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Impaired Axonal Regeneration in Diabetes. Perspective on the Underlying Mechanism from In Vivo and In Vitro Experimental Studies
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Axonal regeneration after peripheral nerve injury is impaired in diabetes, but its precise mechanisms have not been elucidated. In this paper, we summarize the progress of research on altered axonal regeneration in animal models of diabetes and cultured nerve tissues exposed to hyperglycemia. Impaired nerve regeneration in animal diabetes can be attributed to dysfunction of neurons and Schwann cells, unfavorable stromal environment supportive of regenerating axons, and alterations of target tissues receptive to reinnervation. In particular, there are a number of factors such as enhanced activity of the negative regulators of axonal regeneration (e.g., phosphatase and tensin homolog deleted on chromosome 10 and Rho/Rho kinase), delayed Wallerian degeneration, alterations of the extracellular matrix components, enhanced binding of advanced glycation endproducts (AGEs) with the receptor for AGE, and delayed muscle reinnervation that can be obstacles to functional recovery after an axonal injury. It is also noteworthy that we and others have observed excessive neurite outgrowth from peripheral sensory ganglion explants from streptozotocin (STZ)-diabetic mice in culture and enhanced regeneration of small nerve fibers after sciatic nerve injury in STZ-induced diabetic rats. The excess of abortive neurite outgrowth may lead to misconnections of axons and target organs, which may interfere with appropriate target reinnervation and functional repair. Amelioration of perturbed nerve regeneration may be crucial for the future management of diabetic neuropathy.
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INTRODUCTION

In contrast to the unsuccessful axonal regeneration in the central nervous system (CNS) in adult mammals, neurons in the peripheral nervous system (PNS) have a potential to grow new axons after injury. Successful nerve regeneration with functional recovery in the PNS can be attributed to both intrinsic and extrinsic factors, such as the ability of neurons and/or Schwann cells to regenerate neurites, the distal environment supportive of axon regrowth, and the target tissues receptive to reinnervation (Figure 1) (1). Although growth inhibitory molecules, such as chondroitin sulfate proteoglycans and myelin-associated glycoprotein, are present in both adult CNS and PNS, Wallerian degeneration of the peripheral nerves distal to the injury provides an optimal environment for axonal sprouting from the injured neurons (1, 2). The sequence of cellular events during Wallerian degeneration includes Schwann cell activation and proliferation, macrophage recruitment, elimination of axonal and myelin debris, and synthesis of neurotrophic and chemotactic factors. However, axonal regeneration and reinnervation depends on appropriate contact of regenerating axonal sprouts with Schwann cell basal laminae in the distal nerve segment. Currently, clinical approaches to repair axonal injury are still far from satisfactory (3).
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FIGURE 1 | The process of peripheral nerve regeneration after injury.



Diabetic peripheral neuropathy is one of the most common and intractable complications of diabetes mellitus, and its prevalence correlates closely with the degree and duration of the disease (4). Impaired axonal regeneration is one of the salient features of diabetic neuropathy; however, its pathogenesis remains to be elucidated (5). In this paper, we review the findings from recent studies that focus on how diabetes affects the intrinsic and extrinsic factors of peripheral nerve regeneration. In addition, we discuss our own results from in vivo and in vitro studies, which indicate that defective neurite outgrowth after axonal injury occurs under diabetic conditions (6–8).

IMPAIRED AXONAL REGENERATION IN ANIMAL MODELS OF DIABETES

Impaired axonal regeneration following peripheral nerve injury is a characteristic feature of diabetic neuropathy and has been documented in experimental diabetic animals [e.g., streptozotocin (STZ)-diabetic rats (9) and mice (10), biobreeding Worcester (BB/Wor) rats (11), and Goto-Kakizaki rats (12)]. We classify these animal studies into the three categories indicated in italics in Section “Introduction” and briefly introduce recent studies focusing on the abnormalities in each category (Figure 2).
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FIGURE 2 | The suggested abnormalities leading to impaired axonal regeneration in diabetic animals.



Altered Biological Properties of Neurons and Schwann Cells for Axonal Regeneration in Diabetes

Alterations in the biological properties of neurons and Schwann cells under diabetic conditions are likely to affect neurite outgrowth (5, 13, 14). So far, polyol pathway hyperactivity (11), altered tubulin and neurofilament expression (15), oxidative stress (16), and reduced synthesis/transport of neurotrophic factors (17, 18) have been implicated in the deficient axonal regeneration in diabetic animals. In addition to those studies, upregulation of growth inhibitory molecules in diabetic neurons and/or Schwann cells has recently attracted much attention. Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is an intrinsic inhibitor of phosphoinositide-3-kinase Akt signaling pathway and has been suggested to negatively regulate axonal regeneration in the CNS (19) and PNS (20). PTEN is predominantly expressed in small IB4-binding dorsal root ganglion (DRG) neurons, axons, and Schwann cells (20). Its neuronal expression is significantly elevated in STZ-diabetic mice relative to that in normal littermates (21). Moreover, knockdown of PTEN in DRG by non-viral retrograde short interfering RNA uptake was shown to accelerate electrophysiological recovery of the peripheral nerve and myelinated axonal regrowth as well as skin reinnervation after sciatic nerve crush injury in diabetic mice (21). These findings imply that suppression of PTEN activity can be a novel strategy for restoration of the regenerative capacity of diabetic neurons.

