (Freeman et al., 2016). These include apparent endoneurial edema of the sciatic and sural nerves and significant reductions in motor nerve conduction velocity observed in patients with DM and in experimental models (Jakobsen 1978; Giannini and Dyck, 1994). The latter is largely due to irregular nerve phenotypes, including total endoneurial lipid concentration reduction, myelinated fiber loss, and increased frequencies of denatured Schwann cells and regenerating fibers (Brown et al., 1979; Giannini and Dyck 1994; Cermenati et al., 2012). Voltage-gated sodium channels (NaVs) are critical for the initiation and propagation of action potentials and are essential for the transmission of noxious stimuli in the nociceptive neurons. Peripheral nerve damage, inflammation, and metabolic diseases alter the expression and function of these NaVs, leading to increases in neuronal excitability and pain. The NaV subunits −1.3, −1.7, and 1.8 are well known for their distinctively altered expression and repriming profiles in injured neurons and STZ-induced diabetic rats (Cheng et al., 2014; Bennett et al., 2019). The normally slow-activating and repriming NaV-1.7 exhibited significantly higher expression and similar nerve injury-induced inflammatory pain and hypersensitivity in cases of sciatic nerve axotomy, (Rush et al., 2007; Dib-Hajj et al., 2017; Bennett et al., 2019). Distinct elevations in NaV-1.3 were also observed in both the small and large DRG neurons of rat models with spinal nerve contusion, sciatic nerve axotomy, and type I DM (Bennett et al., 2019). Modulation of the peripheral NaVs expression and activity is a promising avenue for neuropathic pain management.
Cilostazol is a selective phosphodiesterase (PDE)-3 inhibitor that has demonstrated antiplatelet, antithrombotic, vasodilatory, and anti-proliferative effects on smooth muscle cells in vivo (Chapman and Goa 2003; Asal and Wojciak 2017). It was originally recommended for treating intermittent claudication, but has also emerged as an option for treating other vascular dysfunctions (Donnelly 2002; Thompson et al., 2002; Chapman and Goa 2003). Recent studies demonstrated that oral cilostazol improved the overall vascular health of hindlimb ischemia in mice by increasing the levels of endothelial progenitor cells in the circulation, as well as those of granulocyte colony-stimulating factor and vascular endothelial growth factor in the ischemic muscles (Biscetti et al., 2013). Although cilostazol does not appear to affect the blood glucose levels in people with DM, it is effective in modulating the levels of albuminuria and hyperglycaemia-induced metabolic abnormalities (Matsumoto et al., 2008; Tang et al., 2013). Additionally, cilostazol effectively manages cellular inflammation and oxidative stress, provides renoprotection, and reduces the coronary heart disease risk in DM (Agrawal et al., 2007; Wang et al., 2008; Lee et al., 2020). In an in vitro study, cilostazol demonstrated the ability to protect human endothelial cells against lipopolysaccharide-induced apoptosis via the ERK-1/2 and p38 MAPK-dependent pathways (Lim et al., 2008). In 2007, Iwama et al. (2007) reported that oral cilostazol effectively reduced the levels of neuronal injury and subsequent retinal injury in rats with cerebral ischemia by inhibiting ischemia-induced interactions between the leukocytes and endothelial cells (Iwama et al., 2007). Koyanagi et al. reported that cilostazol could suppress Schwann cell dedifferentiation by promoting cyclic AMP (cAMP) signaling via PDE inhibition, suggesting its potential in ameliorating chemotherapy-induced peripheral neuropathy (Koyanagi et al., 2021).
DPN is a major chronic complication of DM. Its pathogenesis mainly involves chronic glucose toxicity and nerve ischemia. Apart from its positive effects on vascular and endothelial abnormalities, information on the benefits of cilostazol on peripheral nerve function remains limited. The action of cilostazol on the peripheral nerve includes increased nerve blood flow and restoration of nerve Na⁺/K⁺-ATPase activity, leading to improved sciatic-tibial nerve conduction velocity and amelioration of DPN (Kihara et al., 1995; Naka 1995). In addition, the neuroprotective effects of cilostazol include the ability to promote axonal regeneration in the sciatic nerves of DM rats (Yamamoto et al., 1998). This study aimed to identify effective oral cilostazol dosages for preventing the development of DPN via various pathways including regulating the peripheral sodium channels, glial cell activation in the spinal cord, and alleviation of diabetic neuropathic pain.
MATERIALS AND METHODS
Cilostazol Preparations and Administrations
Cilostazol (tablet, OTSUKA PHARMACEUTICAL CO., LTD., Japan) was crushed and resuspended in ddH2O as either 20 mg/ml or 50 mg/ml stock aliquots and administered daily via oral gavage at either 10, 30, or 100 mg/kg by referring to publications (Naka 1995; Rosales et al., 2011) from the second week of successful DM induction for up to 6 weeks until sacrifice.
Animals and Diabetes Induction
