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Diabetes mellitus (DM) is a global epidemic with increasing incidence, which results in diverse complications, seriously affects the patient quality of life, and brings huge economic burdens to society. Diabetic neuropathy is the most common chronic complication of DM, resulting in neuropathic pain and chronic itch. The precise mechanisms of diabetic neuropathy have not been fully clarified, hindering the exploration of novel therapies for diabetic neuropathy and its terrible symptoms such as diabetic pain and itch. Accumulating evidence suggests that neuroinflammation plays a critical role in the pathophysiologic process of neuropathic pain and chronic itch. Indeed, researchers have currently made significant progress in knowing the role of glial cells and the pro-inflammatory mediators produced from glial cells in the modulation of chronic pain and itch signal processing. Here, we provide an overview of the current understanding of neuroinflammation in contributing to the sensitization of the peripheral nervous system (PNS) and central nervous system (CNS). In addition, we also summarize the inflammation mechanisms that contribute to the pathogenesis of diabetic itch, including activation of glial cells, oxidative stress, and pro-inflammatory factors. Targeting excessive neuroinflammation may provide potential and effective therapies for the treatment of chronic neuropathic pain and itch in DM.
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INTRODUCTION
Diabetes mellitus (DM), one of the most serious metabolic diseases, is becoming the largest global epidemic of the 21st century, which causes multiple serious complications, such as neuropathic pain and diabetic itch. DM seriously affects the lives and economics of individuals, families, and societies (Stratton et al., 2000; Madsen et al., 2019; Calcutt, 2020; Rayego-Mateos et al., 2020; Schmitz et al., 2021). Diabetic neuropathy is one of the most prevalent comorbidities in patients with type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM), which results in chronic pain and itching (Dewanjee et al., 2018; Zakin et al., 2019). More than 50% of diabetic patients develop diabetic neuropathy (Papanas and Ziegler, 2015; Feldman et al., 2019). Diabetic peripheral neuropathy (DPN), as the common form of diabetic neuropathy, leads to neuropathic pain with a characteristic “stocking-glove” pattern. Neuropathic pain, one type of chronic pain, is caused by a lesion or dysfunction of the peripheral or central somatosensory nervous system (Calcutt, 2020). Over one-third of patients with diabetic neuropathy develop neuropathic pain (Veves et al., 2008; Bansal et al., 2014). In recent years, diabetic neuropathic pain (DNP) is getting more and more attention, numerous studies have been conducted to identify the underlying pathological mechanisms in the hope of developing related therapeutic targets, even if the procedure is full of challenges and failures.
Itching (also termed pruritus) is the irritating sensation in the skin that initiates a desire for scratching (Ikoma et al., 2006; Lee et al., 2016; Dong and Dong, 2018). Patients with systemic diseases such as skin, kidney, or liver diseases suffer from chronic itching that is debilitating and has a serious impact on their quality of life (Yosipovitch and Bernhard, 2013). Chronic itching is also a common symptom of diabetic neuropathy. Unfortunately, the etiology of itching involved in diabetic neuropathy remains poorly understood and therapeutic strategy is inadequate.
Hallmarks of neuroinflammation includes the infiltration of immune cells, as well as the activation of glial cells [e.g., Schwann cells (SCs), satellite glial cells (SGCs), microglia and astrocytes], and increased of inflammatory mediators (e.g., pro-inflammatory cytokines, chemokines) in the peripheral nervous system (PNS) and central nervous system (CNS). Accumulating evidence suggests that neuroinflammation plays a significant role in the pathogenesis and progression of chronic pain and itching (Ellis and Bennett, 2013; Ji et al., 2014; Perera et al., 2015; Borghi et al., 2019; Cevikbas and Lerner, 2020), particularly neuroinflammation-driven sensitization contributes to the development and maintenance of DNP and chronic itching.
Here we review the current progress of neuroinflammation in PNS and CNS that contributes to the induction and maintenance of DNP, as well as existing treatment therapies for this pain. We highlight the important roles of neuroinflammation-driven sensitization involved in DNP. In addition, the neuroinflammation mechanisms contributing to the pathogenesis of diabetic itching are also summarized. An expanding understanding of the contribution of neuroinflammation-driven neuropathic pain and chronic itching in diabetes is helping to identify new therapeutic targets for the treatment of neuropathic pain and chronic itch in diabetes.
DEFINITIONS AND TERMS ASSOCIATED WITH DIABETES-INDUCED PAIN AND ITCH
To better understand this review, some definitions, and terms associated with diabetes-induced pain and itching are listed in Table 1.
TABLE 1 | Terms and related definitions or description.
[image: Table 1]EPIDEMIOLOGY
Approximately 6.9%–10% of the general population is affected by neuropathic pain (Bouhassira et al., 2008; van Hecke et al., 2014; St John Smith, 2018). The increasing incidence is probably due to the aging population, high incidence of diabetes, and improved survival of cancer patients with subsequent chemotherapy (St John Smith, 2018). There is a higher incidence of chronic neuropathic pain in female patients than in male patients (8% vs. 5.7%), and in adults over 50 years of age than in those under 49 years of age (8.9% vs. 5.6%) (Bouhassira et al., 2008). Diabetes Atlas (9th edition, United Nations, 2019) edited by the international diabetes federation (IDF) describes 460 million (prevalence is ∼9.3%) diabetic patients in the general population in 2019 (Saeedi et al., 2019), and more than half of these patients suffered from neuropathy (Dyck and Giannini, 1996; Pop-Busui et al., 2009; Callaghan et al., 2015), of whom ∼1/3 develop neuropathic pain (Daousi et al., 2004; Abbott et al., 2011; Bouhassira et al., 2013). The prevalence of painful diabetic neuropathy (pDN) is ranging from 10 to 50% of all DM patients, (Abbott et al., 2011; Bouhassira et al., 2013; Alleman et al., 2015; Truini et al., 2018), as shown in Table 2. The prevalence of pDN varies among different studies, many reasons are due to the differences, containing case definition criteria used, participants selected, sample size, and types of diabetes (Ziegler et al., 2014). Amazingly, a recent study has shown a higher prevalence of neuropathic pain in patients with pDN (73.11% of 1,547) in mainland China (Zhang et al., 2021), all these data demonstrate the seriousness of pDN in diabetic patients. Itching is also a relatively frequent symptom in patients with diabetes. Although itching has been first investigated in DM in the late 1920s, until now, literatures about diabetic chronic itching are still limited. An intense scratching habit lasting more than 6 weeks is classified as chronic itching (Cevikbas and Lerner, 2020). The prevalence of chronic itching in the general population is ∼22% (Weisshaar, 2016), and the prevalence in DM is quite various, ranging from 18.4 to 35.8% (Neilly et al., 1986; Ko et al., 2013; Stefaniak et al., 2021a; Stefaniak et al., 2021b). This huge difference can be attributable to inconsistent definitions, varied tools for itch evaluation, age, gender, and diabetic populations with different diabetes types.
TABLE 2 | Prevalence of pain and itch in diabetes in different areas, assessment methods in different studies.
[image: Table 2]NEUROINFLAMMATORY MECHANISMS UNDERLYING DIABETES-RELATED NEUROPATHIC PAIN
Accumulating evidence suggests that neuroinflammation is closely related to chronic pain responding to stimuli (Perera et al., 2015; Ji et al., 2016; Ji et al., 2018; Borghi et al., 2019). The inflammation in PNS and CNS is characterized by the following: 1) an increase in the permeability of the blood-spinal cord barrier and blood-brain barrier (BBB), 2) infiltration of leukocytes, as the outcome of increased vascular permeability, 3) secretion and production of pro-inflammatory mediators (e.g., pro-inflammatory cytokines or chemokines), and 4) activation of glial cells causing the production of glial mediators that can regulate pain sensitivity (Ellis and Bennett, 2013; Ji et al., 2013; Ji et al., 2014).
It is well known that chronic pain results from neuronal plasticity in pain processing pathways. Neuronal plasticity involved in pain signal transmission consists of peripheral sensitization and central sensitization (Hucho and Levine, 2007; Basbaum et al., 2009; Gold and Gebhart, 2010; Woolf, 2011; Luo et al., 2014). Next, we highlight the important roles of neuroinflammation in promoting peripheral sensitization and central sensitization and involvement in DNP.
Neuroinflammation and Peripheral Sensitization in DNP
As a result of inflammation and tissue injury, the critical characteristic of peripheral sensitization of nociceptors is presented by a decrease in threshold and an increase in response to noxious stimuli and spontaneous activity (Rosenberger et al., 2020). The hyperexcitability of sensory neurons in both patients and rodent models with diabetes presents as spontaneous activity and an altered stimulus-response function (Thrainsdottir et al., 2003; Kim et al., 2012; Nowicki et al., 2012). The presence of this aberrant activity is essential to the development and maintenance of DNP.
Increasing reports suggest that SCs which ensheath the nerve fibers in the PNS are vital victims in the state of chronic hyperglycemia, causing demyelination in patients with diabetic neuropathy (Gumy et al., 2008; Dunnigan et al., 2013). SCs express both neurotrophins and their receptors. However, in diabetic patients or rodent models of diabetes, the robust decrease of neurotrophins in SCs results in unable to guide and support the regeneration of nerve fibers (Leinninger et al., 2004; Richner et al., 2014). In one previous study, streptozotocin (STZ)-induced diabetes reduces the level of ciliary neurotrophic factor (CNTF), an important neurotrophic factor from SCs (Calcutt et al., 1992). Some other studies have suggested that SCs and T cells interact with each other in diabetes. Tang et al., reported that levels of CXCR3 and phosphalated-p38 (p-p38) in the peripheral blood mononuclear cell (PBMC) of DPN patients are significantly increased. CXCR3 is elevated in CD8 (+) T cells via the p-p38 under high glucose conditions, and then promotes CD8 (+) T-cell recruitment into the diabetic nerves by CXCL9, CXCL10, and CXCL11 produced from glucose-stimulated SCs. Furthermore, results demonstrated that the upregulation of TNF-α, FasL, and PD-L1 in CD8 (+) T cells stimulating with SCs, which, in return, induce significant apoptosis of SCs, indicating the interaction of CD8+ T cells and SCs plays a key role in the development of DPN (Tang et al., 2013) (Figure 1).