The small G protein Rho and its downstream target Rho kinase (ROCK) regulate cell adhesion, migration, and proliferation through actin cytoskeleton assembly and cell contraction (22). Rho and ROCK are recognized as potent inhibitors for axonal regeneration (23) and inactivation of Rho/ROCK has been shown to enhance axonal regeneration (24, 25). A recent study by Kanazawa et al. (26) suggested an involvement of Rho/ROCK in the pathogenesis of diabetic neuropathy. In their study, RhoA and ROCK activity in the sciatic nerve was enhanced in STZ-diabetic rats, and treatment with fasudil, a specific ROCK inhibitor, ameliorated reduced nerve conduction velocities in diabetic rats. In addition, several studies with rodent models of diabetes have argued for the efficacy of Rho/ROCK inhibitors against painful signs (27) and erectile dysfunction (28). However, there has been no direct evidence that Rho/ROCK inhibition restored deficient axonal regeneration in diabetic animals. Exendin-4 (Ex-4), a glucagon-like peptide 1 (GLP-1) receptor agonist, is now widely used for patients with type 2 diabetes because of its glucose-dependent insulinotropic actions and somatostatin-dependent glucagon inhibition. In addition to such pancreatic actions, direct actions of GLP-1 mimetics on the nervous system have been a matter of interest. Ex-4 promoted neurite outgrowth of PC12 cells and adult rodent DRG neurons (29–31) and restored the neurological abnormalities of STZ-diabetic mice without normalizing blood glucose levels (30). Suppression of RhoA activity (31) and an inverse relationship between RhoA activity/expression and neurite outgrowth activity or viability of DRG neurons (32, 33) may be implicated in the mechanisms accounting for the neuroprotective effects of Ex-4.

Unfavorable Distal Environment for Axon Regrowth

Following peripheral nerve injury, the distal ends of axons and myelin sheaths undergo Wallerian degeneration that is a prerequisite for the subsequent axonal regrowth and reinnervation to the target tissues (5, 34). A delay in the process of Wallerian degeneration appears to be closely associated with impaired axonal regeneration in diabetic animals (11, 35). Excessive phosphorylation of neurofilaments in peripheral nerves can be a cause of delayed Wallerian degeneration in STZ-diabetic rats (35) because phosphorylated neurofilaments are resistant to degradation by proteases activated by axonal injury. Removal of axonal and myelin debris by activated Schwann cells and recruited macrophages contributes to the guidance of the pathway for axonal regeneration. Therefore, impaired activities of these cells in response to nerve injury under diabetic conditions may also be implicated in delayed Wallerian degeneration (10, 36). According to Chen et al. (37), retarded macrophage infiltration and impaired vascularization in the distal stump of the transected sciatic nerves was ameliorated in diabetic mice with AR deficiency (AR−/−). As a consequence, diabetic AR−/− mice exhibited improved Wallerian degeneration and nerve regeneration with functional recovery relative to that in diabetic AR+/+ mice. These findings are consistent with the beneficial effects of AR inhibitors (ARIs) that restored nerve regeneration after injury in diabetic animals (11, 38). They also suggest the involvement of polyol pathway hyperactivity in the deficit of macrophage-associated process in Wallerian degeneration. However, given the fact that AR is predominantly expressed in Schwann cells and epineurial endothelial cells rather than macrophages in the PNS (39), it remains unclear how the increased polyol flux leads to impaired recruitment of macrophages.

The extracellular matrix (ECM) of the peripheral nerve provides scaffold for the cellular components to modulate their properties through interactions between the cell-surface receptors (e.g., integrins) and their specific ligands on the ECM. Major ECM proteins, such as collagens, laminin, and fibronectin, have been shown to promote axonal regeneration in vivo (40) and in vitro (13). Chondroitin sulfate proteoglycans are recognized as repulsive substrata for neurons in the PNS (41, 42). Thus, diabetes-induced alterations in the structure and function of the ECM components in the PNS appear to intervene the regenerative responses of nerve fibers. Matrix metalloproteases (MMPs) are a family of zinc-dependent proteolytic enzymes responsible for the degradation and remodeling of ECM components (5). In the PNS, MMP-9 expression is rapidly upregulated at the sites of axonal injury and appears to have a major role in Wallerian degeneration. On the other hand, MMP-2, which expression is upregulated at later stages within the outgrowing neurites, may provide a more permissive environment for regeneration by removing inhibitory ECM molecules, such as chondroitin sulfate proteoglycans (43, 44). Ali et al. (45) recently reported downregulation of the activity and expression of MMP-2 in the sciatic nerve of STZ-diabetic rats relative to that of normal rats. In addition, reduced neurite outgrowth of cultured DRG neurons on sciatic nerve cryosections from diabetic rats was partially rescued by pretreatment with active MMP-2. These findings suggest that impaired axonal regeneration in diabetes is attributable in part to the unfavorable microenvironment caused by reduced MMP-2.

A significant increase in the content of advanced glycation endproducts (AGEs) in endoneurial ECM proteins was detected in chronic STZ-diabetic rats (46). Glycation of ECM proteins under exposure to long-term hyperglycemic conditions may affect cell–matrix interactions and make the proteins more resistant to protease digestion, thereby leading to impaired axonal regeneration (46, 47). Receptor for AGEs (RAGE) is a multiligand receptor of the immunoglobulin superfamily and interacts with not only AGEs but also various kinds of proinflammatory and/or regulatory molecules, such as the S100 family of cytokines, high-mobility group box 1 protein, amyloid beta-peptide, lysophosphatidic acid, and mammalian diaphanous-1 (48). In the PNS, RAGE is predominantly expressed in Schwann cells and endothelial cells and upregulated in diabetes (49, 50). It is also recognized that RAGE expression becomes prominent in activated Schwann cells and infiltrating macrophages upon acute peripheral nerve injury (51). Juranek et al. (52) recently reported that RAGE-deficient diabetic mice exhibited improved axonal regeneration after sciatic nerve crush compared to diabetic wild mice. In their study, diabetes-induced decreases in the number of endoneurial blood vessels and regenerating neurites at the crush side were significantly restored in diabetic mice deficient of RAGE. They further investigated macrophage infiltration into the nervous tissue distal to the site of injury in RAGE-deficient diabetic mice. The population of proinflammatory type M1 macrophages was significantly higher in diabetic wild-type mice than in non-diabetic ones; however, RAGE-deficient diabetic mice exhibited a decrease in the population of M1 macrophages and an increase in anti-inflammatory type M2 macrophages relative to those in diabetic wild-type mice. On the basis of these findings, the researchers hypothesized that impaired axonal regeneration in diabetic mice is, at least in part, attributed to RAGE-dependent alteration of macrophage polarization. In agreement with this finding, treatment of bone marrow-derived macrophages with AGEs promoted M2 macrophage polarization into the M1 phenotype through the activation of RAGE/nuclear factor-κB pathway (53). In contrast, however, pharmacological inhibition of RAGE by soluble RAGE or F(ab′)2 fragments of antibodies raised to RAGE or its ligands suppressed axonal regeneration after sciatic nerve crush in non-diabetic mice (54). Other studies have also suggested that RAGE per se is a positive modulator for axonal regeneration in the PNS (55, 56). It remains to be solved why RAGE inactivation has such contrasting effects on axonal regeneration between the hyperglycemic and normoglycemic conditions. The RAGE ligands other than AGEs, in particular, S100B, and high-mobility group box 1 have been suggested to activate the RAGE signaling pathway in Schwann cells and macrophages to promote their migration to injured sites, thereby contributing to axonal regeneration with functional repair (51, 57–59). Under diabetic conditions, however, the AGE–RAGE signaling axis that is detrimental to axonal regeneration may surpass the non-AGE-mediated RAGE signaling axes described above.