Ninety adult male Sprague-Dawley rats weighing 250–300 g were used in this study. All rats were housed in plastic cages with soft bedding and maintained under a 12-h light-dark cycle regime (light cycle, 7 am–7 pm; dark cycle, 7 pm–7 am), with access to food and water ad libitum. All experimental procedures were approved by the Kaohsiung Institutional Animal Care and Use Committee (Approval No. 106008). Diabetes was induced by administration of 60 mg/kg streptozotocin (STZ, Sigma, St. Louis, MO, United States) via the femoral vein (Lee et al., 2011; Cheng et al., 2014). The rats were divided into five groups: 1) naïve (control), surgery to expose the right femoral vein, and intravenous injection of normal saline); 2) diabetic (DM), surgery to expose the right femoral vein and intravenous injection of 60 mg/kg STZ; 3) DM plus 10 mg/kg cilostazol (cilo-10), right femoral vein injection of 60 mg/kg STZ and oral cilostazol 10 mg/kg daily for 6 weeks; 4) DM plus 30 mg/kg cilostazol (cilo-30), right femoral vein injection of 60 mg/kg STZ and oral cilostazol 30 mg/kg daily for 6 weeks; and 5) DM plus 100 mg/kg cilostazol (cilo-100), right femoral vein injection of 60 mg/kg STZ, and oral cilostazol 100 mg/kg daily for 6 weeks. Successful induction of diabetes was confirmed via elevation of random blood glucose levels to over 500 mg/dl using an Accu-Chek® Performa blood glucose assay kit. The rats were sacrificed at day 56, the L5 DRG and spinal cords were removed.
Behavioral Responses to Thermal and Mechanical Stimuli
The rats were subjected to electrical von Frey and heat plantar tests to assess the animals’ sensitivity to mechanical and thermal stimuli, respectively. Prior to each test, the rats were acclimated to the respective environments for testing for up to 30 min. Hypersensitivity to mechanical and thermal stimuli in the hindpaw was assessed as described in our previous study (Cheng et al., 2014). The testing facility for mechanical allodynia assessment consisted of a metal mesh floor covered by a transparent plastic dome (8 × 8 × 18 cm). For the measurements of hindpaw withdrawal thresholds against mechanical stimuli, a Dynamic Plantar Aesthesiometer (UgoBasile, Italy) with an incremental increase of 2.5 g/s and a maximum cut-off threshold of 50 g was used. The withdrawal threshold of each paw was calculated as the average of four to six tests. To measure the latency of hindpaw withdrawal from a heat stimulus, each hindpaw was set on a glass plate heated at 193 mW/cm2 by a directed infrared light beam through a pinhole of 2 × 5 cm, emitted from a moveable light box (UgoBasile Model 7370, Italy). The thermal stimulus was terminated either by withdrawal of the paw from the glass plate or by automation at a 20-s cut-off time. The withdrawal threshold of each paw was calculated as the average of four to five continuous tests, with a minimum of 5 minutes’ rest between each test.
Protein Extractions and Western Blots
For protein extraction, frozen L5 DRG samples were homogenized in a commercially available RIPA buffer (Invitrogen cat. 89901) containing a complete protease inhibitor mixture (Roche Diagnostics GmbH, Mannheim, Germany). For Western blots of the NaVs, 50 µg of total protein from each sample was loaded onto 8% sodium dodecyl sulfate-polyacrylamide gels (SDS-PAGE) and transferred to polyvinylidene fluoride membranes (PVDF, Millipore, Bedford, MA). The filters were blocked with 5% milk in phosphate-buffered saline (PBS) with 0.1% Tween 20 for 1 h at room temperature and incubated for 24 h at 4 C with rabbit anti-rat Navs primary antibodies (Alomone Labs, Jerusalem, Israel) included Nav-1.1 (ASC-001), Nav-1.2 (ASC-002), Nav-1.3 (ASC-004), Nav-1.6 (ASC-009), Nav-1.7 (ASC-008), Nav-1.8 (ASC-016), and mouse anti-rat ß-actin (MilliporeSigma, MAB1501). This was followed by a reaction with horseradish peroxidase-conjugated mouse anti-rabbit (Santa Cruz Biotechnology, sc-2357) or rabbit anti-mouse secondary antibodies (Santa Cruz Biotechnology, sc-358914) to detect the expression of NaVs in the DRG. The intensity of each band was visualized using ECL Western blotting detection reagents (Amersham Biosciences, Tokyo, Japan) and captured using the UVP ChemiDoc-It® 810 Imager system (P/N 97–0645-05, 100–115 V–60 Hz, United Kingdom). NaVs expression were normalized using β-actin. Quantification of NaVs expression levels was normalized against the NaVs levels in control rats.
Histological Samples Preparations and Immunofluorescence
The dissected L5 DRG and spinal cord tissues were fixed in 4% (w/v) paraformaldehyde and then saturated in 10–30% (w/v) sucrose in 0.02 mol/L PBS (pH 7.4). Once the samples were sufficiently dehydrated in 30% sucrose solutions, they were embedded into an optimal cutting temperature compound (FSC; FSC22 Clear, Surgipath, Leica) in preparation for subsequent cryosectioning procedures. Sections of the DRG (12-µm) and spinal cord (30-µm) were cut using a cryostat and mounted onto glass slides for immunostaining of the NaVs and glial cells. The expression of NaV −1.1, −1.2, −1.3, −1.6, −1.7 and −1.8 protein was detected using rabbit anti-NaVs primary antibodies (the same antibodies used in Western blotting) overnight at 4 C. The slides were then incubated with Cy3-conjugated goat anti-rabbit (Chemicon, Temecula, CA, United States) secondary antibodies for 1 h at 37 C. To visualize the activated microglia and astrocytes in the spinal cord, polyclonal goat anti-Iba1 primary antibody (Abcam, ab5076) and polyclonal goat anti-GFAP primary antibody (Abcam, ab53554) were used. After overnight incubation at 4°C, Cy3 donkey anti-goat IgG secondary antibody (Jackson ImmunoResearch, 765–165-147) was added for 2 h at 37 C. The stained sections were examined and images were captured using an Olympus FluoView 1000 confocal laser scanning microscope (Olympus, Tokyo, Japan). Quantification measurements of immunofluorescence staining in the spinal cord were performed as described in our previous report (Cheng et al., 2014).