[image: Figure 1]FIGURE 1 | Neuroinflammation and peripheral sensitization in DNP. SCs are damaged and decrease neurotrophin expression, resulting in demyelination of axons and failure of nerve regeneration. SGCs release TNF-α and then enhance the excitability of peripheral nociceptive neurons. Cav3.2 activity results in hyperexcitability of DRG neurons via the glycosylation of extracellular arginine residues in diabetes. Chemokines activate the signaling cascades, such as ERK, AKT, and STAT3, to sensitize the Nav1.7, Nav1.8, Nav1.9, and TRPA1, leading to hypersensitivity and hyperexcitability of peripheral nociceptive neurons. In addition, GPR177 derives DNP via WNT5a/TRPV1 interaction.
Several previous studies have revealed that SGCs in ganglia are important for PNS functionality and glia activation. SGCs contact with each other and enwrap neuronal soma in ganglia. Deterioration of this communication among SGCs under pathological conditions leads to abnormal pain signal transmission (Dublin and Hanani, 2007; Huang et al., 2013). In T1DM and T2DM mice, the increased levels of glial fibrillary acidic protein (GFAP) are considered as the activation of SGCs, which have been shown to be associated with the induction of neuropathic pain (Hanani et al., 2014; Liu et al., 2016). In T2DM rats, the upregulation of purinergic signaling promotes the activation of SGCs, increases tumor necrosis factor-alpha (TNF-α) release from SGCs, and enhances the excitability of dorsal root ganglion (DRG) neurons, which brings about the pain sensitivity (Liu et al., 2016; Gonçalves et al., 2018) (Figure 1).
The activity and status of ion channels within sensory neurons largely determine the transmission and processing of pain signals (Bennett and Woods, 2014; Waxman and Zamponi, 2014). Ion channels [e.g., voltage-gated sodium channels (Nav), potassium channels, calcium channels (Cav), and transient receptor potential channels (TRP)] are participated in resting and action potentials (Waxman and Zamponi, 2014). In peripheral sensory neurons, three particularly prevalent Nav-isoforms are identified and named as Nav1.7, Nav1.8, and Nav1.9 (Dubin and Patapoutian, 2010; Hameed, 2019). In addition to setting the excitability of the terminal, Nav1.7 and Nav1.9 also function as threshold channels for amplifying the sensory signal, while Nav1.8 plays the role in the upstroke of action potentials in nociceptors (Blair and Bean, 2002). Potassium channels act as important breaks in the excitability of sensory neurons. T-type Ca2+ channels have also been found to play an important role in pDN by regulating the excitability of nociceptors in the subthreshold range. The activity of Cav3.2 is increased in diabetes via the glycosylation of arginine residues within extracellular membranes, which causes DRG neurons to be hyperexcitable. (Orestes et al., 2013). The changes in ion channels such as genetic variants, epigenetic modification, and abnormal expression, have all been implicated in the pathogenesis of neuropathic pain. Sun et al. reported that the increased expression of Nav1.8 is implicated in pDN, and such an increase reduces the failure probability of conduction in unmyelinated C fiber nociceptors, and then promotes more impulse conduction to the CNS, which results in neuropathic pain (Sun et al., 2012). Transient receptor potential vanilloid receptor-1 (TRPV1) ion channels are the important molecules involved in peripheral sensitization and pain modulation of chronic pain, which are widely expressed in nociceptive DRG neurons (Moore et al., 2018). A recent study reported that the orphan G protein-coupled receptor 177 (GPR177)-mediated wingless-related mammary tumor virus integration site 5a (WNT5a) secretion from A-fiber DRG neurons drives DNP by directly activating the TRPV1 channel and resulting in rapid currents and calcium elevations in DRG neurons (Xie et al., 2022). GPR177 and WNT5a are also found co-expressed in human DRG neurons, and pain intensity is positively related to WNT5a secretion in cerebrospinal fluid (CSF) among DNP patients (Xie et al., 2022). DNP is alleviated by interfering with WNT5a/TRPV1 interaction, thus providing a potential therapeutic target and intervention strategy for the clinical treatment of DNP (Xie et al., 2022) (Figure 1).
In addition, patients with diabetes have higher levels of reactive metabolites such as methylglyoxal (MGO), which post-translationally modify Nav1.8, then result in sensory neuron hyperexcitability, and finally lead to the development of diabetic pain (Bierhaus et al., 2012; Hansen et al., 2015). Rodent models of pDN showed signs of hypersensitivity in response to MGO via the activation of the sodium channel Nav1.8 and the transient receptor potential channel ankyrin 1 (TRPA1) (Bierhaus et al., 2012; Huang et al., 2016). It has been reported that MGO regulates the BBB permeability by producing the redistribution of junctional proteins, containing claudin-5 and β-catenin (Tóth et al., 2014), resulting in an increase in brain vessel permeability to MGO (Li et al., 2013). One previous research demonstrated that MGO specifically affects the integrated stress response (ISR) in IB4 positive DRG neurons in vitro and vivo diabetic models. The mechanical hypersensitivity of diabetic mice induced by MGO is attenuated by blocking the ISR (Barragán-Iglesias et al., 2019) (Figure 1).
Neuroinflammation and Central Sensitization in DNP
Increasing studies also suggest that neuroinflammation-drives central sensitization play a crucial role in the neuropathic pain via acting on both PNS and CNS of diabetics (Loeser and Treede, 2008; Ji et al., 2018). The key features of neuroinflammation in CNS are the activation of glial cells (e.g., astrocytes and microglia), resulting in the upregulation of inflammatory mediators such as pro-inflammatory cytokines and chemokines. These chemokines and cytokines work as potent neuromodulators in the CNS that play a key role in triggering and maintaining the hyperalgesia and allodynia under chronic pain conditions (Samad et al., 2001; Kawasaki et al., 2008; Gao et al., 2009).
In diabetic neuropathy, synaptic transmission within the spinal cord is increased by enhancing the input from spontaneously active nociceptors, which further amplifies nociceptive signaling (Woolf, 2011). It is also believed that this occurs because of a temporal and spatial accumulation of nociceptive signal inputs, causing the neurons in the spinal dorsal horn to have a heightened response to their inputs. Under diabetic neuropathy conditions, microglial cells transform to a pro-inflammatory phenotype, which releases pro-inflammatory factors [e.g., TNF-α, interleukin (IL)-6, IL-1β] and brain-derived neurotrophic factor (BDNF), further amplify nociceptive signal transmission in the spinal dorsal horn, and promote mechanical hypersensitivity in pDN (Tsuda et al., 2008; Salter and Beggs, 2014; Sun et al., 2015; Liu M et al., 2019). Consistent with the microglia activation, the activation of astrocytes is also enhanced in diabetic mice (Liu M et al., 2019). In the T2DM animal model, there is a correlation between ERK activation [phosphorylated ERK (pERK)] in spinal superficial neurons and astrocytes and hypersensitivity to pain, and pERK inhibition may provide a new treatment for diabetes-related pain (Xu et al., 2014). In addition, peripheral inflammation accompanied by prolonged nociceptive stimulation also increases the release of neurotransmitters [e.g., glutamate, BDNF, calcitonin gene-related peptide, and substance P] from the peripheral sensory fibers into the spinal dorsal horn and trigeminal nucleus. The increase of these neurotransmitters leads to the hyperexcitability of neurons in the spinal cord and supraspinal centers commonly referred to as central sensitization (Woolf, 1983; Woolf and Salter, 2000) (Figure 2).
[image: Figure 2]FIGURE 2 | Molecular mechanisms of neuroinflammation and central sensitization in excitatory synapses of the spinal dorsal horn under DNP. Cytokines and chemokines from spinal glial cells activate pERK in primary afferent terminals and finally enhance glutamate (Glu) release via activation of Nav1.7 and Nav1.8. At postsynaptic membrane, activation of postsynaptic Glu receptors contributes to central sensitization. In addition, cytokines and chemokines activate postsynaptic pERK, pAKT, and pSTAT3 signaling pathways, which contribute to central sensitization of DNP.
An essential step for central sensitization is the activation of NMDARs and AMPARs at postsynaptic membrane surfaces (Ji et al., 2003; Latremoliere and Woolf, 2009). The previous study has shown that spinal activated astrocytes dramatically increase expression of IL-1β which may induce NMDAR phosphorylation in spinal dorsal horn neurons to enhance pain signal conduction in db/db mouse used widely as an animal model of T2DM. Therefore, the Astrocyte-IL-1β-NMDAR-Neuron axis unveils a novel mechanism underlying astrocyte-induced allodynia (Liao et al., 2011).
Chemokines and Chemokine Receptors Involved in Diabetic Neuropathic Pain
Under both normal and pathological conditions, chemokines contribute to cell survival, proliferation, and inflammation via activating intracellular signaling pathways (Jiang et al., 2020). Accumulating evidence suggests that chemokines and their receptors also contribute to chronic pain via enhancing neuroinflammation in the PNS and CNS (Van Steenwinckel et al., 2011; Zhang et al., 2012; Zhang et al., 2013; Zhang et al., 2017; Fyfe, 2018; Lin King et al., 2019; Lu et al., 2021). Studies in the past decade have shown that several chemokines and their receptors are implicated in the pathogenesis of DPN, and associated signaling pathways of the chemokine pairs are involved in the mechanisms of diabetic neuropathy pain (Menichella et al., 2014; Jiang et al., 2016; Zychowska et al., 2017; Jayaraj et al., 2018; Rojewska et al., 2018; Liu S et al., 2019) (Figure 2).
Previous studies have demonstrated the crucial role of CCL1 in the pathogenesis of diabetic neuropathy caused by STZ. As a mediator of neuroimmune interactions, CCL1 plays an important role in the DNP through CCL1/CCR8 cross-talk (Zychowska et al., 2017). In a study of STZ-induced diabetes mice, CCL3 and CCL9 levels are increased in the lumbar spinal cord, while neutralizing antibodies against CCL3 or CCL9 delay neuropathic pain symptoms following STZ administration, and the application of CCR1 antagonist also alleviates pain-related behavior in diabetic neuropathy (Rojewska et al., 2018).
In the high-fat diet (HFD)-induced mouse model of T2DM, the increase of CXCL12 expression is detected in DRG neurons, and CXCL12/CXCR4 signaling contributes to the development of pain in diabetes through enhancing calcium influx and excitability of Nav1.8 positive DRG neurons, as well as promoting inflammatory cell infiltration (Menichella et al., 2014). Reducing CXCR4-mediated nociceptor hyperexcitability can reverse pDN in HFD mice, suggesting that CXCR4 in Nav1.8 positive DRG neurons is involved in the development of mechanical allodynia in HFD-induced diabetes (Jayaraj et al., 2018).