Alterations of Target Tissues Receptive to Reinnervation

Reinnervation of the peripheral target tissues is the final stage of axonal regeneration. Atrophy and denervation in the target tissues disturb functional repair even if regenerating axons successfully reach their targets (1). A body of evidence indicates that the impaired axonal regeneration in diabetes can be attributed largely to the derangement of neurons and Schwann cells and the unfavorable environments for axonal sprouting and elongation as described above. There are several studies, however, on diabetes-induced alterations of target tissues receptive to reinnervation. Homs et al. (60) reported that muscle reinnervation was delayed in both non-obese diabetic (NOD) mice and STZ-diabetic mice following sciatic nerve crush, but the changes were more robust in NOD mice than in STZ mice. Reduced expression of neurotrophin-3 in muscles is suggested to be a cause of insufficient reinnervation and muscle weakness in diabetes (61). In addition, prosaposin-derived peptide TX14(A) restored nerve regeneration deficits and muscle denervation atrophy after sciatic nerve crush in STZ-diabetic rats. In this setting, TX14(A) may exert direct effects on muscles in response to nerve injury rather than nerve regenerative capability (62). Additionally, reduced production of neurotrophic molecules in diabetic skin may also affect epidermal reinnervation after axonal injury (63, 64).

EXCESSIVE NEURITE OUTGROWTH FROM GANGLION EXPLANTS IN STZ-DIABETIC MICE

In 1991, we introduced cell culture system of dissociated DRG neurons from experimental diabetic animals (Figure 3) (65, 66). Since then, this system has been recognized as a useful tool to explore the changes of neurons that are exposed to hyperglycemia for a significant period of time and is now widely employed for the study of diabetic neuropathy (13, 67). However, it remains controversial whether the neurite outgrowth of diabetic DRG neurons is impaired, and the cell culture system of dissociated DRG neurons has the following problems for evaluation of axonal regeneration. First, there is a possibility that severely damaged neurons in diabetic animals are eliminated during the procedure of culture. Second, there is a topographic difference in the site of neurite outgrowth where neurites sprout from neuronal cell bodies in vitro, whereas axonal regeneration occurs at the sites of injury in vivo. Third, neurons are separated from other neurons and non-neuronal cells. It is thus likely that the effects of cellular interplay on axonal regeneration cannot be evaluated by this system. To overcome these issues, we have established a three-dimensional culture system of ganglion explants in which adult peripheral ganglia with nerve fibers are embedded in collagen gel or Matrigel®, and neurite outgrowth from transected nerve stump has been evaluated (Figure 4) (13, 68). Because of the maintenance of cell-to-cell interactions, it may be reasonable to consider that the explant culture mimics axonal regeneration in vivo better than the use of dissociated cells. We introduced this culture system to vagal nodose ganglia and DRG of STZ-diabetic mice and found that the neurite outgrowth from transected nerve stump in diabetic mice was not diminished but rather enhanced (6, 7). These findings were contrary to our expectations and in stark contrast to those in previous studies in vivo. Since it is well accepted that hyperglycemia impairs neural function, enhanced neurite outgrowth in vitro in our study does not seem to imply the acceleration of proper axonal regeneration after injury in diabetes. Considering that the explant culture lacks the process of Wallerian degeneration and subsequent regenerative events at the site distal to injury, it seems more likely that the excess of regenerating fibers in diabetes may impede appropriate target reinnervation and functional recovery. This hypothesis was supported by the findings of in vivo studies (5, 8, 69), which will be discussed in the next section. Gumy et al. (36) applied the explant culture system to normal adult mice and observed that exposure to high-glucose (60 mM) culture conditions resulted in retardation of neurite outgrowth and Schwann cell migration from DRG explants. These findings are in disagreement with those in our studies (6, 7) and may be accounted for by the differential effects of long-term (>3 weeks) hyperglycemia in vivo in our study versus short-term (<1 week) high-glucose environments in vitro on neurite outgrowth in their study. In neither study, however, the hyperglycemic insults induced apoptotic cell death of DRG neurons. These findings indicate that apoptosis (70, 71) is unlikely to be a major contributor to the impaired axonal regeneration in diabetic neuropathy.
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FIGURE 3 | Dissociated cell culture of adult rat dorsal root ganglion neurons. Cells are fixed and immunostained with anti-βIII tubulin antibody. Bar = 100 µm.
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FIGURE 4 | Explant culture of adult mouse dorsal root ganglion. Neurites are elongating from transected nerve terminals. Bar = 100 µm.



INCREASED SMALL-FIBER DENSITY AFTER NERVE INJURY IN STZ-DIABETIC RATS

Using electron microscopy, Yasuda et al. (38, 69) evaluated the regenerative capacity of myelinated nerve fibers (MNFs) and unmyelinated nerve fibers (UNFs) in STZ-diabetic and normal control rats at 5 and 24 weeks after sciatic nerve crush. The number and size of regenerating MNFs after crush injury were significantly decreased in diabetic rats relative to those in control rats. The structural changes were consistent with the reduced motor nerve conduction velocity detected in diabetic rats with nerve crush (38). In contrast, the density and number of UNFs were markedly increased in both normal and diabetic groups at 5 weeks after injury, and these parameters returned to their baseline levels in normal control rats but not in diabetic rats at 24 weeks after injury (69). Although the precise mechanisms accounting for the differential effects of hyperglycemia on the regenerative capacity of MNFs versus that of UNFs remain unclear, the authors inferred that the long-lasting impairment of regenerative capacity of UNFs in diabetes might disturb the proper connection between the nerve endings and target organs. This inference seems to be well fitted with our hypothesis based on the in vitro assays (6, 7). Moreover, they found amelioration of the reduced motor nerve conduction velocity and number and size of regenerating MNFs in the crushed nerves in diabetic rats treated with tolrestat, an ARI (38). There were no significant effects, however, on the regenerative capacity of UNFs in the ARI-treated diabetic rats (69). ARI may therefore be more effective for regeneration of MNFs with functional repair than UNFs under diabetic conditions, and the effects may be dependent on the high expression of AR in the Schwann cells (39, 72).