Statistical Analysis
Western blots were determined by one-way ANOVA analysis followed by the least significant difference test for multiple post hoc analyses. Behavioral responses, microglia, and astrocyte activation were assessed using the Mann–Whitney U test. SPSS 20.0 (SPSS Inc., Chicago, IL) was used for all statistical analyses. Statistical significance was set at *p < 0.05, **p < 0.01, and ***p < 0.001.
RESULTS
Cilostazol Alleviated Mechanical Allodynia in Diabetic Rats
A single intravenous STZ injection induced persistent hyperglycemia in rats within 7 days of operation, with their random blood glucose levels maintained at approximately 400–600 mg/dl, indicating successful DM induction (Figure 1A). Mechanical allodynia was observed on postoperative day 7 and persisted for 2 months among the successfully induced DM rats, as indicated by the significant reductions in hindpaws withdrawal thresholds against mechanical stimuli (Figure 1B). However, STZ-induced diabetic rats demonstrated blunt responses to thermal stimuli (data not shown).
[image: Figure 1]FIGURE 1 | Progression of blood glucose levels and mechanical allodynia phenotype in streptozotocin (STZ)-induced diabetic (DM) rats. (A) Hyperglycaemia indicated by significant increases in blood glucose levels of DM rats throughout the 2-month experimental periods. (B) A significant reduction in levels of hindpaw withdrawal thresholds against mechanical stimuli in DM rats indicated the development of mechanical allodynia. Results are expressed as mean SEM for a minimum of 10 rats. Statistical significances between the baseline control and DM groups were calculated with the Mann–Whitney U test. ***p < 0.001.
2 weeks after STZ injection, the rats were administered 10, 30, or 100 mg/kg cilostazol daily via oral gavage for 6 weeks to investigate the efficacy of cilostazol in ameliorating neuropathic pain (Figure 2A). All three dosages of cilostazol significantly restored the hindpaws’ mechanical stimulus responses as compared with 1-month DM rats (Figure 2B), as well as 2-month DM rats (Figure 2C). The results indicated that even a low dose (10 mg/kg) of cilostazol could alleviate STZ-induced mechanical allodynia.
[image: Figure 2]FIGURE 2 | Analgesic effect of cilostazol in streptozotocin (STZ)-induced diabetic (DM) rat model. (A) Experiment timelines outlining relative time points of intravenous (I.V.) STZ injection, commencement of daily cilostazol oral gavage, and sacrifice. Significant increases in tolerance against mechanical stimuli in (B) 28-days (two weeks cilostazol) and (C) 56-days (six weeks cilostazol) DM rats indicated by higher levels of hindpaw withdrawal thresholds. POW, postoperative week. Results are expressed as mean SEM for a minimum of five rats for each group. Statistical significances between the DM control and cilostazol DM treatment groups were calculated with the Mann–Whitney U test. *p < 0.05, **p < 0.001.
High-Dose Cilostazol is Necessary to Alleviate Streptozotocin-Induced Dysregulated Sodium Channels in the Dorsal Root Ganglia
As in our previous study (Cheng et al., 2014), persistent hyperglycemia caused abnormal NaVs expression in the L5 DRG. Upregulation of NaV −1.1, −1.2, −1.3, −1.6, −1.7, and downregulation of NaV-1.8 were observed in the DRG. However, among the three cilostazol-treated groups, only the high-dose (100 mg/kg) cilostazol administration significantly alleviated dysregulated NaVs expression except in the case of NaV-1.2 (Figures 3A,B) in DRG.
[image: Figure 3]FIGURE 3 | Dose-dependent recovery of voltage-gated sodium (NaV) channel expression in dorsal root ganglia (DRG) of cilostazol-treated diabetic (DM) rats. Expressions of NaV-1.1, -1.2, -1.3, -1.6, -1.7, and -1.8 in DRG of naïve control, DM, and oral cilostazol (10, 30, and 100 mg/kg) treated DM rats were examined with (A) Western blots and (B) immunofluorescence assays. The western and immunofluorescence data revealed significant upregulation of NaV-1.1–1.7 expressions, and significant downregulation of NaV-1.8 in the DRGs of DM rats. Daily oral cilostazol treatments of 100 mg/kg, but not the lower dosages, for 6 weeks significantly reversed the DM-induced NaV dysregulation in the DRGs. Results are expressed as mean SEM for a minimum of five rats for each group. Statistical significances between the DM control and cilostazol DM treatment groups were calculated by one-way ANOVA analysis followed by the least significant difference test for multiple post hoc analyses. **p < 0.01, *p < 0.05, ***p < 0.001.
Cilostazol Alleviated Streptozotocin-Induced Dysregulated Glial Cells in Spinal Cord
Diabetic rats displayed significantly increased activation of microglia in SDH compared to the control group (Figure 4), whereas astrocytes exhibited reduced expression in the SDH (Figure 5). After cilostazol administration, glial cell dysactivation was significantly ameliorated regardless of whether the dose was low (10 mg/kg) or high (100 mg/kg) dose (Figures 4, 5). Low-dose cilostazol is sufficient to attenuate the immunoreactivity of activated microglia and restore the DM-induced decrease in the immunoreactivity of astrocytes.