Our data have shown the spinal CXCL13/CXCR5 axis participates in neuropathic pain. Through neuron-to-astrocyte cross-talk, CXCL13 is upregulated in spinal neurons after spinal nerve ligation and activates spinal astrocytes by interacting with its receptor CXCR5 (Jiang et al., 2016). In the spinal dorsal horn of db/db mice with thermal hyperalgesia and mechanical allodynia, the CXCL13 and CXCR5 are also significantly increased, and the phosphorylation of cell signaling kinases, including pERK, phosphorylated AKT (pAKT) and phosphorylated signal transducer and activator of transcription proteins 3 (pSTAT3) are upregulated. Further evidence showed that CXCL13/CXCR5 signaling contributes to diabetic pain via activating pERK, pAKT, and pSTAT3 cell signaling pathways and promoting the production of TNF-α and IL-6 in the spinal cord of diabetic mice (Liu S et al., 2019).
The expression of XCL1 and XCR1 in the lumbar spinal segments (L4 to L6) of the STZ-induced DPN mice is increased. More evidence suggested that XCR1 is expressed mainly on neurons in the pathology of DN. XCL1 intrathecal injection enhances nociceptive transmission in naive mice, and XCL1 neutralizing antibody administration diminishes allodynia/hyperalgesia in STZ-induced diabetic mice (Zychowska et al., 2016).
Advanced Glycation End-Products Involved in DNP
High levels of glucose lead to the glycation of several functional and structural proteins, resulting in producing advanced glycation end-products (AGEs). AGEs change gene expression and activation of nuclear factor-κB (NF-κB) via interacting with AGE-specific receptor (RAGE), thus inducing pro-inflammatory cytokines (e.g., IL-1α, IL-6, and TNF-α) (Neumann et al., 1999; Singh et al., 2014). In the spinal dorsal horn, TNF-α and IL-1β can act as neuromodulators to induce spinal synaptic plasticity such as long-term potentiation, and further promote neuropathic pain (Sorge et al., 2015; Taves et al., 2016).
NEUROINFLAMMATORY MECHANISMS UNDERLYING DIABETES-RELATED CHRONIC ITCH
Itch is an unpleasant cutaneous sensation that is accompanied by scratching or the desire to scratch (Ikoma et al., 2006; Lee et al., 2016; Dong and Dong, 2018). However, many similarities have been found between chronic pain and chronic itch (Ji, 2015; Moore et al., 2018; Ji et al., 2019). The cell bodies of itch sensory neurons are also located in the DRGs and trigeminal ganglia, and most itch neurons belong to C-type neurons (Ringkamp et al., 2011; LaMotte et al., 2014). The itch signals are generated in the primary afferent sensory fibers in the skin and then transmitted through the DRG neurons to the spinal dorsal horn neurons, and finally to the brain neurons (Ikoma et al., 2006; Han and Dong, 2014). Over the past decade, extensive research has been conducted on the mechanisms of itch, including peripheral and central neural mechanisms such as receptors and pathways involved in itch perception (Dong and Dong, 2018). According to the researchers, there are two main causes of the itch in diabetics, containing skin xerosis and diabetic polyneuropathy, suggesting that itch originates from dermatology or neurology (Stefaniak et al., 2021b). Additionally, oxidative stress and nerve inflammation contribute to diabetic polyneuropathy (Hagen and Ousman, 2021).
Previous data have shown that sensitization is also a common mechanism in itch processing. Peripheral sensitization caused by the C fibers in the epidermis plays important role in pruritus sensitization (Ikoma et al., 2006; Tominaga and Takamori, 2014). Several other results indicated that spinal sensitization occurs frequently in atopic dermatitis (AD) model mice, but may not in psoriasis model mice (Shiratori-Hayashi and Tsuda, 2021). Mechanical itch (also known as touch-evoked itch) is a notable feature of chronic itch, and also a prominent mark in diabetic neuropathy (Bourane et al., 2015). Other evidence suggests that mechanical itch is related to central sensitization (Pan et al., 2019; Sakai and Akiyama, 2020). However, mechanisms of chronic itch in diabetes are not fully understood owing to inadequate related studies. Here, we summarize the inflammation mechanisms that participated in diabetic itch, including activity and status of ion channels, oxidative stress, and pro-inflammatory factors (Figure 3).
[image: Figure 3]FIGURE 3 | Neuroinflammatory mechanisms underlying diabetes-related chronic itch. The mechanical itch induced by MGO or in the STZ-induced mouse model of T1DM is mediated by activation of TRPA1, Nav1.7, and ERK in the DRG neurons. In the T2DM mouse model, the upregulation of P2Y12 expression in SGCs contributes to the increase of ROS, followed by the activation of NLRP3 inflammasome, the upregulation of inflammatory cytokines, and the damage to peripheral nerves. These changes finally result in DRG neuron hyperexcitability and sensitization.
Ion Channels Mediate Mechanical Itch in Diabetic Itch
Increasing evidence has suggested that TRPV1 and TRPA1 are the downstream effectors of itch‐related inflammatory factors and are involved in itch signals on the nerve fibers. During a pathological state, pruritus-related inflammatory factors such as IL-31, IL-4, and NGF, stimulate TRPV1 and TRPA1 repeatedly, resulting in a decrease in the threshold of itch sensation and causing chronic itch (Moore et al., 2018; Xie and Li, 2019). Both pain and itch are direct effects of immune dysfunction, since the release of pro-inflammatory mediators by immune cells and epithelial cells after tissue injury can directly activate or sensitize pain and pruritus neurons, causing hypersensitivity to pain and pruritus (Ji, 2015). Chronic itch and chronic pain caused by peripheral sensitization have been reported to be induced by inflammatory mediators, which require the activation of TRPA1 and Nav1.7 (Basbaum et al., 2009). It is widely recognized that MGO is a potential mediator of itch in diabetes. Incubation of MGO induces inward currents and calcium influx in TRPA1-expressing HEK293 cells or DRG neurons. (Cheng et al., 2019). Mechanical itch evoked by MGO or in STZ-induced T1DM mice is dependent on the activation of TRPA1, Nav1.7, and the pERK signaling pathway in DRGs and spinal cord (Cheng et al., 2019).
Oxidative Stress Contributes to Diabetic Itch
Oxidative stress is an important factor in the pathogenesis of DM, especially in T2DM, which activates JNK, NF-κB, and p38 MAPK pathways to cause inflammation (Lamb and Goldstein, 2008; Agrawal and Kant, 2014). Previous studies have also shown that chronic and acute itching is related to oxidative stress (Liu and Ji, 2013; Zhou et al., 2019). ND7-23 cells (a cell line derived from the dorsal root ganglia) exhibit a significant increase in intracellular reactive oxygen species (ROS) after MGO treatment. MGO or STZ-induced mechanical itching is significantly reduced by intraperitoneal injection of antioxidant α-lipoic acid (ALA), indicating that oxidative stress contributes to diabetic itch (Cheng et al., 2019). Moreover, T2DM mice with chronic itch exhibit significantly higher levels of ROS in the DRG cells, suggesting that these compounds play an important role in diabetic itch (Xu et al., 2022).
Pro-Inflammatory Factors in Diabetic Itch
Just like in chronic pain, pro-inflammatory factors such as cytokines and chemokines are also crucial in the pathogenesis of chronic itch (Liu et al., 2012; Storan et al., 2015). Diabetes was complicated by peripheral nerve injury results in an increase in the secretion of neuroinflammatory factors that can activate sensory C fibers and is accompanied by paraesthesia, suggesting that diabetic itch is due to abnormal discharges from damaged peripheral C fibers (Yamaoka et al., 2010; Yosipovitch and Bernhard, 2013). Spontaneous itching is an important indicator for evaluating itch behaviors. Recent studies have indicated that the number of spontaneous scratches in T2DM model mice is significantly increased. The increase of P2Y12 expression and SGC activity in these diabetic mice promotes the upregulation of ROS content, further activates the NLRP3 inflammatory body, and then produces inflammatory cytokines such as IL-18 and IL-1β. These inflammatory cytokines, in turn, cause peripheral nerve injury, abnormally excite DRG neurons, and result in spontaneous scratching. Treatment of P2Y12 shRNA or antagonist ticagrelor inhibits the spontaneous itch behaviors in the mouse model of T2DM (Xu et al., 2022).
STRATEGIES OF TREATMENT
Approaches to Treatment of Diabetic Pain
In recent years, targeted treatment of neuropathic pain is disappointing for a series of reasons as follows: 1) the underlying pathogenic mechanisms involved in neuropathic pain in diabetes are complex and not fully clarified, resulting in inadequate engagement of the claimed drug targets (Ji et al., 2014), 2) a translational gap from animal models of diabetes to patients with diabetes (King et al., 2009; Mogil, 2009), and 3) the serious side effects of existing analgesic drugs such as sedation, respiratory inhibition, tolerance, addiction and hyperalgesia following acute or chronic treatment.
Up to now, only glycemic control can prevent or slow down diabetic neuropathy progression in T1DM, but not in T2DM (Callaghan et al., 2012). Current evidence shows an association between diabetes and secondary complications with chronic inflammation. In addition to anti-inflammatory drugs, a multitude of hypoglycemic drugs such as thiazolidinediones, dipeptidyl peptidase-4 inhibitors, and metformin, have been found to reduce inflammation and improve outcomes. However, for all these hypoglycemic agents, it is necessary to distinguish between the anti-inflammatory effects produced by better glucose control and those related to the intrinsic anti-inflammatory effects of pharmacological compounds (Kothari et al., 2016).
According to the consensus from multiple guidelines and systematic reviews (Attal et al., 2010; Bril et al., 2011; Griebeler et al., 2014; Finnerup et al., 2015; Waldfogel et al., 2017), several drugs are supported to apply in the treatment of DNP, including calcium channel a2δ ligands (e.g., gabapentin and pregabalin) (Freeman et al., 2008; Moore et al., 2009; Griebeler et al., 2014; Finnerup et al., 2015; Pop-Busui et al., 2017), serotonin and noradrenaline reuptake inhibitors (SNRIs, e.g., duloxetine, venlafaxine) (Rowbotham et al., 2004; Wernicke et al., 2006; Zilliox and Russell, 2010; Tesfaye et al., 2013; Pop-Busui et al., 2017), and tricyclic antidepressants (TCAs, e.g., amitriptyline, nortriptyline, and desipramine) (Max et al., 1987; Max et al., 1991; Max et al., 1992; Boyle et al., 2012). However, these drugs do not clarify the potential pathogenesis for DNP.