By light microscopic and ultrastructural morphometric analyses, we recently evaluated nerve fiber regeneration from axotomized sciatic nerves of STZ-diabetic rats and non-diabetic control rats (8). Four weeks after axotomy, there was a significant increase in myelinated fiber density and total fiber number at the cut end in diabetic rats relative to those in control rats. In contrast, the average number of myelin lamellae per fiber, measured by electron microscopy equipped with a computer-assisted image analyzing system, was significantly reduced in diabetic rats relative to that in control rats. These findings indicate enhanced regeneration of thinly MNFs after axotomy in rats with experimental diabetes. Impaired myelination of regenerated fibers may be attributable to metabolic disorders of Schwann cells and increased vulnerability of the myelin sheath to oxidative stress under diabetic conditions (73–75). Increased regeneration of small nerve fibers in this study may be associated with the improper target reinnervation described above and painful phenotypes of diabetic neuropathy (76), but further evidence is required to support this contention.

TRANSLATIONAL FINDINGS IN PATIENTS WITH DIABETIC NEUROPATHY

Although the purpose of this paper is to overview altered axonal regeneration in experimental diabetes, several findings illustrated here are closely associated with those from clinical studies. For instance, the restorative effects of ARIs on MNF regeneration in diabetic rats (11, 38) were also indicated in the specimens of sural nerve biopsies from patients with diabetic neuropathy (77, 78). Exogenously applied neurotrophic factors, growth factors, and other biological molecules improved axonal regeneration and other neurological functions in animal models of diabetes (5, 17, 18, 79); however, the translation of these molecules (e.g., NGF, BDNF, and VEGF) to humans has failed in clinical trials (80–82). These failures may be attributable to the irrelevance of animal models and outcome measures to the pathology and pathophysiology of human diabetic neuropathy (83).

Because the loss of corneal nerves has been shown to correlate well with the severity of peripheral nerve damage, corneal confocal microscopy (CCM) is recognized as a novel non-invasive diagnostic modality for patients with diabetic neuropathy (84). CCM has also been applied to animal models of diabetes, and Yorek et al. (85) reported that glycemic control by continuous administration of insulin in STZ-diabetic mice significantly restored corneal nerve innervation. In agreement with this study, long-term normoglycemia by simultaneous pancreas and kidney transplantation in patients with type 1 diabetes improved corneal nerve fiber density, branch density, and length (86). In contrast, the transplantation failed to ameliorate the loss of epidermal nerve fiber density that was evaluated by skin biopsies (87). These findings imply that CCM can be a more sensitive means than skin biopsies for the assessment of early nerve regeneration and repair after therapeutic interventions.

CONCLUSION

Diabetes mellitus has been shown to affect peripheral nerve regeneration in various ways. In the first part of this paper, we reviewed the topics of axonal regeneration in animal models of diabetes from the viewpoint of intrinsic and extrinsic factors, in particular, focusing on the events that occurred at the sites distal to the injury. Delayed Wallerian degeneration, alterations in the structure and function of the ECM components, and enhanced AGE–RAGE signaling axis caused by hyperglycemia can be major obstacles to axonal regrowth after injury. In the second part, we illustrated the excessive regenerative capacity of small nerve fibers under diabetic conditions in vivo and in vitro (6–8, 69). There is room for further investigation if these findings imply dysfunctional neurite outgrowth that disturbs appropriate target reinnervation and functional recovery. In addition, much more attention should be paid to the diabetes-induced abnormalities of target tissues receptive to reinnervation.

AUTHOR CONTRIBUTIONS

All the authors designed and performed the experiments described in this paper in accordance with the ethical guidelines in their institutions. KS and SY wrote the paper.

ACKNOWLEDGMENTS

The authors thank Dr. Hitoshi Yasuda and Dr. Koichi Kato for helpful suggestions on our experiments and Shizuka Takaku, Saori Ogasawara, and the late Kyoko Ajiki for technical assistance.

FUNDING

The work reported in this review was supported by Grants-in-aid for Scientific Research from the Ministry of Education, Science, Sports and Culture of Japan (grant number 16K07048) and the funded from the Nukada Institute for Medical and Biological Research, Chiba, Japan.

REFERENCES

1. Scheib J, Höke A. Advances in peripheral nerve regeneration. Nat Rev Neurol (2013) 9:668–76. doi:10.1038/nrneurol.2013.227

2. Gaudet AD, Popovich PG, Ramer MS. Wallerian degeneration: gaining perspective on inflammatory events after peripheral nerve injury. J Neuroinflammation (2011) 8:110. doi:10.1186/1742-2094-8-110

3. Tos P, Ronchi G, Geuna S, Battiston B. Future perspectives in nerve repair and regeneration. Int Rev Neurobiol (2013) 109:165–92. doi:10.1016/B978-0-12-420045-6.00008-0

4. Said G. Diabetic neuropathy. Handb Clin Neurol (2013) 115:579–89. doi:10.1016/B978-0-444-52902-2.00033-3

5. Yasuda H, Terada M, Maeda K, Kogawa S, Sanada M, Haneda M, et al. Diabetic neuropathy and nerve regeneration. Prog Neurobiol (2003) 69:229–85. doi:10.1016/S0301-0082(03)00034-0

6. Saito H, Sango K, Horie H, Ikeda H, Ishigatsubo Y, Ishikawa Y, et al. Enhanced neural regeneration from transected vagus nerve terminal in diabetic mice in vitro. Neuroreport (1999) 10:1025–8. doi:10.1097/00001756-199904060-00024