[image: Figure 4]FIGURE 4 | Oral cilostazol significantly reduced the levels of activated microglia expression in the spinal dorsal horn (SDH) of diabetic (DM) rats. Immunofluorescence assays revealed increased expression of activated microglia (Iba-1; green) in the SDH of 2-month streptozotocin-induced DM rats, and reduced expressions in the cilostazol-treated DM rats. Samples from DM rats treated with all three oral cilostazol dosages demonstrated significantly reduced levels of activated microglia (intensity of green fluorescence) in the SDH. Results are expressed as mean SEM for a minimum of five rats for each group. Statistical significances between the DM control and cilostazol DM treatment groups were calculated with the Mann–Whitney U test, ***; p < 0.001.
[image: Figure 5]FIGURE 5 | Cilostazol ameliorated levels of activated astrocytes in the spinal dorsal horn (SDH) of streptozotocin (STZ)-induced diabetic (DM) rats. Expressions of astrocytes in the SDH were detected using GFAP (red) via immunofluorescence. All cilostazol-treated rats demonstrated significantly higher levels of astrocytes expressions in the SDH compared to the DM samples. Results are expressed as the mean SEM for a minimum of five rats for each group. Statistical significances between the DM control and cilostazol DM treatment groups were calculated via the Mann–Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001.
DISCUSSION
The present study revealed that consistent daily cilostazol administration for 6 weeks influenced glial cell expression in SDH, and NaVs in DRGs, to approach approximately normal levels and provide an analgesic effect. Importantly, low-dose (10 mg) cilostazol was sufficient to suppress the aberrant excitability of SDH glial cells and alleviate neuropathic pain, although high-dose (100 mg) cilostazol was necessary to restore the expression of NaVs in the DRG. Our results indicate that cilostazol has vasodilatory, anti-inflammatory, and renoprotective actions, and can be used as an alternative agent in treating diabetic neuropathy with neuropathic pain.
The variable etiology of peripheral neuropathic pain in diabetic neuropathy is characterized by chronic hyperglycemia. Recent knowledge of the mechanisms causing DPN and the generation of neuropathic pain in DM remains incomplete. Sodium channels are critical determinants of sensory neuronal excitability, associated neuropathic pain signals, and peripheral neuropathy (Cardoso and Lewis 2018). Patients with genetic variants of sodium channels are at risk of neuropathic pain during the development of diabetes (Lauria et al., 2014). Our current and previous studies demonstrated significant increases in the levels of NaV-1.1, −1.2, −1.3, −1.6, and −1.7, and reduction in NaV-1.8 protein expression in DRG neurons in diabetic rats (Cheng et al., 2014). Similar findings have demonstrated that dysregulated sodium channels are associated with DRG hypersensitivity and DPN (Faber et al., 2012a; Faber et al., 2012b; Yang et al., 2016). Particularly, variants in the genes encoding for the NaV-1.7, −1.8, and −1.9 sodium channel subunits have been discovered in patients with small-fiber neuropathy and can lead to the development of pain (Lauria et al., 2014; Sopacua et al., 2019).
Glial cells, most notably astrocytes and microglia, which cooperate to promote and preserve neuronal health, play important roles in regulating the activity of neuronal networks in the brain. The activation of microglia secondary to neuroinflammatory processes contributes to the development and pain signaling through the activation of p38 MAPK or by expressing P2X4 receptors in microglia (Tsuda et al., 2003; Cheng et al., 2014). In our previous and present studies, the expression of microglia increased, and a positive correlation between mechanical allodynia, NaV-1.3, and microglial activation was observed in STZ-induced diabetic rats (Cheng et al., 2014). Furthermore, microglial activation is mediated by the phosphorylation of p-38 mitogen-activated protein kinase (Cheng et al., 2014).
Astrocytes are vulnerable to hypoxia under acidic conditions in diabetes. A previous study reported that hyperglycemic ischemia caused astrocyte activation in the early stage but astrocyte death in the late stage with enhanced free radical production (Muranyi et al., 2006). Another report stated that STZ leads to the activation of microglia and astrocytes in the DRG and spinal cord (Barragán-Iglesias et al., 2018; Tawfik et al., 2018). However, Zhang et al. addressed the decreased astrocyte expression in the spinal cord of diabetic rats (Cheng et al., 2014; Zhang et al., 2018). GFAP activation was reduced in the first 2 months and then returned to the level found in control rats at the third and 6 months in STZ-induced diabetic rats (Cheng et al., 2014). An interesting study by Liao reported that a db/db type 2 diabetes mouse model that displayed obvious mechanical allodynia was associated with the activation of spinal astrocytes but not microglia by the “Astrocyte-IL-1β-NMDAR-Neuron” pathway (Liao et al., 2011). In brief, increased activation of microglia in the spinal cord of diabetic rats has been consistently reported; however, the activation status of astrocytes in the spinal cord in STZ-induced diabetes was diverse. Further studies are needed to clarify the role of astrocytes in DPN.