Given the important roles of neuroinflammation such as cytokines and chemokines in the pathogenesis of DNP, targeting the pro-inflammatory mediators may provide a novel approach to treating DNP. There are three possible approaches for developing drugs that target chemokines and their receptors, including 1) blocking or neutralizing antibodies, 2) small-molecule inhibitors, and 3) small interfering RNA (siRNA). For example, antibodies that neutralize CCL3, CCL9, or XCL1 delay diabetic neuropathic pain symptoms. Similarly, CCR1 antagonist J113863 also attenuates pain-related behaviors in the diabetic pain model (Zychowska et al., 2016; Rojewska et al., 2018). Mechanical allodynia is alleviated in db/db mice following the injection of CXCR5 shRNA (Liu S et al., 2019).
More and more evidence has suggested that there is an inflammatory environment in the islets of patients with T2DM, including high levels of cytokines and chemokines, and immune cell infiltration. Therefore, many drugs targeting inflammatory cytokines such as TNF-α, IL-6, and IL-1β, are used to reduce insulin resistance and improve insulin secretion, further alleviating the complications of diabetes (Agrawal and Kant, 2014; Esser et al., 2015). For example, both troglitazone and gliclazide can reduce the TNF-α level in rodent models of diabetes. N-acetylcysteine (an anti-oxidant) attenuates the TNF-α levels in a dose-dependent manner, contributing to a decrease in the incidence and severity of diabetic neuropathy (Sagara et al., 1996). Tocilizumab (a monoclonal antibody targeting IL-6), drugs targeting IL-1β (e.g., anakinra, canakinumab, and other monoclonal antibodies), appear to reduce insulin resistance by reducing their pro-inflammatory effects in adipose tissue and muscle (Goldfine and Shoelson, 2017). Piroxicam statistically decreases the action potential amplitude of sensory neurons enhanced by STZ (Parry and Kozu, 1990). Nonsteroidal anti-inflammatory drugs (NSAIDs) reduce inflammation by inhibiting cyclooxygenase (COX) enzymes and are widely used in the prevention and treatment of T2DM (Bellucci et al., 2017). Moreover, drugs that target vascular endothelial growth factors (such as Pegaptanib and Avastin) and chemokines are used for the treatment of diabetic retinopathy (Kastelan et al., 2013). The current research studies shown that these drugs against pro-inflammatory mediators have certain therapeutic effects on diabetes, but cannot reverse the development of diabetes, overall, more studies are needed to validate these results. In addition, the selective blocking of Nav1.7 function has been successfully applied to trigeminal neuralgia, but the expected effect in diabetic neuropathy needs further to explore (Zakrzewska et al., 2017). The decrease of calcium influx via interfering Cav3.2 expression can also reduce pain hypersensitivity in diabetic mice (Messinger et al., 2009).
Approaches to Treatment of Diabetic Itch
Currently, the mechanism involved in chronic itching, especially diabetic itching are poorly understood, resulting in limited effective therapies for chronic itching. Generally, treatment should be based on the therapeutic principle: finding out the cause, treating the primary diseases, avoiding the inducing factors, and moisturizing the skin (Greaves, 2005; Song et al., 2018). For diabetic itch, the optimal strategy is the treatment or prevention of causal diseases, that is, the maintenance of normal blood glucose (Steinhoff et al., 2018). In addition, some anti-inflammatory drugs targeting cytokines and chemokines (described in 6.1) to treat the primary disease of diabetes probably also be beneficial to the treatment of itching induced by diabetes. Furthermore, experiments are needed in the future to confirm the anti-pruritic effect of these drugs on diabetes. In animal models of diabetes, knocking out of Trpa1, the blocker of Nav1.7, and TRPA1, antioxidants, and ERK inhibitor U0126 alleviate itching in mice evoked by STZ or MGO (Cheng et al., 2019). In addition, P2Y12 may be a promising target for the treatment of itching in T2DM (Xu et al., 2022).
Overall, drugs targeting diabetic itch patients are still inadequate, and further studies are needed to provide more information on the treatment efficacy.
PERSPECTIVE
As the most common chronic complication of DM, diabetic neuropathy results in chronic pain and itching. Our understanding of diabetic neuropathy continues to advance, especially neuroinflammation and sensitization-driven pain in diabetic neuropathy. However, the mechanism underlying pDN and chronic itching is still not fully revealed, hindering the development of therapies to treat diabetic pain and itch. Notably, chronic pain and itching are typically accompanied by anxiety, depression, and sleep disturbances, therefore, the development of drugs targeting inflammation not only helps treat diabetic pain and itching but also helps alleviate the development of mental illness in diabetic patients. Currently, many promising drugs in animal models or preclinical studies are aborted in clinical trials, which may be related to the insufficient representativeness of animal models, poor drug design, and design defects of clinical trials (Malik, 2016). Although regulatory agencies have approved a number of drugs and therapies to relieve the chronic pain and itch, it is worth noting that none of them are designed to target diabetes-specific mechanisms, while their efficacy varies from patient to patient and is confined to small subgroups of patients (Finnerup et al., 2010). Therefore, it is urgent and necessary to develop targeted drugs for diabetic pain and itching in the future.
AUTHOR CONTRIBUTIONS
X-XF designed and wrote the manuscript. HW, H-LS, and JW drew the schematic diagrams. Z-JZ initiated, supervised, and revised the manuscript.
FUNDING
This work was funded by the National Natural Science Foundation of China (Grant Nos. 31970938, 81571070) and the Natural Science Research Program of Jiangsu Province, China (Grant No. BK20191448).
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.
ABBREVIATIONS
AGEs, advanced glycation end-products; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; CNS, central nervous system; DM, diabetes mellitus; DPN, diabetic peripheral neuropathy; IL, interleukin; MGO, methylglyoxal; Nav, voltage-gated sodium; NMDA, N-methyl-D-aspartic acid; pDN, painful diabetic neuropathy; PNS, peripheral nervous system; SCs, schwann cells; SGCs, satellite glial cells; STZ, streptozotocin; T1DM, type 1 diabetes mellitus; T2DM, type 2 diabetes mellitus; TNF-α, tumor necrosis factor-alpha; TRPA1, transient receptor potential channel ankyrin 1.
REFERENCES
 Abbott, C. A., Malik, R. A., van Ross, E. R., Kulkarni, J., and Boulton, A. J. (2011). Prevalence and Characteristics of Painful Diabetic Neuropathy in a Large Community-Based Diabetic Population in the U.K. Diabetes care 34, 2220–2224. doi:10.2337/dc11-1108
 Agrawal, N. K., and Kant, S. (2014). Targeting Inflammation in Diabetes: Newer Therapeutic Options. World J. Diabetes 5, 697–710. doi:10.4239/wjd.v5.i5.697
 Alleman, C. J., Westerhout, K. Y., Hensen, M., Chambers, C., Stoker, M., Long, S., et al. (2015). Humanistic and Economic Burden of Painful Diabetic Peripheral Neuropathy in Europe: A Review of the Literature. Diabetes Res. Clin. Pract. 109, 215–225. doi:10.1016/j.diabres.2015.04.031
 Attal, N., Cruccu, G., Baron, R., Haanpää, M., Hansson, P., Jensen, T. S., et al. (2010). EFNS Guidelines on the Pharmacological Treatment of Neuropathic Pain: 2010 Revision. Eur. J. Neurol. 17, 1113–e88. doi:10.1111/j.1468-1331.2010.02999.x
 Bansal, D., Gudala, K., Muthyala, H., Esam, H. P., Nayakallu, R., and Bhansali, A. (2014). Prevalence and Risk Factors of Development of Peripheral Diabetic Neuropathy in Type 2 Diabetes Mellitus in a Tertiary Care Setting. J. Diabetes Investig. 5, 714–721. doi:10.1111/jdi.12223
 Barragán-Iglesias, P., Kuhn, J., Vidal-Cantú, G. C., Salinas-Abarca, A. B., Granados-Soto, V., Dussor, G. O., et al. (2019). Activation of the Integrated Stress Response in Nociceptors Drives Methylglyoxal-Induced Pain. Pain 160, 160–171. doi:10.1097/j.pain.0000000000001387
 Basbaum, A. I., Bautista, D. M., Scherrer, G., and Julius, D. (2009). Cellular and Molecular Mechanisms of Pain. Cell 139, 267–284. doi:10.1016/j.cell.2009.09.028
 Bellucci, P. N., González Bagnes, M. F., Di Girolamo, G., and González, C. D. (2017). Potential Effects of Nonsteroidal Anti-inflammatory Drugs in the Prevention and Treatment of Type 2 Diabetes Mellitus. J. Pharm. Pract. 30, 549–556. doi:10.1177/0897190016649551
 Bennett, D. L., and Woods, C. G. (2014). Painful and Painless Channelopathies. Lancet Neurol. 13, 587–599. doi:10.1016/S1474-4422(14)70024-9
 Bierhaus, A., Fleming, T., Stoyanov, S., Leffler, A., Babes, A., Neacsu, C., et al. (2012). Methylglyoxal Modification of Nav1.8 Facilitates Nociceptive Neuron Firing and Causes Hyperalgesia in Diabetic Neuropathy. Nat. Med. 18, 926–933. doi:10.1038/nm.2750
 Blair, N. T., and Bean, B. P. (2002). Roles of Tetrodotoxin (TTX)-sensitive Na+ Current, TTX-Resistant Na+ Current, and Ca2+ Current in the Action Potentials of Nociceptive Sensory Neurons. J. Neurosci. 22, 10277–10290. doi:10.1523/jneurosci.22-23-10277.2002
 Borghi, S. M., Fattori, V., Hohmann, M. S. N., and Verri, W. A. (2019). Contribution of Spinal Cord Oligodendrocytes to Neuroinflammatory Diseases and Pain. Curr. Med. Chem. 26, 5781–5810. doi:10.2174/0929867325666180522112441
 Bouhassira, D., Lantéri-Minet, M., Attal, N., Laurent, B., and Touboul, C. (2008). Prevalence of Chronic Pain with Neuropathic Characteristics in the General Population. Pain 136, 380–387. doi:10.1016/j.pain.2007.08.013
 Bouhassira, D., Letanoux, M., and Hartemann, A. (2013). Chronic Pain with Neuropathic Characteristics in Diabetic Patients: a French Cross-Sectional Study. PloS one 8, e74195. doi:10.1371/journal.pone.0074195
 Bourane, S., Duan, B., Koch, S. C., Dalet, A., Britz, O., Garcia-Campmany, L., et al. (2015). Gate Control of Mechanical Itch by a Subpopulation of Spinal Cord Interneurons. Science 350, 550–554. doi:10.1126/science.aac8653
 Boyle, J., Eriksson, M. E., Gribble, L., Gouni, R., Johnsen, S., Coppini, D. V., et al. (2012). Randomized, Placebo-Controlled Comparison of Amitriptyline, Duloxetine, and Pregabalin in Patients with Chronic Diabetic Peripheral Neuropathic Pain: Impact on Pain, Polysomnographic Sleep, Daytime Functioning, and Quality of Life. Diabetes care 35, 2451–2458. doi:10.2337/dc12-0656
 Bril, V., England, J., Franklin, G. M., Backonja, M., Cohen, J., Del Toro, D., et al. (2011). Evidence-based Guideline: Treatment of Painful Diabetic Neuropathy: Report of the American Academy of Neurology, the American Association of Neuromuscular and Electrodiagnostic Medicine, and the American Academy of Physical Medicine and Rehabilitation. Neurology 76, 1758. doi:10.1212/WNL.0b013e3182166ebe
 Calcutt, N. A. (2020). Diabetic neuropathy and neuropathic pain: a (con)fusion of pathogenic mechanisms?Pain 161, S65–S86. doi:10.1097/j.pain.0000000000001922
 Calcutt, N. A., Muir, D., Powell, H. C., and Mizisin, A. P. (1992). Reduced Ciliary Neuronotrophic Factor-like Activity in Nerves from Diabetic or Galactose-Fed Rats. Brain Res. 575, 320–324. doi:10.1016/0006-8993(92)90097-s