7. Sango K, Horie H, Saito H, Ajiki K, Tokashiki A, Takeshita K, et al. Diabetes is not a potent inducer of neuronal cell death in mouse sensory ganglia, but it enhances neurite regeneration in vitro. Life Sci (2002) 71:2351–68. doi:10.1016/S0024-3205(02)02040-4

8. Nishida N, Yamagishi S, Mizukami H, Yagihashi S. Impaired nerve fiber regeneration in axotomized peripheral nerves in streptozotocin-diabetic rats. J Diabetes Investig (2013) 4:533–9. doi:10.1111/jdi.12115

9. Longo FM, Powell HC, Lebeau J, Gerrero MR, Heckman H, Myers RR. Delayed nerve regeneration in streptozotocin diabetic rats. Muscle Nerve (1986) 9:385–93. doi:10.1002/mus.880090502

10. Kennedy JM, Zochodne DW. The regenerative deficit of peripheral nerves in experimental diabetes: its extent, timing and possible mechanisms. Brain (2000) 123:2118–29. doi:10.1093/brain/123.10.2118

11. Kamijo M, Merry AC, Akdas G, Cherian PV, Sima AA. Nerve fiber regeneration following axotomy in the diabetic biobreeding Worcester rat: the effect of ARI treatment. J Diabetes Complications (1996) 10:183–91. doi:10.1016/1056-8727(95)00008-9

12. Stenberg L, Dahlin LB. Gender differences in nerve regeneration after sciatic nerve injury and repair in healthy and in type 2 diabetic Goto-Kakizaki rats. BMC Neurosci (2014) 15:107. doi:10.1186/1471-2202-15-107

13. Sango K, Saito H, Takano M, Tokashiki A, Inoue S, Horie H. Cultured adult animal neurons and Schwann cells give us new insights into diabetic neuropathy. Curr Diabetes Rev (2006) 2:169–83. doi:10.2174/157339906776818613

14. Sango K, Yanagisawa H, Takaku S, Kawakami E, Watabe K. Immortalized adult rodent Schwann cells as in vitro models to study diabetic neuropathy. Exp Diabetes Res (2011) 2011:374943. doi:10.1155/2011/374943

15. Xu G, Pierson CR, Murakawa Y, Sima AA. Altered tubulin and neurofilament expression and impaired axonal growth in diabetic nerve regeneration. J Neuropathol Exp Neurol (2002) 61:164–75. doi:10.1093/jnen/61.2.164

16. Love A, Cotter MA, Cameron NE. Effects of the sulphydryl donor N-acetyl-L-cysteine on nerve conduction, perfusion, maturation and regeneration following freeze damage in diabetic rats. Eur J Clin Invest (1996) 26:698–706. doi:10.1111/j.1365-2362.1996.tb02156.x

17. Tomlinson DR, Fernyhough P, Diemel LT. Role of neurotrophins in diabetic neuropathy and treatment with nerve growth factors. Diabetes (1997) 46(Suppl 2):S43–9. doi:10.2337/diab.46.2.S43

18. Skundric DS, Lisak RP. Role of neuropoietic cytokines in development and progression of diabetic polyneuropathy: from glucose metabolism to neurodegeneration. Exp Diabesity Res (2003) 4:303–12. doi:10.1155/EDR.2003.303

19. Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, et al. Promoting axon regeneration in the adult CNS by modulation of the PTEN/mTOR pathway. Science (2008) 322:963–6. doi:10.1126/science.1161566

20. Christie KJ, Webber CA, Martinez JA, Singh B, Zochodne DW. PTEN inhibition to facilitate intrinsic regenerative outgrowth of adult peripheral axons. J Neurosci (2010) 30:9306–15. doi:10.1523/JNEUROSCI.6271-09.2010

21. Singh B, Singh V, Krishnan A, Koshy K, Martinez JA, Cheng C, et al. Regeneration of diabetic axons is enhanced by selective knockdown of the PTEN gene. Brain (2014) 137:1051–67. doi:10.1093/brain/awu031

22. Thumkeo D, Watanabe S, Narumiya S. Physiological roles of Rho and Rho effectors in mammals. Eur J Cell Biol (2013) 92:303–15. doi:10.1016/j.ejcb.2013.09.002

23. Yamashita T, Higuchi H, Tohyama M. The p75 receptor transduces the signal from myelin-associated glycoprotein to Rho. J Cell Biol (2002) 157:565–70. doi:10.1083/jcb.200202010

24. Hiraga A, Kuwabara S, Doya H, Kanai K, Fujitani M, Taniguchi J, et al. Rho-kinase inhibition enhances axonal regeneration after peripheral nerve injury. J Peripher Nerv Syst (2006) 11:217–24. doi:10.1111/j.1529-8027.2006.00091.x

25. Zhou Z, Peng X, Chiang P, Kim J, Sun X, Fink DJ, et al. HSV-mediated gene transfer of C3 transferase inhibits Rho to promote axonal regeneration. Exp Neurol (2012) 237:126–33. doi:10.1016/j.expneurol.2012.06.016

26. Kanazawa Y, Takahashi-Fujigasaki J, Ishizawa S, Takabayashi N, Ishibashi K, Matoba K, et al. The Rho-kinase inhibitor fasudil restores normal motor nerve conduction velocity in diabetic rats by assuring the proper localization of adhesion-related molecules in myelinating Schwann cells. Exp Neurol (2013) 247:438–46. doi:10.1016/j.expneurol.2013.01.012

27. Ohsawa M, Aasato M, Hayashi SS, Kamei J. RhoA/Rho kinase pathway contributes to the pathogenesis of thermal hyperalgesia in diabetic mice. Pain (2011) 152:114–22. doi:10.1016/j.pain.2010.10.005

28. Sezen SF, Lagoda G, Musicki B, Burnett AL. Hydroxyl fasudil, an inhibitor of Rho signaling, improves erectile function in diabetic rats: a role for neuronal ROCK. J Sex Med (2014) 11:2164–71. doi:10.1111/jsm.12613

29. Perry T, Lahiri DK, Chen D, Zhou J, Shaw KT, Egan JM, et al. A novel neurotrophic property of glucagon-like peptide 1: a promoter of nerve growth factor-mediated differentiation in PC12 cells. J Pharmacol Exp Ther (2002) 300:958–66. doi:10.1124/jpet.300.3.958