Apart from facilitating good glycemic control, tricyclic antidepressants, serotonin-noradrenaline reuptake inhibitors, and anticonvulsants are recommended as first-line drugs for DPN to reduce pain; however, these treatments remain inadequate (Khdour 2020). Voltage-gated sodium channels are another therapeutic target for the treatment of painful diabetic neuropathy (Knezevic et al., 2020). Sodium channel blockers have been investigated for years as a potential treatment for chronic pain (Zuliani et al., 2010; Urru et al., 2020). Drugs from natural products (Chopra et al., 2010; Tiwari and Chopra 2011) or traditional Chinese Medicine (Bai et al., 2019) with therapeutic potential on diabetic complications were also reported. Cilostazol at 30 mg/kg/day improves Na⁺/K⁺-ATPase activity, while cilostazol at 10 mg/kg/day increases intracellular cAMP levels in the peripheral nerves of diabetic rats (Naka 1995). These studies suggest that cilostazol may have potential in the treatment of diabetic neuropathy. The efficacy of cilostazol in the treatment of DPN has not been proven in humans; however, participants in a human clinical trial with DM with critical limb ischemia administered cilostazol for more than 3 months achieved significantly decreased amputation and mortality rates and had significantly better outcomes (Lee et al., 2020). Cilostazol 100 mg/d was effective in improving walking speed in patients with DM with neuropathy; however, no significant deterioration or improvement in motor and sensory nerve conduction parameters was observed (Rosales et al., 2011). In our present diabetic neuropathy animal study, cilostazol 100 mg/kg/day demonstrated significant improvements in aberrant NaV expression in the DRG. Based on our results, we suggest that cilostazol may be an alternative to restore sodium channels for treating neuropathic pain in diabetes-induced sodium channel dysfunction. The cellular mechanisms of cilostazol in microglia are poorly understood. According to published results, cilostazol suppresses the NF-kappa B, ERK, and JNK signaling pathways to inhibit pro-inflammatory cytokines such as TNF-alpha production in activated microglia (Yoshikawa et al., 1999; Jung et al., 2010). Our results indicated that cilostazol suppressed the levels of activated microglial cells and ameliorated the decreased astrocyte expression levels in the SDH. Cilostazol may act as an anti-inflammatory agent by downregulating diabetes-induced microglial activation and suppressing mechanical allodynia. Although improvements in DM-induced allodynia were observed at the lowest cilostazol dosage, our study demonstrated that consistent, high-dose oral cilostazol administration could not only ameliorate the symptoms of mechanical allodynia in STZ-induced DM rats, but could also reduce levels of changes in the key NaV proteins in the DRG. These results indicated that the glial cells are more sensitive to the effect of cilostazol than are neurons; in other words, cilostazol exerts a cell-based dosage disparity effect in the nervous system (Table 1).
TABLE 1 | Summary of the differential responses of NaV proteins in dorsal root ganglia neurons and microlglia cells in spinal dorsal horns toward cilostazol treatments in streptozotocin-induced type I diabetic rats.
[image: Table 1]In conclusion, we confirmed that treatment with cilostazol may attenuate diabetic neuropathic pain by inhibiting glial cell dysregulation and NaVs malfunction in the SDH and DRG, respectively. This pilot study provides the foundation for an animal study to clarify alternative targets of cilostazol for pain modulation in DNP.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by Kaohsiung Institutional Animal Care and Use Committee (Approval No. 106008).
AUTHOR CONTRIBUTIONS
L-LC and K-IC were responsible for conceiving, organizing, and implementing the research protocol; interpreting the data; guiding discussions of the results; and drafting the manuscript. H-CW and K-YT participated in the animal experiments and sampling. Y-HW, C-YC, and Y-JC participated in the laboratory experiments and data measurement. C-SL and D-RC contributed to the research and screening processes. All authors read and approved the manuscript.
FUNDING
This study was supported by grants from KMUH105-5M65, KMUH106-6M68 and 100-CCH-KMU-007.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We acknowledge the support of the Center for Resources, Research and Development of Kaohsiung Medical University for the use of the confocal laser scanning microscope. All authors declare no conflicts of interest. Additionally, all authors have read the journal’s authorship agreement and policy on the disclosure of potential conflicts of interest.
REFERENCES
 Agrawal, N. K., Maiti, R., Dash, D., and Pandey, B. L. (2007). Cilostazol Reduces Inflammatory Burden and Oxidative Stress in Hypertensive Type 2 Diabetes Mellitus Patients. Pharmacol. Res. 56, 118–123. doi:10.1016/j.phrs.2007.04.007
 Asal, N. J., and Wojciak, K. A. (2017). Effect of Cilostazol in Treating Diabetes-Associated Microvascular Complications. Endocrine 56, 240–244. doi:10.1007/s12020-017-1279-4
 Bai, L., Li, X., He, L., Zheng, Y., Lu, H., Li, J., et al. (2019). Antidiabetic Potential of Flavonoids from Traditional Chinese Medicine: A Review. Am. J. Chin. Med. 47, 933–957. doi:10.1142/S0192415X19500496
 Barragán-Iglesias, P., Oidor-Chan, V. H., Loeza-Alcocer, E., Pineda-Farias, J. B., Velazquez-Lagunas, I., Salinas-Abarca, A. B., et al. (2018). Evaluation of the Neonatal Streptozotocin Model of Diabetes in Rats: Evidence for a Model of Neuropathic Pain. Pharmacol. Rep. 70, 294–303. doi:10.1016/j.pharep.2017.09.002