 Callaghan, B. C., Price, R. S., Chen, K. S., and Feldman, E. L. (2015). The Importance of Rare Subtypes in Diagnosis and Treatment of Peripheral Neuropathy: A Review. JAMA Neurol. 72, 1510–1518. doi:10.1001/jamaneurol.2015.2347
 Callaghan, B. C., Little, A. A., Feldman, E. L., and Hughes, R. A. (2012). Enhanced Glucose Control for Preventing and Treating Diabetic Neuropathy. Cochrane Database Syst. Rev. 6, CD007543. doi:10.1002/14651858.CD007543.pub2
 Cevikbas, F., and Lerner, E. A. (2020). Physiology and Pathophysiology of Itch. Physiol. Rev. 100, 945–982. doi:10.1152/physrev.00017.2019
 Cheng, R. X., Feng, Y., Liu, D., Wang, Z. H., Zhang, J. T., Chen, L. H., et al. (2019). The Role of Nav1.7 and Methylglyoxal-Mediated Activation of TRPA1 in Itch and Hypoalgesia in a Murine Model of Type 1 Diabetes. Theranostics 9, 4287–4307. doi:10.7150/thno.36077
 Daousi, C., MacFarlane, I. A., Woodward, A., Nurmikko, T. J., Bundred, P. E., and Benbow, S. J. (2004). Chronic Painful Peripheral Neuropathy in an Urban Community: a Controlled Comparison of People with and without Diabetes. Diabet. Med. 21, 976–982. doi:10.1111/j.1464-5491.2004.01271.x
 Dewanjee, S., Das, S., Das, A. K., Bhattacharjee, N., Dihingia, A., Dua, T. K., et al. (2018). Molecular Mechanism of Diabetic Neuropathy and its Pharmacotherapeutic Targets. Eur. J. Pharmacol. 833, 472–523. doi:10.1016/j.ejphar.2018.06.034
 Dong, X., and Dong, X. (2018). Peripheral and Central Mechanisms of Itch. Neuron 98, 482–494. doi:10.1016/j.neuron.2018.03.023
 Dubin, A. E., and Patapoutian, A. (2010). Nociceptors: the Sensors of the Pain Pathway. J. Clin. Invest. 120, 3760–3772. doi:10.1172/JCI42843
 Dublin, P., and Hanani, M. (2007). Satellite Glial Cells in Sensory Ganglia: Their Possible Contribution to Inflammatory Pain. Brain Behav. Immun. 21, 592–598. doi:10.1016/j.bbi.2006.11.011
 Dunnigan, S. K., Ebadi, H., Breiner, A., Katzberg, H. D., Lovblom, L. E., Perkins, B. A., et al. (2013). Conduction Slowing in Diabetic Sensorimotor Polyneuropathy. Diabetes care 36, 3684–3690. doi:10.2337/dc13-0746
 Dyck, P. J., and Giannini, C. (1996). Pathologic Alterations in the Diabetic Neuropathies of Humans: a Review. J. Neuropathol. Exp. Neurol. 55, 1181–1193. doi:10.1097/00005072-199612000-00001
 Ellis, A., and Bennett, D. L. (2013). Neuroinflammation and the Generation of Neuropathic Pain. Br. J. Anaesth. 111, 26–37. doi:10.1093/bja/aet128
 Esser, N., Paquot, N., and Scheen, A. J. (2015). Anti-inflammatory Agents to Treat or Prevent Type 2 Diabetes, Metabolic Syndrome and Cardiovascular Disease. Expert Opin. Investig. Drugs 24, 283–307. doi:10.1517/13543784.2015.974804
 Feldman, E. L., Callaghan, B. C., Pop-Busui, R., Zochodne, D. W., Wright, D. E., Bennett, D. L., et al. (2019). Diabetic Neuropathy. Nat. Rev. Dis. Prim. 5, 41. doi:10.1038/s41572-019-0092-1
 Finnerup, N. B., Attal, N., Haroutounian, S., McNicol, E., Baron, R., Dworkin, R. H., et al. (2015). Pharmacotherapy for Neuropathic Pain in Adults: a Systematic Review and Meta-Analysis. Lancet Neurol. 14, 162–173. doi:10.1016/S1474-4422(14)70251-0
 Finnerup, N. B., Sindrup, S. H., and Jensen, T. S. (2010). The Evidence for Pharmacological Treatment of Neuropathic Pain. Pain 150, 573–581. doi:10.1016/j.pain.2010.06.019
 Freeman, R., Durso-Decruz, E., and Emir, B. (2008). Efficacy, Safety, and Tolerability of Pregabalin Treatment for Painful Diabetic Peripheral Neuropathy: Findings from Seven Randomized, Controlled Trials across a Range of Doses. Diabetes care 31, 1448–1454. doi:10.2337/dc07-2105
 Fyfe, I. (2018). Peripheral Neuropathies: Nerve Damage Differs between Diabetes Types. Nat. Rev. Neurol. 14, 194. doi:10.1038/nrneurol.2018.27
 Gao, Y. J., and Ji, R. R. (2010). Chemokines, Neuronal-Glial Interactions, and Central Processing of Neuropathic Pain. Pharmacol. Ther. 126, 56–68. doi:10.1016/j.pharmthera.2010.01.002
 Gao, Y. J., Zhang, L., Samad, O. A., Suter, M. R., Yasuhiko, K., Xu, Z. Z., et al. (2009). JNK-induced MCP-1 Production in Spinal Cord Astrocytes Contributes to Central Sensitization and Neuropathic Pain. J. Neurosci. 29, 4096–4108. doi:10.1523/JNEUROSCI.3623-08.2009
 Gold, M. S., and Gebhart, G. F. (2010). Nociceptor Sensitization in Pain Pathogenesis. Nat. Med. 16, 1248–1257. doi:10.1038/nm.2235
 Goldfine, A. B., and Shoelson, S. E. (2017). Therapeutic Approaches Targeting Inflammation for Diabetes and Associated Cardiovascular Risk. J. Clin. Invest. 127, 83–93. doi:10.1172/JCI88884
 Gonçalves, N. P., Vægter, C. B., and Pallesen, L. T. (2018). Peripheral Glial Cells in the Development of Diabetic Neuropathy. Front. Neurol. 9, 268. doi:10.3389/fneur.2018.00268
 Greaves, M. W. (2005). Itch in Systemic Disease: Therapeutic Options. Dermatol Ther. 18, 323–327. doi:10.1111/j.1529-8019.2005.00036.x
 Griebeler, M. L., Morey-Vargas, O. L., Brito, J. P., Tsapas, A., Wang, Z., Carranza Leon, B. G., et al. (2014). Pharmacologic Interventions for Painful Diabetic Neuropathy: An Umbrella Systematic Review and Comparative Effectiveness Network Meta-Analysis. Ann. Intern Med. 161, 639–649. doi:10.7326/M14-0511
 Gumy, L. F., Bampton, E. T., and Tolkovsky, A. M. (2008). Hyperglycaemia Inhibits Schwann Cell Proliferation and Migration and Restricts Regeneration of Axons and Schwann Cells from Adult Murine DRG. Mol. Cell Neurosci. 37, 298–311. doi:10.1016/j.mcn.2007.10.004
 Gylfadottir, S. S., Christensen, D. H., Nicolaisen, S. K., Andersen, H., Callaghan, B. C., Itani, M., et al. (2020). Diabetic Polyneuropathy and Pain, Prevalence, and Patient Characteristics: a Cross-Sectional Questionnaire Study of 5,514 Patients with Recently Diagnosed Type 2 Diabetes. Pain 161, 574–583. doi:10.1097/j.pain.0000000000001744
 Haanpää, M., Attal, N., Backonja, M., Baron, R., Bennett, M., Bouhassira, D., et al. (2011). NeuPSIG Guidelines on Neuropathic Pain Assessment. Pain 152, 14–27. doi:10.1016/j.pain.2010.07.031
 Hagen, K. M., and Ousman, S. S. (2021). Aging and the Immune Response in Diabetic Peripheral Neuropathy. J. Neuroimmunol. 355, 577574. doi:10.1016/j.jneuroim.2021.577574
 Hameed, S. (2019). Nav1.7 and Nav1.8: Role in the Pathophysiology of Pain. Mol. Pain 15, 1744806919858801. doi:10.1177/1744806919858801
 Han, L., and Dong, X. (2014). Itch Mechanisms and Circuits. Annu. Rev. Biophys. 43, 331–355. doi:10.1146/annurev-biophys-051013-022826
 Hanani, M., Blum, E., Liu, S., Peng, L., and Liang, S. (2014). Satellite Glial Cells in Dorsal Root Ganglia Are Activated in Streptozotocin-Treated Rodents. J. Cell Mol. Med. 18, 2367–2371. doi:10.1111/jcmm.12406
 Hansen, C. S., Jensen, T. M., Jensen, J. S., Nawroth, P., Fleming, T., Witte, D. R., et al. (2015). The Role of Serum Methylglyoxal on Diabetic Peripheral and Cardiovascular Autonomic Neuropathy: the ADDITION Denmark Study. Diabet. Med. 32, 778–785. doi:10.1111/dme.12753
 Huang, L. Y., Gu, Y., and Chen, Y. (2013). Communication between Neuronal Somata and Satellite Glial Cells in Sensory Ganglia. Glia 61, 1571–1581. doi:10.1002/glia.22541
 Huang, Q., Chen, Y., Gong, N., and Wang, Y. X. (2016). Methylglyoxal Mediates Streptozotocin-Induced Diabetic Neuropathic Pain via Activation of the Peripheral TRPA1 and Nav1.8 Channels. Metabolism 65, 463–474. doi:10.1016/j.metabol.2015.12.002
 Hucho, T., and Levine, J. D. (2007). Signaling Pathways in Sensitization: toward a Nociceptor Cell Biology. Neuron 55, 365–376. doi:10.1016/j.neuron.2007.07.008
 Ikoma, A., Steinhoff, M., Ständer, S., Yosipovitch, G., and Schmelz, M. (2006). The Neurobiology of Itch. Nat. Rev. Neurosci. 7, 535–547. doi:10.1038/nrn1950
 Jayaraj, N. D., Bhattacharyya, B. J., Belmadani, A. A., Ren, D., Rathwell, C. A., Hackelberg, S., et al. (2018). Reducing CXCR4-Mediated Nociceptor Hyperexcitability Reverses Painful Diabetic Neuropathy. J. Clin. Invest. 128, 2205–2225. doi:10.1172/JCI92117
 Jensen, T. S., Karlsson, P., Gylfadottir, S. S., Andersen, S. T., Bennett, D. L., Tankisi, H., et al. (2021). Painful and Non-painful Diabetic Neuropathy, Diagnostic Challenges and Implications for Future Management. Brain a J. neurology 144, 1632–1645. doi:10.1093/brain/awab079
 Ji, R. R., Berta, T., and Nedergaard, M. (2013). Glia and Pain: Is Chronic Pain a Gliopathy?Pain 154 (Suppl. 1), S10–S28. doi:10.1016/j.pain.2013.06.022
 Ji, R. R., Chamessian, A., and Zhang, Y. Q. (2016). Pain Regulation by Non-neuronal Cells and Inflammation. Science 354, 572–577. doi:10.1126/science.aaf8924
 Ji, R. R., Donnelly, C. R., and Nedergaard, M. (2019). Astrocytes in Chronic Pain and Itch. Nat. Rev. Neurosci. 20, 667–685. doi:10.1038/s41583-019-0218-1
 Ji, R. R., Kohno, T., Moore, K. A., and Woolf, C. J. (2003). Central Sensitization and LTP: Do Pain and Memory Share Similar Mechanisms?Trends Neurosci. 26, 696–705. doi:10.1016/j.tins.2003.09.017
 Ji, R. R., Nackley, A., Huh, Y., Terrando, N., and Maixner, W. (2018). Neuroinflammation and Central Sensitization in Chronic and Widespread Pain. Anesthesiology 129, 343–366. doi:10.1097/ALN.0000000000002130
 Ji, R. R. (2015). Neuroimmune Interactions in Itch: Do Chronic Itch, Chronic Pain, and Chronic Cough Share Similar Mechanisms?Pulm. Pharmacol. Ther. 35, 81–86. doi:10.1016/j.pupt.2015.09.001
 Ji, R. R., Xu, Z. Z., and Gao, Y. J. (2014). Emerging Targets in Neuroinflammation-Driven Chronic Pain. Nat. Rev. Drug Discov. 13, 533–548. doi:10.1038/nrd4334
 Jiang, B. C., Cao, D. L., Zhang, X., Zhang, Z. J., He, L. N., Li, C. H., et al. (2016). CXCL13 Drives Spinal Astrocyte Activation and Neuropathic Pain via CXCR5. J. Clin. Invest. 126, 745–761. doi:10.1172/JCI81950
 Jiang, B. C., Liu, T., and Gao, Y. J. (2020). Chemokines in Chronic Pain: Cellular and Molecular Mechanisms and Therapeutic Potential. Pharmacol. Ther. 212, 107581. doi:10.1016/j.pharmthera.2020.107581
 Kastelan, S., Tomic, M., Gverovic Antunica, A., Salopek Rabatic, J., and Ljubic, S. (2013). Inflammation and Pharmacological Treatment in Diabetic Retinopathy. Mediat. Inflamm. 2013, 213130. doi:10.1155/2013/213130
 Kawasaki, Y., Zhang, L., Cheng, J. K., and Ji, R. R. (2008). Cytokine Mechanisms of Central Sensitization: Distinct and Overlapping Role of Interleukin-1beta, Interleukin-6, and Tumor Necrosis Factor-Alpha in Regulating Synaptic and Neuronal Activity in the Superficial Spinal Cord. J. Neurosci. 28, 5189–5194. doi:10.1523/JNEUROSCI.3338-07.2008
 Kim, H., Kim, J. J., and Yoon, Y. S. (2012). Emerging Therapy for Diabetic Neuropathy: Cell Therapy Targeting Vessels and Nerves. Endocr. Metab. Immune Disord. Drug Targets 12, 168–178. doi:10.2174/187153012800493486
 King, T., Vera-Portocarrero, L., Gutierrez, T., Vanderah, T. W., Dussor, G., Lai, J., et al. (2009). Unmasking the Tonic-Aversive State in Neuropathic Pain. Nat. Neurosci. 12, 1364–1366. doi:10.1038/nn.2407
 Ko, M. J., Chiu, H. C., Jee, S. H., Hu, F. C., and Tseng, C. H. (2013). Postprandial Blood Glucose Is Associated with Generalized Pruritus in Patients with Type 2 Diabetes. Eur. J. Dermatol 23, 688–693. doi:10.1684/ejd.2013.2100