30. Himeno T, Kamiya H, Naruse K, Harada N, Ozaki N, Seino Y, et al. Beneficial effects of exendin-4 on experimental polyneuropathy in diabetic mice. Diabetes (2011) 60:2397–406. doi:10.2337/db10-1462

31. Tsukamoto M, Niimi N, Sango K, Takaku S, Kanazawa Y, Utsunomiya K. Neurotrophic and neuroprotective properties of exendin-4 in adult rat dorsal root ganglion neurons: involvement of insulin and RhoA. Histochem Cell Biol (2015) 144:249–59. doi:10.1007/s00418-015-1333-3

32. Nowicki M, Kosacka J, Brossmer R, Spanel-Borowski K, Borlak J. The myelin-associated glycoprotein inhibitor BENZ induces outgrowth and survival of rat dorsal root ganglion cell cultures. J Neurosci Res (2007) 85:3053–63. doi:10.1002/jnr.21422

33. Sun Y, Lim Y, Li F, Liu S, Lu JJ, Haberberger R, et al. ProBDNF collapses neurite outgrowth of primary neurons by activating RhoA. PLoS One (2012) 7:e35883. doi:10.1371/journal.pone.0035883

34. Conforti L, Gilley J, Coleman MP. Wallerian degeneration: an emerging axon death pathway linking injury and disease. Nat Rev Neurosci (2014) 15:394–409. doi:10.1038/nrn3680

35. Terada M, Yasuda H, Kikkawa R. Delayed Wallerian degeneration and increased neurofilament phosphorylation in sciatic nerves of rats with streptozocin-induced diabetes. J Neurol Sci (1998) 155:23–30. doi:10.1016/S0022-510X(97)00269-4

36. Gumy LF, Bampton ET, Tolkovsky AM. Hyperglycaemia inhibits Schwann cell proliferation and migration and restricts regeneration of axons and Schwann cells from adult murine DRG. Mol Cell Neurosci (2008) 37:298–311. doi:10.1016/j.mcn.2007.10.004

37. Chen YS, Chung SS, Chung SK. Aldose reductase deficiency improves Wallerian degeneration and nerve regeneration in diabetic thy1-YFP mice. J Neuropathol Exp Neurol (2010) 69:294–305. doi:10.1097/NEN.0b013e3181d26487

38. Terada M, Yasuda H, Kikkawa R, Shigeta Y. Tolrestat improves nerve regeneration after crush injury in streptozocin-induced diabetic rats. Metabolism (1996) 45:1189–95. doi:10.1016/S0026-0495(96)90234-6

39. Jiang Y, Calcutt NA, Ramos KM, Mizisin AP. Novel sites of aldose reductase immunolocalization in normal and streptozotocin-diabetic rats. J Peripher Nerv Syst (2006) 11:274–85. doi:10.1111/j.1529-8027.2006.00099.x

40. Gonzalez-Perez F, Udina E, Navarro X. Extracellular matrix components in peripheral nerve regeneration. Int Rev Neurobiol (2013) 108:257–75. doi:10.1016/B978-0-12-410499-0.00010-1

41. Zuo J, Neubauer D, Graham J, Krekoski CA, Ferguson TA, Muir D. Regeneration of axons after nerve transection repair is enhanced by degradation of chondroitin sulfate proteoglycan. Exp Neurol (2002) 176:221–8. doi:10.1006/exnr.2002.7922

42. Sango K, Oohira A, Ajiki K, Tokashiki A, Horie M, Kawano H. Phosphacan and neurocan are repulsive substrata for adhesion and neurite extension of adult rat dorsal root ganglion neurons in vitro. Exp Neurol (2003) 182:1–11. doi:10.1016/S0014-4886(03)00090-6

43. Zuo J, Ferguson TA, Hernandez YJ, Stetler-Stevenson WG, Muir D. Neuronal matrix metalloproteinase-2 degrades and inactivates a neurite-inhibiting chondroitin sulfate proteoglycan. J Neurosci (1998) 18:5203–11.

44. Ferguson TA, Muir D. MMP-2 and MMP-9 increase the neurite-promoting potential of Schwann cell basal laminae and are upregulated in degenerated nerve. Mol Cell Neurosci (2000) 16:157–67. doi:10.1006/mcne.2000.0859

45. Ali S, Driscoll HE, Newton VL, Gardiner NJ. Matrix metalloproteinase-2 is downregulated in sciatic nerve by streptozotocin induced diabetes and/or treatment with minocycline: implications for nerve regeneration. Exp Neurol (2014) 261:654–65. doi:10.1016/j.expneurol.2014.08.017

46. Duran-Jimenez B, Dobler D, Moffatt S, Rabbani N, Streuli CH, Thornalley PJ, et al. Advanced glycation end products in extracellular matrix proteins contribute to the failure of sensory nerve regeneration in diabetes. Diabetes (2009) 58:2893–903. doi:10.2337/db09-0320

47. Oztürk G, Sekeroğlu MR, Erdoğan E, Oztürk M. The effect of non-enzymatic glycation of extracellular matrix proteins on axonal regeneration in vitro. Acta Neuropathol (2006) 112:627–32. doi:10.1007/s00401-006-0124-2

48. Ray R, Juranek JK, Rai V. RAGE axis in neuroinflammation, neurodegeneration and its emerging role in the pathogenesis of amyotrophic lateral sclerosis. Neurosci Biobehav Rev (2016) 62:48–55. doi:10.1016/j.neubiorev.2015.12.006

49. Wada R, Yagihashi S. Role of advanced glycation end products and their receptors in development of diabetic neuropathy. Ann N Y Acad Sci (2005) 1043:598–604. doi:10.1196/annals.1338.067

50. Tsukamoto M, Sango K, Niimi N, Yanagisawa H, Watabe K, Utsunomiya K. Upregulation of galectin-3 in immortalized Schwann cells IFRS1 under diabetic conditions. Neurosci Res (2015) 92:80–5. doi:10.1016/j.neures.2014.11.008