 Bennett, D. L., Clark, A. J., Huang, J., Waxman, S. G., and Dib-Hajj, S. D. (2019). The Role of Voltage-Gated Sodium Channels in Pain Signaling. Physiol. Rev. 99, 1079–1151. doi:10.1152/physrev.00052.2017
 Biscetti, F., Pecorini, G., Straface, G., Arena, V., Stigliano, E., Rutella, S., et al. (2013). Cilostazol Promotes Angiogenesis after Peripheral Ischemia through a VEGF-dependent Mechanism. Int. J. Cardiol. 167, 910–916. doi:10.1016/j.ijcard.2012.03.103
 Brown, M. J., Iwamori, M., Kishimoto, Y., Rapoport, B., Moser, H. W., and Asbury, A. K. (1979). Nerve Lipid Abnormalities in Human Diabetic Neuropathy: A Correlative Study. Ann. Neurol. 5, 245–252. doi:10.1002/ana.410050306
 Cardoso, F. C., and Lewis, R. J. (2018). Sodium Channels and Pain: from Toxins to Therapies. Br. J. Pharmacol. 175, 2138–2157. doi:10.1111/bph.13962
 Cermenati, G., Abbiati, F., Cermenati, S., Brioschi, E., Volonterio, A., Cavaletti, G., et al. (2012). Diabetes-Induced Myelin Abnormalities Are Associated with an Altered Lipid Pattern: Protective Effects of LXR Activation. J. Lipid Res. 53, 300–310. doi:10.1194/jlr.M021188
 Chapman, T. M., and Goa, K. L. (2003). Cilostazol: A Review of its Use in Intermittent Claudication. Am. J. Cardiovasc. Drugs 3, 117–138. doi:10.2165/00129784-200303020-00006
 Cheng, K. I., Wang, H. C., Chuang, Y. T., Chou, C. W., Tu, H. P., Yu, Y. C., et al. (2014). Persistent Mechanical Allodynia Positively Correlates with an Increase in Activated Microglia and Increased P-P38 Mitogen-Activated Protein Kinase Activation in Streptozotocin-Induced Diabetic Rats. Eur. J. Pain 18, 162–173. doi:10.1002/j.1532-2149.2013.00356.x
 Chopra, K., Tiwari, V., and Kuhad, V. A. (2010). Sesamol Suppresses Neuro-Inflammatory Cascade in Experimental Model of Diabetic Neuropathy. J. Pain 11, 950–957. doi:10.1016/j.jpain.2010.01.006
 Dib-Hajj, S. D., Geha, P., and Waxman, S. G. (2017). Sodium Channels in Pain Disorders: Pathophysiology and Prospects for Treatment. Pain 158 (Suppl. 1), S97–S107. doi:10.1097/j.pain.0000000000000854
 Donnelly, R. (2002). Evidence-based Symptom Relief of Intermittent Claudication: Efficacy and Safety of Cilostazol. Diabetes Obes. Metab. 4 (Suppl. 2), S20–S25. doi:10.1046/j.1463-1326.2002.0040s2s20.x
 Faber, C. G., Hoeijmakers, J. G., Ahn, H. S., Cheng, X., Han, C., Choi, J. S., et al. (2012b). Gain of Function Naν1.7 Mutations in Idiopathic Small Fiber Neuropathy. Ann. Neurol. 71, 26–39. doi:10.1002/ana.22485
 Faber, C. G., Lauria, G., Merkies, I. S. J., Cheng, X., Han, C., Ahn, H. S., et al. (2012a). Gain-of-function Nav1.8 Mutations in Painful Neuropathy. Proc. Natl. Acad. Sci. U S A. 109, 19444–19449. doi:10.1073/pnas.1216080109
 Freeman, O. J., Unwin, R. D., Dowsey, A. W., Begley, P., Ali, S., Hollywood, K. A., et al. (2016). Metabolic Dysfunction is Restricted to the Sciatic Nerve in Experimental Diabetic Neuropathy. Diabetes 65, 228–238. doi:10.2337/db15-0835
 Giannini, C., and Dyck, P. J. (1994). Ultrastructural Morphometric Abnormalities of Sural Nerve Endoneurial Microvessels in Diabetes Mellitus. Ann. Neurol. 36, 408–415. doi:10.1002/ana.410360312
 Iwama, D., Miyamoto, K., Miyahara, S., Tamura, H., Tsujikawa, A., Yamashiro, K., et al. (2007). Neuroprotective Effect of Cilostazol against Retinal Ischemic Damage via Inhibition of Leukocyte-Endothelial Cell Interactions. J. Thromb. Haemost. 5, 818–825. doi:10.1111/j.1538-7836.2007.02425.x
 Jakobsen, J. (1978). Peripheral Nerves in Early Experimental Diabetes: Expansion of the Endoneurial Space as a Cause of Increased Water Content. Diabetologia 14, 113–119. doi:10.1007/BF01263449
 Jung, W. K., Lee, D. Y., Park, C., Choi, Y. H., Choi, I., Park, S. G., et al. (2010). Cilostazol Is Anti-inflammatory in BV2 Microglial Cells by Inactivating Nuclear Factor-kappaB and Inhibiting Mitogen-Activated Protein Kinases. Br. J. Pharmacol. 159, 1274–1285. doi:10.1111/j.1476-5381.2009.00615.x
 Khdour, M. R. (2020). Treatment of Diabetic Peripheral Neuropathy: A Review. J. Pharm. Pharmacol. 72, 863–872. doi:10.1111/jphp.13241
 Kihara, M., Schmelzer, J. D., and Low, P. A. (1995). Effect of Cilostazol on Experimental Diabetic Neuropathy in the Rat. Diabetologia 38, 914–918. doi:10.1007/BF00400579
 Knezevic, N. N., Jovanovic, F., Candido, K. D., and Knezevic, I. (2020). Oral Pharmacotherapeutics for the Management of Peripheral Neuropathic Pain Conditions - A Review of Clinical Trials. Expert Opin. Pharmacother. 21, 2231–2248. doi:10.1080/14656566.2020.1801635
 Koyanagi, M., Imai, S., Iwamitsu, Y., Matsumoto, M., Saigo, M., Moriya, A., et al. (2021). Cilostazol Is an Effective Causal Therapy for Preventing Paclitaxel-Induced Peripheral Neuropathy by Suppression of Schwann Cell Dedifferentiation. Neuropharmacology 188, 108514. doi:10.1016/j.neuropharm.2021.108514
 Lauria, G., Ziegler, D., Malik, R., Merkies, I. S. J., Waxman, S. G., Faber, C. G., et al. (2014). The Role of Sodium Channels in Painful Diabetic and Idiopathic Neuropathy. Curr. Diab Rep. 14, 538. doi:10.1007/s11892-014-0538-5
 Lee, C. Y., Wu, T. C., and Lin, S. J. (2020). Long-Term Cilostazol Treatment and Predictive Factors on Outcomes of Endovascular Intervention in Patients with Diabetes Mellitus and Critical Limb Ischemia. Diabetes Ther. 11, 1757–1773. doi:10.1007/s13300-020-00860-8
 Lee, Y. C., Li, T. M., Tzeng, C. Y., Chen, Y. I., Ho, W. J., Lin, J. G., et al. (2011). Electroacupuncture at the Zusanli (ST-36) Acupoint Induces a Hypoglycemic Effect by Stimulating the Cholinergic Nerve in a Rat Model of Streptozotocine-Induced Insulin-dependent Diabetes Mellitus. Evid. Based Complement Alternat Med. 2011, 650263. doi:10.1093/ecam/neq068