 Kothari, V., Galdo, J. A., and Mathews, S. T. (2016). Hypoglycemic Agents and Potential Anti-inflammatory Activity. J. Inflamm. Res. 9, 27–38. doi:10.2147/JIR.S86917
 Lamb, R. E., and Goldstein, B. J. (2008). Modulating an Oxidative-Inflammatory Cascade: Potential New Treatment Strategy for Improving Glucose Metabolism, Insulin Resistance, and Vascular Function. Int. J. Clin. Pract. 62, 1087–1095. doi:10.1111/j.1742-1241.2008.01789.x
 LaMotte, R. H., Dong, X., and Ringkamp, M. (2014). Sensory Neurons and Circuits Mediating Itch. Nat. Rev. Neurosci. 15, 19–31. doi:10.1038/nrn3641
 Latremoliere, A., and Woolf, C. J. (2009). Central Sensitization: a Generator of Pain Hypersensitivity by Central Neural Plasticity. J. Pain 10, 895–926. doi:10.1016/j.jpain.2009.06.012
 Lavery, M. J., Kinney, M. O., Mochizuki, H., Craig, J., and Yosipovitch, G. (2016). Pruritus: an Overview. What Drives People to Scratch an Itch?Ulst. Med. J. 85, 164–173. 
 Lee, J. S., Han, J. S., Lee, K., Bang, J., and Lee, H. (2016). The Peripheral and Central Mechanisms Underlying Itch. BMB Rep. 49, 474–487. doi:10.5483/bmbrep.2016.49.9.108
 Leinninger, G. M., Vincent, A. M., and Feldman, E. L. (2004). The Role of Growth Factors in Diabetic Peripheral Neuropathy. J. Peripher Nerv. Syst. 9, 26–53. doi:10.1111/j.1085-9489.2004.09105.x
 Li, W., Maloney, R. E., Circu, M. L., Alexander, J. S., and Aw, T. Y. (2013). Acute Carbonyl Stress Induces Occludin Glycation and Brain Microvascular Endothelial Barrier Dysfunction: Role for Glutathione-dependent Metabolism of Methylglyoxal. Free Radic. Biol. Med. 54, 51–61. doi:10.1016/j.freeradbiomed.2012.10.552
 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
 Lin King, J. V., Emrick, J. J., Kelly, M. J. S., Herzig, V., King, G. F., Medzihradszky, K. F., et al. (2019). A Cell-Penetrating Scorpion Toxin Enables Mode-specific Modulation of TRPA1 and Pain. Cell 178, 1362. doi:10.1016/j.cell.2019.07.014
 Liu, M., Gao, L., and Zhang, N. (2019). Berberine Reduces Neuroglia Activation and Inflammation in Streptozotocin-Induced Diabetic Mice. Int. J. Immunopathol. Pharmacol. 33, 2058738419866379. doi:10.1177/2058738419866379
 Liu, S., Liu, X., Xiong, H., Wang, W., Liu, Y., Yin, L., et al. (2019). CXCL13/CXCR5 Signaling Contributes to Diabetes-Induced Tactile Allodynia via Activating pERK, pSTAT3, pAKT Pathways and Pro-inflammatory Cytokines Production in the Spinal Cord of Male Mice. Brain Behav. Immun. 80, 711–724. doi:10.1016/j.bbi.2019.05.020
 Liu, T., Gao, Y. J., and Ji, R. R. (2012). Emerging Role of Toll-like Receptors in the Control of Pain and Itch. Neurosci. Bull. 28, 131–144. doi:10.1007/s12264-012-1219-5
 Liu, T., Han, Q., Chen, G., Huang, Y., Zhao, L. X., Berta, T., et al. (2016). Toll-like Receptor 4 Contributes to Chronic Itch, Alloknesis, and Spinal Astrocyte Activation in Male Mice. Pain 157, 806–817. doi:10.1097/j.pain.0000000000000439
 Liu, T., and Ji, R. R. (2013). New Insights into the Mechanisms of Itch: Are Pain and Itch Controlled by Distinct Mechanisms?Pflugers Arch. 465, 1671–1685. doi:10.1007/s00424-013-1284-2
 Loeser, J. D., and Treede, R. D. (2008). The Kyoto Protocol of IASP Basic Pain Terminology. Pain 137, 473–477. doi:10.1016/j.pain.2008.04.025
 Lu, H. J., Fu, Y. Y., Wei, Q. Q., and Zhang, Z. J. (2021). Neuroinflammation in HIV-Related Neuropathic Pain. Front. Pharmacol. 12, 653852. doi:10.3389/fphar.2021.653852
 Luo, C., Kuner, T., and Kuner, R. (2014). Synaptic Plasticity in Pathological Pain. Trends Neurosci. 37, 343–355. doi:10.1016/j.tins.2014.04.002
 Madsen, K. S., Kähler, P., Kähler, L. K. A., Madsbad, S., Gnesin, F., Metzendorf, M. I., et al. (2019). Metformin and Second- or Third-Generation Sulphonylurea Combination Therapy for Adults with Type 2 Diabetes Mellitus. Cochrane Database Syst. Rev. 4, CD012368. doi:10.1002/14651858.CD012368.pub2
 Malik, R. A. (2016). Wherefore Art Thou, O Treatment for Diabetic Neuropathy?Int. Rev. Neurobiol. 127, 287–317. doi:10.1016/bs.irn.2016.03.008
 Max, M. B., Culnane, M., Schafer, S. C., Gracely, R. H., Walther, D. J., Smoller, B., et al. (1987). Amitriptyline Relieves Diabetic Neuropathy Pain in Patients with Normal or Depressed Mood. Neurology 37, 589–596. doi:10.1212/wnl.37.4.589
 Max, M. B., Kishore-Kumar, R., Schafer, S. C., Meister, B., Gracely, R. H., Smoller, B., et al. (1991). Efficacy of Desipramine in Painful Diabetic Neuropathy: a Placebo-Controlled Trial. Pain 45, 3–2. doi:10.1016/0304-3959(91)90157-s
 Max, M. B., Lynch, S. A., Muir, J., Shoaf, S. E., Smoller, B., and Dubner, R. (1992). Effects of Desipramine, Amitriptyline, and Fluoxetine on Pain in Diabetic Neuropathy. N. Engl. J. Med. 326, 1250–1256. doi:10.1056/NEJM199205073261904
 Menichella, D. M., Abdelhak, B., Ren, D., Shum, A., Frietag, C., and Miller, R. J. (2014). CXCR4 Chemokine Receptor Signaling Mediates Pain in Diabetic Neuropathy. Mol. Pain 10, 42. doi:10.1186/1744-8069-10-42
 Messinger, R. B., Naik, A. K., Jagodic, M. M., Nelson, M. T., Lee, W. Y., Choe, W. J., et al. (2009). In Vivo silencing of the Ca(V)3.2 T-type Calcium Channels in Sensory Neurons Alleviates Hyperalgesia in Rats with Streptozocin-Induced Diabetic Neuropathy. Pain 145, 184–195. doi:10.1016/j.pain.2009.06.012
 Mogil, J. S. (2009). Animal Models of Pain: Progress and Challenges. Nat. Rev. Neurosci. 10, 283–294. doi:10.1038/nrn2606
 Moore, C., Gupta, R., Jordt, S. E., Chen, Y., and Liedtke, W. B. (2018). Regulation of Pain and Itch by TRP Channels. Neurosci. Bull. 34, 120–142. doi:10.1007/s12264-017-0200-8
 Moore, R. A., Straube, S., Wiffen, P. J., Derry, S., and McQuay, H. J. (2009). Pregabalin for Acute and Chronic Pain in Adults. Cochrane Database Syst. Rev. (3), CD007076. doi:10.1002/14651858.CD007076.pub2
 Neilly, J. B., Martin, A., Simpson, N., and MacCuish, A. C. (1986). Pruritus in Diabetes Mellitus: Investigation of Prevalence and Correlation with Diabetes Control. Diabetes care 9, 273–275. doi:10.2337/diacare.9.3.273
 Neumann, A., Schinzel, R., Palm, D., Riederer, P., and Münch, G. (1999). High Molecular Weight Hyaluronic Acid Inhibits Advanced Glycation Endproduct-Induced NF-kappaB Activation and Cytokine Expression. FEBS Lett. 453, 283–287. doi:10.1016/s0014-5793(99)00731-0
 Nowicki, M., Kosacka, J., Serke, H., Blüher, M., and Spanel-Borowski, K. (2012). Altered Sciatic Nerve Fiber Morphology and Endoneural Microvessels in Mouse Models Relevant for Obesity, Peripheral Diabetic Polyneuropathy, and the Metabolic Syndrome. J. Neurosci. Res. 90, 122–131. doi:10.1002/jnr.22728
 Orestes, P., Osuru, H. P., McIntire, W. E., Jacus, M. O., Salajegheh, R., Jagodic, M. M., et al. (2013). Reversal of Neuropathic Pain in Diabetes by Targeting Glycosylation of Ca(V)3.2 T-type Calcium Channels. Diabetes 62, 3828–3838. doi:10.2337/db13-0813
 Pan, H., Fatima, M., Li, A., Lee, H., Cai, W., Horwitz, L., et al. (2019). Identification of a Spinal Circuit for Mechanical and Persistent Spontaneous Itch. Neuron 103, 1135. doi:10.1016/j.neuron.2019.06.016
 Papanas, N., and Ziegler, D. (2015). Risk Factors and Comorbidities in Diabetic Neuropathy: An Update 2015. Rev. Diabet. Stud. 12, 48–62. doi:10.1900/RDS.2015.12.48
 Parry, G. J., and Kozu, H. (1990). Piroxicam May Reduce the Rate of Progression of Experimental Diabetic Neuropathy. Neurology 40, 1446–1449. doi:10.1212/wnl.40.9.1446
 Perera, C. J., Lees, J. G., Duffy, S. S., Makker, P. G., Fivelman, B., Apostolopoulos, V., et al. (2015). Effects of Active Immunisation with Myelin Basic Protein and Myelin-Derived Altered Peptide Ligand on Pain Hypersensitivity and Neuroinflammation. J. Neuroimmunol. 286, 59–70. doi:10.1016/j.jneuroim.2015.07.004
 Pop-Busui, R., Boulton, A. J., Feldman, E. L., Bril, V., Freeman, R., Malik, R. A., et al. (2017). Diabetic Neuropathy: A Position Statement by the American Diabetes Association. Diabetes care 40, 136–154. doi:10.2337/dc16-2042
 Pop-Busui, R., Lu, J., Lopes, N., Jones, T. L., and Investigators, B. D. (2009). Prevalence of Diabetic Peripheral Neuropathy and Relation to Glycemic Control Therapies at Baseline in the BARI 2D Cohort. J. Peripher Nerv. Syst. 14, 1–13. doi:10.1111/j.1529-8027.2009.00200.x
 Rayego-Mateos, S., Morgado-Pascual, J. L., Opazo-Ríos, L., Guerrero-Hue, M., García-Caballero, C., Vázquez-Carballo, C., et al. (2020). Pathogenic Pathways and Therapeutic Approaches Targeting Inflammation in Diabetic Nephropathy. Int. J. Mol. Sci. 21, 3798. doi:10.3390/ijms21113798
 Richner, M., Ulrichsen, M., Elmegaard, S. L., Dieu, R., Pallesen, L. T., and Vaegter, C. B. (2014). Peripheral Nerve Injury Modulates Neurotrophin Signaling in the Peripheral and Central Nervous System. Mol. Neurobiol. 50, 945–970. doi:10.1007/s12035-014-8706-9
 Ringkamp, M., Schepers, R. J., Shimada, S. G., Johanek, L. M., Hartke, T. V., Borzan, J., et al. (2011). A Role for Nociceptive, Myelinated Nerve Fibers in Itch Sensation. J. Neurosci. 31, 14841–14849. doi:10.1523/JNEUROSCI.3005-11.2011
 Rojewska, E., Zychowska, M., Piotrowska, A., Kreiner, G., Nalepa, I., and Mika, J. (2018). Involvement of Macrophage Inflammatory Protein-1 Family Members in the Development of Diabetic Neuropathy and Their Contribution to Effectiveness of Morphine. Front. Immunol. 9, 494. doi:10.3389/fimmu.2018.00494
 Rosenberger, D. C., Blechschmidt, V., Timmerman, H., Wolff, A., and Treede, R. D. (2020). Challenges of Neuropathic Pain: Focus on Diabetic Neuropathy. J. Neural Transm. (Vienna) 127, 589–624. doi:10.1007/s00702-020-02145-7
 Rowbotham, M. C., Goli, V., Kunz, N. R., and Lei, D. (2004). Venlafaxine Extended Release in the Treatment of Painful Diabetic Neuropathy: a Double-Blind, Placebo-Controlled Study. Pain 110, 697–706. doi:10.1016/j.pain.2004.05.010
 Saeedi, P., Petersohn, I., Salpea, P., Malanda, B., Karuranga, S., Unwin, N., et al. (2019). Global and Regional Diabetes Prevalence Estimates for 2019 and Projections for 2030 and 2045: Results from the International Diabetes Federation Diabetes Atlas, 9th Edition. Diabetes Res. Clin. Pract. 157, 107843. doi:10.1016/j.diabres.2019.107843
 Sagara, M., Satoh, J., Wada, R., Yagihashi, S., Takahashi, K., Fukuzawa, M., et al. (1996). Inhibition of Development of Peripheral Neuropathy in Streptozotocin-Induced Diabetic Rats with N-Acetylcysteine. Diabetologia 39, 263–269. doi:10.1007/BF00418340
 Sakai, K., and Akiyama, T. (2020). New Insights into the Mechanisms behind Mechanical Itch. Exp. Dermatol 29, 680–686. doi:10.1111/exd.14143
 Salter, M. W., and Beggs, S. (2014). Sublime Microglia: Expanding Roles for the Guardians of the CNS. Cell 158, 15–24. doi:10.1016/j.cell.2014.06.008
 Samad, T. A., Moore, K. A., Sapirstein, A., Billet, S., Allchorne, A., Poole, S., et al. (2001). Interleukin-1beta-mediated Induction of Cox-2 in the CNS Contributes to Inflammatory Pain Hypersensitivity. Nature 410, 471–475. doi:10.1038/35068566
 Schmitz, T., Thilo, C., Linseisen, J., Heier, M., Peters, A., Kuch, B., et al. (2021). Admission ECG Changes Predict Short Term-Mortality after Acute Myocardial Infarction Less Reliable in Patients with Diabetes. Sci. Rep. 11, 6307. doi:10.1038/s41598-021-85674-9