51. Sorci G, Riuzzi F, Giambanco I, Donato R. RAGE in tissue homeostasis, repair and regeneration. Biochim Biophys Acta (2013) 1833:101–9. doi:10.1016/j.bbamcr.2012.10.021

52. Juranek JK, Geddis MS, Song F, Zhang J, Garcia J, Rosario R, et al. RAGE deficiency improves postinjury sciatic nerve regeneration in type 1 diabetic mice. Diabetes (2013) 62:931–43. doi:10.2337/db12-0632

53. Jin X, Yao T, Zhou Z, Zhu J, Zhang S, Hu W, et al. Advanced glycation end products enhance macrophages polarization into M1 phenotype through activating RAGE/NF-κB pathway. Biomed Res Int (2015) 2015:732450. doi:10.1155/2015/732450

54. Rong LL, Trojaborg W, Qu W, Kostov K, Yan SD, Gooch C, et al. Antagonism of RAGE suppresses peripheral nerve regeneration. FASEB J (2004) 18:1812–7. doi:10.1096/fj.04-1899com

55. Rong LL, Yan SF, Wendt T, Hans D, Pachydaki S, Bucciarelli LG, et al. RAGE modulates peripheral nerve regeneration via recruitment of both inflammatory and axonal outgrowth pathways. FASEB J (2004) 18:1818–25. doi:10.1096/fj.04-1900com

56. Saleh A, Smith DR, Tessler L, Mateo AR, Martens C, Schartner E, et al. Receptor for advanced glycation end-products (RAGE) activates divergent signaling pathways to augment neurite outgrowth of adult sensory neurons. Exp Neurol (2013) 249:149–59. doi:10.1016/j.expneurol.2013.08.018

57. Sbai O, Devi TS, Melone MA, Feron F, Khrestchatisky M, Singh LP, et al. RAGE-TXNIP axis is required for S100B-promoted Schwann cell migration, fibronectin expression and cytokine secretion. J Cell Sci (2010) 123:4332–9. doi:10.1242/jcs.074674

58. Sorci G, Riuzzi F, Arcuri C, Tubaro C, Bianchi R, Giambanco I, et al. S100B protein in tissue development, repair and regeneration. World J Biol Chem (2013) 4:1–12. doi:10.4331/wjbc.v4.i1.1

59. Man LL, Liu F, Wang YJ, Song HH, Xu HB, Zhu ZW, et al. The HMGB1 signaling pathway activates the inflammatory response in Schwann cells. Neural Regen Res (2015) 10:1706–12. doi:10.4103/1673-5374.167773

60. Homs J, Ariza L, Pagès G, Verdú E, Casals L, Udina E, et al. Comparative study of peripheral neuropathy and nerve regeneration in NOD and ICR diabetic mice. J Peripher Nerv Syst (2011) 16:213–27. doi:10.1111/j.1529-8027.2011.00345.x

61. Andreassen CS, Jakobsen J, Flyvbjerg A, Andersen H. Expression of neurotrophic factors in diabetic muscle – relation to neuropathy and muscle strength. Brain (2009) 132:2724–33. doi:10.1093/brain/awp208

62. Jolivalt CG, Vu Y, Mizisin LM, Mizisin AP, Calcutt NA. Impaired prosaposin secretion during nerve regeneration in diabetic rats and protection of nerve regeneration by a prosaposin-derived peptide. J Neuropathol Exp Neurol (2008) 67:702–10. doi:10.1097/NEN.0b013e31817e23f4

63. Christianson JA, Ryals JM, Johnson MS, Dobrowsky RT, Wright DE. Neurotrophic modulation of myelinated cutaneous innervation and mechanical sensory loss in diabetic mice. Neuroscience (2007) 145:303–13. doi:10.1016/j.neuroscience.2006.11.064

64. Amit S, Yaron A. Novel systems for in vivo monitoring and microenvironmental investigations of diabetic neuropathy in a murine model. J Neural Transm (Vienna) (2012) 119:1317–25. doi:10.1007/s00702-012-0808-9

65. Sotelo JR, Horie H, Ito S, Benech C, Sango K, Takenaka T. An in vitro model to study diabetic neuropathy. Neurosci Lett (1991) 129:91–4. doi:10.1016/0304-3940(91)90727-B

66. Sango K, Horie H, Sotelo JR, Takenaka T. A high glucose environment improves survival of diabetic neurons in culture. Neurosci Lett (1991) 129:277–80. doi:10.1016/0304-3940(91)90480-H

67. Melli G, Höke A. Dorsal root ganglia sensory neuronal cultures: a tool for drug discovery for peripheral neuropathies. Expert Opin Drug Discov (2009) 4:1035–45. doi:10.1517/17460440903266829

68. Horie H, Inagaki Y, Sohma Y, Nozawa R, Okawa K, Hasegawa M, et al. Galectin-1 regulates initial axonal growth in peripheral nerves after axotomy. J Neurosci (1999) 19:9964–74.

69. Yasuda H, Terada M, Taniguchi Y, Sasaki T, Maeda K, Haneda M, et al. Impaired regeneration and no amelioration with aldose reductase inhibitor in crushed unmyelinated nerve fibers of diabetic rats. Neuroreport (1999) 10:2405–9. doi:10.1097/00001756-199908020-00034

70. Russell JW, Sullivan KA, Windebank AJ, Herrmann DN, Feldman EL. Neurons undergo apoptosis in animal and cell culture models of diabetes. Neurobiol Dis (1999) 6:347–63. doi:10.1006/nbdi.1999.0254

71. Srinivasan S, Stevens M, Wiley JW. Diabetic peripheral neuropathy: evidence for apoptosis and associated mitochondrial dysfunction. Diabetes (2000) 49:1932–8. doi:10.2337/diabetes.49.11.1932

72. Kasajima H, Yamagishi S, Sugai S, Yagihashi N, Yagihashi S. Enhanced in situ expression of aldose reductase in peripheral nerve and renal glomeruli in diabetic patients. Virchows Arch (2001) 439:46–54. doi:10.1007/s004280100444

73. Jaffey PB, Gelman BB. Increased vulnerability to demyelination in streptozotocin diabetic rats. J Comp Neurol (1996) 373:55–61. doi:10.1002/(SICI)1096-9861(19960909)373:1<55::AID-CNE5>3.0.CO;2-C