 Liao, Y. H., Zhang, G. H., Jia, D., Wang, P., Qian, N. S., He, F., et al. (2011). Spinal Astrocytic Activation Contributes to Mechanical Allodynia in a Mouse Model of Type 2 Diabetes. Brain Res. 1368, 324–335. doi:10.1016/j.brainres.2010.10.044
 Lim, J. H., Woo, J. S., and Shin, Y. W. (2008). Cilostazol Protects Endothelial Cells Against Lipopolysaccharide-Induced Apoptosis through ERK1/2- and P38 MAPK-dependent Pathways. Korean J. Intern. Med. 24, 113–122. doi:10.3904/kjim.2009.24.2.113
 Matsumoto, T., Noguchi, E., Ishida, K., Nakayama, N., Kobayashi, T., and Kamata, K. (2008). Cilostazol Improves Endothelial Dysfunction by Increasing Endothelium-Derived Hyperpolarizing Factor Response in Mesenteric Arteries from Type 2 Diabetic Rats. Eur. J. Pharmacol. 599, 102–109. doi:10.1016/j.ejphar.2008.10.006
 Muranyi, M., Ding, C., He, Q., and Li, Y. P. A. (2006). Streptozotocin-induced Diabetes Causes Astrocyte Death after Ischemia and Reperfusion Injury. Diabetes 55, 349–355. doi:10.2337/diabetes.55.02.06.db05-0654
 Naka, K., Sasaki, H., Kishi, Y., Furuta, M., Sanke, T., Nanjo, K., et al. (1995). Effects of Cilostazol on Development of Experimental Diabetic Neuropathy: Functional and Structural Studies, and Na+ -K+ -ATPase Acidity in Peripheral Nerve in Rats with Streptozotocin-Induced Diabetes. Diabetes Res. Clin. Pract. 30, 153–162. doi:10.1016/0168-8227(95)01184-6
 Rosales, R. L., Delgado-Delos Santos, M. M. S., and Mercado-Asis, L. B. (2011). Cilostazol: a Pilot Study on Safety and Clinical Efficacy in Neuropathies of Diabetes Mellitus Type 2 (ASCEND). Angiology 62, 625–635. doi:10.1177/0003319711410594
 Rush, A. M., Cummins, T. R., and Waxman, S. G. (2007). Multiple Sodium Channels and Their Roles in Electrogenesis within Dorsal Root Ganglion Neurons. J. Physiol. 579, 1–14. doi:10.1113/jphysiol.2006.121483
 Sopacua, M., Hoeijmakers, J. G. J., Merkies, I. S. J., Lauria, G., Waxman, S. G., and Faber, C. G. (2019). Small-fiber Neuropathy: Expanding the Clinical Pain Universe. J. Peripher. Nerv Syst. 24, 19–33. doi:10.1111/jns.12298
 Standl, E., Khunti, K., Hansen, T. B., and Schnell, O. (2019). The Global Epidemics of Diabetes in the 21st century: Current Situation and Perspectives. Eur. J. Prev. Cardiol. 26, 7–14. doi:10.1177/2047487319881021
 Tang, W. H., Lin, F. H., Lee, C. H., Kuo, F. C., Hsieh, C. H., Hsiao, F. C., et al. (2013). Cilostazol Effectively Attenuates Deterioration of Albuminuria in Patients with Type 2 Diabetes: a Randomized, Placebo-Controlled Trial. Endocrine 45, 293–301. doi:10.1007/s12020-013-0002-3
 Tawfik, M. K., Helmy, S. A., Badran, D. I., and Zaitone, S. A. (2018). Neuroprotective Effect of Duloxetine in a Mouse Model of Diabetic Neuropathy: Role of Glia Suppressing Mechanisms. Life Sci. 205, 113–124. doi:10.1016/j.lfs.2018.05.025
 Thompson, P. D., Zimet, R., Forbes, W. P., and Zhang, P. (2002). Meta-analysis of Results from Eight Randomized, Placebo-Controlled Trials on the Effect of Cilostazol on Patients with Intermittent Claudication. Am. J. Cardiol. 90, 1314–1319. doi:10.1016/s0002-9149(02)02869-2
 Tiwari, V., and Chopra, A. K. (2011). Emblica Officinalis Corrects Functional, Biochemical and Molecular Deficits in Experimental Diabetic Neuropathy by Targeting the Oxido-Nitrosative Stress Mediated Inflammatory cascade. Phytother Res. 25, 1527–1536. doi:10.1002/ptr.3440
 Tsuda, M., Shigemoto-Mogami, Y., Koizumi, S., Mizokoshi, A., Kohsaka, S., and Inoue, M. W. K. (2003). P2X4 Receptors Induced in Spinal Microglia Gate Tactile Allodynia after Nerve Injury. Nature 424, 778–783. doi:10.1038/nature01786
 Urru, M., Muzzi, M., Coppi, E., Ranieri, G., Buonvicino, D., Camaioni, E., et al. (2020). Dexpramipexole Blocks Nav1.8 Sodium Channels and Provides Analgesia in Multiple Nociceptive and Neuropathic Pain Models. Pain 161, 831–841. doi:10.1097/j.pain.0000000000001774
 Wang, F., Li, M., Cheng, L., Zhang, T., Hu, J., Cao, M., et al. (2008). Intervention with Cilostazol Attenuates Renal Inflammation in Streptozotocin-Induced Diabetic Rats. Life Sci. 83, 828–835. doi:10.1016/j.lfs.2008.09.027
 Yamamoto, Y., Yasuda, Y., Kimura, Y., and Komiya, Y. (1998). Effects of Cilostazol, An Antiplatelet Agent, on Axonal Regeneration Following Nerve Injury in Diabetic Rats. Eur. J. Pharmacol. 352, 171–178. doi:10.1016/s0014-2999(98)00356-2
 Yang, L., Li, Q., Liu, X., and Liu, S. (2016). Roles of Voltage-Gated Tetrodotoxin-Sensitive Sodium Channels NaV1.3 and NaV1.7 in Diabetes and Painful Diabetic Neuropathy. Int. J. Mol. Sci. 17, 1479. doi:10.3390/ijms17091479
 Yoshikawa, M., Suzumura, A., Tamaru, T., and Sawada, T. M. (1999). Effects of Phosphodiesterase Inhibitors on Cytokine Production by Microglia. Mult. Scler. 5, 126–133. doi:10.1177/135245859900500210
 Zhang, T. T., Xue, R., Fan, S. Y., Fan, Q. Y., An, L., Li, J., et al. (2018). Ammoxetine Attenuates Diabetic Neuropathic Pain through Inhibiting Microglial Activation and Neuroinflammation in the Spinal Cord. J. Neuroinflammation 15, 176. doi:10.1186/s12974-018-1216-3
 Zuliani, V., Rivara, M., and Costantino, M. G. (2010). Sodium Channel Blockers for Neuropathic Pain. Expert Opin. Ther. Pat 20, 755–779. doi:10.1517/13543771003774118
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Cheng, Wang, Tseng, Wang, Chang, Chen, Lai, Chen and Chang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-771271-g005.gif