 Shiratori-Hayashi, M., and Tsuda, M. (2021). Spinal Glial Cells in Itch Modulation. Pharmacol. Res. Perspect. 9, e00754. doi:10.1002/prp2.754
 Singh, V. P., Bali, A., Singh, N., and Jaggi, A. S. (2014). Advanced Glycation End Products and Diabetic Complications. Korean J. Physiol. Pharmacol. 18, 1–14. doi:10.4196/kjpp.2014.18.1.1
 Song, J., Xian, D., Yang, L., Xiong, X., Lai, R., and Zhong, J. (2018). Pruritus: Progress toward Pathogenesis and Treatment. Biomed. Res. Int. 2018, 9625936. doi:10.1155/2018/9625936
 Sorge, R. E., Mapplebeck, J. C., Rosen, S., Beggs, S., Taves, S., Alexander, J. K., et al. (2015). Different Immune Cells Mediate Mechanical Pain Hypersensitivity in Male and Female Mice. Nat. Neurosci. 18, 1081–1083. doi:10.1038/nn.4053
 St John Smith, E. (2018). Advances in Understanding Nociception and Neuropathic Pain. J. Neurol. 265, 231–238. doi:10.1007/s00415-017-8641-6
 Stefaniak, A. A., Zubkiewicz-Kucharska, A., Matusiak, Ł., Noczyńska, A., and Szepietowski, J. C. (2020). Itch in Children with Type 1 Diabetes: A Cross-Sectional Study. Dermatol Ther. (Heidelb) 10, 745–756. doi:10.1007/s13555-020-00403-w
 Stefaniak, A. A., Krajewski, P. K., Bednarska-Chabowska, D., Bolanowski, M., Mazur, G., and Szepietowski, J. C. (2021). Itch in Adult Population with Type 2 Diabetes Mellitus: Clinical Profile, Pathogenesis and Disease-Related Burden in a Cross-Sectional Study. Biology 10, 1332. doi:10.3390/biology10121332
 Stefaniak, A. A, Chlebicka, I., and Szepietowski, J. (2021). Itch in Diabetes: a Common Underestimated Problem. Adv. Dermatology Allergology/Postępy Dermatologii i Alergologii 38, 177–183. doi:10.5114/ada.2019.89712
 Steinhoff, M., Schmelz, M., Szabó, I. L., and Oaklander, A. L. (2018). Clinical Presentation, Management, and Pathophysiology of Neuropathic Itch. Lancet Neurol. 17, 709–720. doi:10.1016/S1474-4422(18)30217-5
 Storan, E. R., O'Gorman, S. M., McDonald, I. D., and Steinhoff, M. (2015). Role of Cytokines and Chemokines in Itch. Handb. Exp. Pharmacol. 226, 163–176. doi:10.1007/978-3-662-44605-8_9
 Stratton, I. M., Adler, A. I., Neil, H. A., Matthews, D. R., Manley, S. E., Cull, C. A., et al. (2000). Association of Glycaemia with Macrovascular and Microvascular Complications of Type 2 Diabetes (UKPDS 35): Prospective Observational Study. Bmj 321, 405–412. doi:10.1136/bmj.321.7258.405
 Sun, J. S., Yang, Y. J., Zhang, Y. Z., Huang, W., Li, Z. S., and Zhang, Y. (2015). Minocycline Attenuates Pain by Inhibiting Spinal Microglia Activation in Diabetic Rats. Mol. Med. Rep. 12, 2677–2682. doi:10.3892/mmr.2015.3735
 Sun, W., Miao, B., Wang, X. C., Duan, J. H., Wang, W. T., Kuang, F., et al. (2012). Reduced Conduction Failure of the Main Axon of Polymodal Nociceptive C-Fibres Contributes to Painful Diabetic Neuropathy in Rats. Brain 135, 359–375. doi:10.1093/brain/awr345
 Tang, W., Lv, Q., Chen, X. F., Zou, J. J., Liu, Z. M., and Shi, Y. Q. (2013). CD8(+) T Cell-Mediated Cytotoxicity toward Schwann Cells Promotes Diabetic Peripheral Neuropathy. Cell Physiol. Biochem. 32, 827–837. doi:10.1159/000354485
 Taves, S., Berta, T., Liu, D. L., Gan, S., Chen, G., Kim, Y. H., et al. (2016). Spinal Inhibition of P38 MAP Kinase Reduces Inflammatory and Neuropathic Pain in Male but Not Female Mice: Sex-dependent Microglial Signaling in the Spinal Cord. Brain Behav. Immun. 55, 70–81. doi:10.1016/j.bbi.2015.10.006
 Tesfaye, S., Wilhelm, S., Lledo, A., Schacht, A., Tölle, T., Bouhassira, D., et al. (2013). Duloxetine and Pregabalin: High-Dose Monotherapy or Their Combination? the "COMBO-DN Study"-Aa Multinational, Randomized, Double-Blind, Parallel-Group Study in Patients with Diabetic Peripheral Neuropathic Pain. Pain 154, 2616–2625. doi:10.1016/j.pain.2013.05.043
 Thrainsdottir, S., Malik, R. A., Dahlin, L. B., Wiksell, P., Eriksson, K. F., Rosén, I., et al. (2003). Endoneurial Capillary Abnormalities Presage Deterioration of Glucose Tolerance and Accompany Peripheral Neuropathy in Man. Diabetes 52, 2615–2622. doi:10.2337/diabetes.52.10.2615
 Tominaga, M., and Takamori, K. (2014). Itch and Nerve Fibers with Special Reference to Atopic Dermatitis: Therapeutic Implications. J. Dermatol 41, 205–212. doi:10.1111/1346-8138.12317
 Tóth, A. E., Walter, F. R., Bocsik, A., Sántha, P., Veszelka, S., Nagy, L., et al. (2014). Edaravone Protects against Methylglyoxal-Induced Barrier Damage in Human Brain Endothelial Cells. PloS one 9, e100152. doi:10.1371/journal.pone.0100152
 Truini, A., Spallone, V., Morganti, R., Tamburin, S., Zanette, G., Schenone, A., et al. (2018). A Cross-Sectional Study Investigating Frequency and Features of Definitely Diagnosed Diabetic Painful Polyneuropathy. Pain 159, 2658–2666. doi:10.1097/j.pain.0000000000001378
 Tsuda, M., Ueno, H., Kataoka, A., Tozaki-Saitoh, H., and Inoue, K. (2008). Activation of Dorsal Horn Microglia Contributes to Diabetes-Induced Tactile Allodynia via Extracellular Signal-Regulated Protein Kinase Signaling. Glia 56, 378–386. doi:10.1002/glia.20623
 van Hecke, O., Austin, S. K., Khan, R. A., Smith, B. H., and Torrance, N. (2014). Neuropathic Pain in the General Population: a Systematic Review of Epidemiological Studies. Pain 155, 654–662. doi:10.1016/j.pain.2013.11.013
 Van Steenwinckel, J., Reaux-Le Goazigo, A., Pommier, B., Mauborgne, A., Dansereau, M. A., Kitabgi, P., et al. (2011). CCL2 Released from Neuronal Synaptic Vesicles in the Spinal Cord Is a Major Mediator of Local Inflammation and Pain after Peripheral Nerve Injury. J. Neurosci. 31, 5865–5875. doi:10.1523/JNEUROSCI.5986-10.2011
 Veves, A., Backonja, M., and Malik, R. A. (2008). Painful Diabetic Neuropathy: Epidemiology, Natural History, Early Diagnosis, and Treatment Options. Pain Med. 9, 660–674. doi:10.1111/j.1526-4637.2007.00347.x
 Waldfogel, J. M., Nesbit, S. A., Dy, S. M., Sharma, R., Zhang, A., Wilson, L. M., et al. (2017). Pharmacotherapy for Diabetic Peripheral Neuropathy Pain and Quality of Life: A Systematic Review. Neurology 88, 1958–1967. doi:10.1212/WNL.0000000000003882
 Waxman, S. G., and Zamponi, G. W. (2014). Regulating Excitability of Peripheral Afferents: Emerging Ion Channel Targets. Nat. Neurosci. 17, 153–163. doi:10.1038/nn.3602
 Weisshaar, E. (2016). Epidemiology of Itch. Curr. Probl. Dermatol 50, 5–10. doi:10.1159/000446010
 Wernicke, J. F., Pritchett, Y. L., D'Souza, D. N., Waninger, A., Tran, P., Iyengar, S., et al. (2006). A Randomized Controlled Trial of Duloxetine in Diabetic Peripheral Neuropathic Pain. Neurology 67, 1411–1420. doi:10.1212/01.wnl.0000240225.04000.1a
 Woolf, C. J. (2011). Central Sensitization: Implications for the Diagnosis and Treatment of Pain. Pain 152, S2–S15. doi:10.1016/j.pain.2010.09.030
 Woolf, C. J. (1983). Evidence for a Central Component of Post-injury Pain Hypersensitivity. Nature 306, 686–688. doi:10.1038/306686a0
 Woolf, C. J., and Salter, M. W. (2000). Neuronal Plasticity: Increasing the Gain in Pain. Science 288, 1765–1769. doi:10.1126/science.288.5472.1765
 Xie, B., and Li, X. Y. (2019). Inflammatory Mediators Causing Cutaneous Chronic Itch in Some Diseases via Transient Receptor Potential Channel Subfamily V Member 1 and Subfamily A Member 1. J. Dermatol 46, 177–185. doi:10.1111/1346-8138.14749
 Xie, Y. K., Luo, H., Zhang, S. X., Chen, X. Y., Guo, R., Qiu, X. Y., et al. (2022). GPR177 in A-Fiber Sensory Neurons Drives Diabetic Neuropathic Pain via WNT-Mediated TRPV1 Activation. Sci. Transl. Med. 14, eabh2557. doi:10.1126/scitranslmed.abh2557
 Xu, X., Chen, H., Ling, B. Y., Xu, L., Cao, H., and Zhang, Y. Q. (2014). Extracellular Signal-Regulated Protein Kinase Activation in Spinal Cord Contributes to Pain Hypersensitivity in a Mouse Model of Type 2 Diabetes. Neurosci. Bull. 30, 53–66. doi:10.1007/s12264-013-1387-y
 Xu, X., Zhang, H., Li, L., Yang, R., Li, G., Liu, S., et al. (2022). Study of the Involvement of the P2Y12 Receptor in Chronic Itching in Type 2 Diabetes Mellitus. Mol. Neurobiol. 59, 1604–1618. doi:10.1007/s12035-021-02676-4
 Yamaoka, H., Sasaki, H., Yamasaki, H., Ogawa, K., Ohta, T., Furuta, H., et al. (2010). Truncal Pruritus of Unknown Origin May Be a Symptom of Diabetic Polyneuropathy. Diabetes care 33, 150–155. doi:10.2337/dc09-0632
 Yosipovitch, G., and Bernhard, J. D. (2013). Clinical Practice. Chronic Pruritus. N. Engl. J. Med. 368, 1625–1634. doi:10.1056/NEJMcp1208814
 Zakin, E., Abrams, R., and Simpson, D. M. (2019). Diabetic Neuropathy. Semin. Neurol. 39, 560–569. doi:10.1055/s-0039-1688978
 Zakrzewska, J. M., Palmer, J., Morisset, V., Giblin, G. M., Obermann, M., Ettlin, D. A., et al. (2017). Safety and Efficacy of a Nav1.7 Selective Sodium Channel Blocker in Patients with Trigeminal Neuralgia: a Double-Blind, Placebo-Controlled, Randomised Withdrawal Phase 2a Trial. Lancet Neurol. 16, 291–300. doi:10.1016/S1474-4422(17)30005-4
 Zhang, Y., Zhang, S., Pan, L., Wang, B., Sun, Y., Gao, L., et al. (2021). Painful Diabetic Peripheral Neuropathy Study of Chinese Outpatients (PDNSCOPE): A Multicentre Cross-Sectional Registry Study of Clinical Characteristics and Treatment in Mainland China. Pain Ther. 10, 1355–1373. doi:10.1007/s40122-021-00281-w
 Zhang, Z. J., Cao, D. L., Zhang, X., Ji, R. R., and Gao, Y. J. (2013). Chemokine Contribution to Neuropathic Pain: Respective Induction of CXCL1 and CXCR2 in Spinal Cord Astrocytes and Neurons. Pain 154, 2185–2197. doi:10.1016/j.pain.2013.07.002
 Zhang, Z. J., Dong, Y. L., Lu, Y., Cao, S., Zhao, Z. Q., and Gao, Y. J. (2012). Chemokine CCL2 and its Receptor CCR2 in the Medullary Dorsal Horn Are Involved in Trigeminal Neuropathic Pain. J. Neuroinflammation 9, 136. doi:10.1186/1742-2094-9-136
 Zhang, Z. J., Jiang, B. C., and Gao, Y. J. (2017). Chemokines in Neuron-Glial Cell Interaction and Pathogenesis of Neuropathic Pain. Cell Mol. Life Sci. 74, 3275–3291. doi:10.1007/s00018-017-2513-1
 Zhou, Y., Han, D., Follansbee, T., Wu, X., Yu, S., Wang, B., et al. (2019). Transient Receptor Potential Ankyrin 1 (TRPA1) Positively Regulates Imiquimod-Induced, Psoriasiform Dermal Inflammation in Mice. J. Cell Mol. Med. 23, 4819–4828. doi:10.1111/jcmm.14392
 Ziegler, D., Papanas, N., Vinik, A. I., and Shaw, J. E. (2014). Epidemiology of Polyneuropathy in Diabetes and Prediabetes. Handb. Clin. Neurol. 126, 3–22. doi:10.1016/B978-0-444-53480-4.00001-1
 Zilliox, L., and Russell, J. W. (2010). Maintaining Efficacy in the Treatment of Diabetic Peripheral Neuropathic Pain: Role of Duloxetine. Diabetes Metab. Syndr. Obes. 3, 7–17.
 Zychowska, M., Rojewska, E., Piotrowska, A., Kreiner, G., and Mika, J. (2016). Microglial Inhibition Influences XCL1/XCR1 Expression and Causes Analgesic Effects in a Mouse Model of Diabetic Neuropathy. Anesthesiology 125, 573–589. doi:10.1097/ALN.0000000000001219
 Zychowska, M., Rojewska, E., Piotrowska, A., Kreiner, G., Nalepa, I., and Mika, J. (2017). Spinal CCL1/CCR8 Signaling Interplay as a Potential Therapeutic Target - Evidence from a Mouse Diabetic Neuropathy Model. Int. Immunopharmacol. 52, 261–271. doi:10.1016/j.intimp.2017.09.021
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 Fang, Wang, Song, Wang and Zhang. 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-13-921612-t002.jpg
Patients and area