74. Dey I, Midha N, Singh G, Forsyth A, Walsh SK, Singh B, et al. Diabetic Schwann cells suffer from nerve growth factor and neurotrophin-3 underproduction and poor associability with axons. Glia (2013) 61:1990–9. doi:10.1002/glia.22570

75. Hamilton RT, Bhattacharya A, Walsh ME, Shi Y, Wei R, Zhang Y, et al. Elevated protein carbonylation, and misfolding in sciatic nerve from db/db and Sod1(-/-) mice: plausible link between oxidative stress and demyelination. PLoS One (2013) 8:e65725. doi:10.1371/journal.pone.0065725

76. Cheng HT, Dauch JR, Porzio MT, Yanik BM, Hsieh W, Smith AG, et al. Increased axonal regeneration and swellings in intraepidermal nerve fibers characterize painful phenotypes of diabetic neuropathy. J Pain (2013) 14:941–7. doi:10.1016/j.jpain.2013.03.005

77. Dyck PJ, Zimmerman BR, Vilen TH, Minnerath SR, Karnes JL, Yao JK, et al. Nerve glucose, fructose, sorbitol, myo-inositol, and fiber degeneration and regeneration in diabetic neuropathy. N Engl J Med (1988) 319:542–8. doi:10.1056/NEJM198809013190904

78. Greene DA, Arezzo JC, Brown MB. Effect of aldose reductase inhibition on nerve conduction and morphometry in diabetic neuropathy. Zenarestat Study Group. Neurology (1999) 53:580–91.

79. Calcutt NA, Jolivalt CG, Fernyhough P. Growth factors as therapeutics for diabetic neuropathy. Curr Drug Targets (2008) 9:47–59. doi:10.2174/138945008783431727

80. Apfel SC, Schwartz S, Adornato BT, Freeman R, Biton V, Rendell M, et al. Efficacy and safety of recombinant human nerve growth factor in patients with diabetic polyneuropathy: a randomized controlled trial. rhNGF Clinical Investigator Group. JAMA (2000) 284:2215–21. doi:10.1001/jama.284.17.2215

81. Wellmer A, Misra VP, Sharief MK, Kopelman PG, Anand P. A double-blind placebo-controlled clinical trial of recombinant human brain-derived neurotrophic factor (rhBDNF) in diabetic polyneuropathy. J Peripher Nerv Syst (2001) 6:204–10. doi:10.1046/j.1529-8027.2001.01019.x

82. Ropper AH, Gorson KC, Gooch CL, Weinberg DH, Pieczek A, Ware JH, et al. Vascular endothelial growth factor gene transfer for diabetic polyneuropathy: a randomized, double-blinded trial. Ann Neurol (2009) 65:386–93. doi:10.1002/ana.21675

83. Höke A. Animal models of peripheral neuropathies. Neurotherapeutics (2012) 9:262–9. doi:10.1007/s13311-012-0116-y

84. Papanas N, Ziegler D. Corneal confocal microscopy: recent progress in the evaluation of diabetic neuropathy. J Diabetes Investig (2015) 6:381–9. doi:10.1111/jdi.12335

85. Yorek MS, Obrosov A, Shevalye H, Lupachyk S, Harper MM, Kardon RH, et al. Effect of glycemic control on corneal nerves and peripheral neuropathy in streptozotocin-induced diabetic C57Bl/6J mice. J Peripher Nerv Syst (2014) 19:205–17. doi:10.1111/jns.12086

86. Tavakoli M, Mitu-Pretorian M, Petropoulos IN, Fadavi H, Asghar O, Alam U, et al. Corneal confocal microscopy detects early nerve regeneration in diabetic neuropathy after simultaneous pancreas and kidney transplantation. Diabetes (2013) 62:254–60. doi:10.2337/db12-0574

87. Havrdova T, Boucek P, Saudek F, Voska L, Lodererova A, Üçeyler N, et al. Severe epidermal nerve fiber loss in diabetic neuropathy is not reversed by long-term normoglycemia after simultaneous pancreas and kidney transplantation. Am J Transplant (2016) 16:2196–201. doi:10.1111/ajt.13715

Conflict of Interest Statement: The research was conducted in the absence of any commercial or financial relationship that could be construed as a potential conflict of interest.

Copyright © 2017 Sango, Mizukami, Horie and Yagihashi. 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) or licensor 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/fendo-08-00012-g003.jpg





OPS/images/fendo-08-00012-g004.jpg





OPS/images/cover.jpg
frontiers
in Endocrinology

Impaired Axonal Regeneration in
Diabetes. Perspective on the
Underlying Mechanism from In
Vivo and In Vitro Experimental
Studies





OPS/images/fendo-08-00012-g001.jpg
Peripheral Nerve Injury

¢'Protec(ion from Neuronal Cell Death

Wallerian Degeneration

*Schwann cell Proliferation
*Macrophage Recruitment
+Elimination of Axonal and Myelin Debris

Axonal Regeneration

*Axonal Sprouting
*Schwann Cell Migration

Target Reinnervation

*Target Recognition and Reconnection
*Schwann Cell Differentiation (Remyelination)

Functional Repair





OPS/images/fendo-08-00012-g002.jpg
Hyperglycemia

— |

Dysfunction of Unfavorable Distal Alterations of
Neurons and Environment for Target Tissues
Schwann Cells Axon Regrowth Receptive to
*Polyol Pathway Hyperactivity *Delayed Wallerian Degeneration Reinnervation
*Altered Expression of *Excessive Phosphorylation of ...- *Reduced Expression
Cytoskeletal Proteins Neurofilaments _ of Neurotrophic
*Oxidative Stress *Retarded Macrophage Infiltration Fa;“;ﬁ in Muscles
*Reduced Activities of <~ +Altered Structure and Function 2" o
Neurotrophic Factors of ECM components
*Enhanced Activities of *Reduced MMP-2 Activity
Growth-inhibitory Molecules *Glycation of ECM Proteins
(PTEN, Rho/ROCK) +AGE/RAGE-dependent Alteration

of Macrophage Polarization

|

Impairment of Axonal Regeneration






OPS/images/logo.jpg
Ghesk for

i@