OPS/images/fphar-12-771271-t001.jpg
T1DM T1DM TiDM

low-dose cliostazol high-dose cliostazol

DRG)
Nav-1.1 T T -
Nav-1.2 1 1 1
NaV-1.3 1 T =
NaV-1.6 T 1 -
Nav-1.7 T 1 -
NaV-1.8 1 1 -
(SDH)
Iba1* gilla cells 1 - -

GFAP* astrocytes | = =

Upward arrows indicate higher values, downward arrows indicate lower values, and
hvohens indicate similar values compared to normal controls.





OPS/images/fphar-12-771271-g003.gif





OPS/images/fphar-12-771271-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Cilostazol Ameliorates Peripheral Neuropathic Pain in Streptozotocin-Induced Type I Diabetic Rats		Introduction

		Materials and Methods		Cilostazol Preparations and Administrations

		Animals and Diabetes Induction

		Behavioral Responses to Thermal and Mechanical Stimuli

		Protein Extractions and Western Blots

		Histological Samples Preparations and Immunofluorescence

		Statistical Analysis





		Results		Cilostazol Alleviated Mechanical Allodynia in Diabetic Rats

		High-Dose Cilostazol is Necessary to Alleviate Streptozotocin-Induced Dysregulated Sodium Channels in the Dorsal Root Ganglia

		Cilostazol Alleviated Streptozotocin-Induced Dysregulated Glial Cells in Spinal Cord





		Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Cilostazol Ameliorates Peripheral
Neuropathic Pain in
Streptozotocin-Induced Type |
Diabetic Rats





OPS/images/fphar-12-771271-g001.gif





OPS/images/fphar-12-771271-g002.gif
3

s28d

I

0)prousens wepan










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