Pain

Patients with diabetes in northwest England
Patients with diabetes in France nationwide
Patients with diabetes in United Kingdom

Patients with diabetes in ltaly

Patients with T2DM in Denmark

itch
Patients with diabetes in the

United Kingdom
Diabetic outpatients in Japan
Patients with T2DM in Taiwan, China
Children with TIDM in Poland
Patients with T2DM in Poland

Number
of diabetic
patients

n = 15,692
n =766
n =350

n=816
n=5114

n =300

n=2656
n =385
100
109

Prevalence (%)

21
203
16.2

13
10

18.4

263
275
2
35.8

Methods

Questionnaire (NSS and NDS)

Questionnaire (DN4 and MNS), monofiament test
Questionnaire (VAS and MoGill Pain) and
examination

Clinical examination and diagnostic tests
Questionnaire (DN4 and MNSIq)

Interviewed and clinical examination

Questionnaire
Questionnaire

NRS and Questionnaire (411G)
NRS and Questionnaire (411Q)

Reference

Abbott et al. (2011)
Bouhassiaetal. (2013)
Daousi et al. (2004)

Truini et al. (2018)
Gyffadottir et al. (2020)

Neily et al. (1986)

Yamaoka et al. (2010)
Ko et al. (2013)
Stefaniak et al. (2020)
Stefaniak et al. (2021b)

DN4, Diabetic Neuropathy 4; NDS, neuropathy disabilty score; NSS, neuropathy symptom score; MNSI, Michigan Neuropathy Screening Instrument; VAS, visual analog scale; 41, Four-

item Itch Questionnaire; NRS, numerical rating scale.





OPS/images/fphar-13-921612-g003.gif
ey
v Prodts





OPS/images/fphar-13-921612-t001.jpg
Terms

Neuropathic pain
Diabetic neuropathy

Diabetic peripheral
neuropathy (DPN)

Painful diabetic neuropathy (pDN)

Central sensitization

Peripheral sensitization

ltch (pruritus)

Chronic itch

Definitions or description

The pain caused by a somatosensory nerve lesion or disease

People with diabetes usually develop this neurodegenerative disorder that affects the sensory axons,
autonomic axons, and some motor axons

The most common form of diabetic neuropathy is featured by injury to neurons, SCs, and blood vessels
within the nerve. The consequence s distressing and costly clinical sequelae, such as leg amputations, foot
ulcerations, and neuropathic pain with a characteristic “stocking-glove” pattern

Diabetics experience pain directly as a result of abnormalities in the somatosensory system

Increase in the sensitivity of neurons in the central pain or itch pathway to normal or subthreshold afferent
input. When peripheral injury or inflammation ocours, persistent stimulation of nociceptors or pruriceptors.
leads to an increase in excitabiity of central pathways or a decrease in the activity of inhibitory pathways

The nociceptors and pruriceptors in the PNS have an increase in responsiveness or a decrease in threshold
to the stimulation in their receptive fields
An uncomfortable cutaneous sensation that initiates the desire to scratch

An unpleasant sensation that leads to intensive scratching lasting 6 weeks or longer

References

Haanpas et al. (2011)
Loeser and Treede (2008)
Calutt (2020)

Feldman et al. (2019)

Tesfaye et al. (2013)
Jensen et al. (2021)
Loeser and Treede (2008)
Cevikbas and Lemer
(2020)

Loeser and Treede (2008)
Gao and Ji (2010)
Lavery et al. (2016)
Ikoma et al. (2006)

Lee et al. (2016)
Cevikbas and Lemer
(2020)





OPS/xhtml/nav.xhtml
Contents

		Cover

		Neuroinflammation Involved in Diabetes-Related Pain and Itch		Introduction

		Definitions and Terms Associated With Diabetes-Induced Pain and Itch

		Epidemiology

		Neuroinflammatory Mechanisms Underlying Diabetes-Related Neuropathic Pain		Neuroinflammation and Peripheral Sensitization in DNP

		Neuroinflammation and Central Sensitization in DNP

		Chemokines and Chemokine Receptors Involved in Diabetic Neuropathic Pain

		Advanced Glycation End-Products Involved in DNP





		Neuroinflammatory Mechanisms Underlying Diabetes-Related Chronic Itch		Ion Channels Mediate Mechanical Itch in Diabetic Itch

		Oxidative Stress Contributes to Diabetic Itch

		Pro-Inflammatory Factors in Diabetic Itch





		Strategies of Treatment		Approaches to Treatment of Diabetic Pain

		Approaches to Treatment of Diabetic Itch





		Perspective

		Author Contributions

		Funding

		Publisher’s Note

		Abbreviations

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-13-921612-g001.gif
-
ORGnewrons_(CCLTEEL G
AL

-

&\‘)"u\_

[ T—

G






OPS/images/fphar-13-921612-g002.gif
e T
ol
| 2ommostio;

B AssoRth: Bl









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





