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Prospects for the application of transcranial magnetic 
stimulation in diabetic neuropathy

Xi Xu1, Dong-Sheng Xu2, 3, *

Abstract  
Encouraging results have been reported for the use of transcranial magnetic stimulation-
based nerve stimulation in studies of the mechanisms of neurological regulation, nerve 
injury repair, and nerve localization. However, to date, there are only a few reviews on the 
use of transcranial magnetic stimulation for diabetic neuropathy. Patients with diabetic 
neuropathy vary in disease progression and show neuropathy in the early stage of the 
disease with mild symptoms, making it difficult to screen and identify. In the later stage 
of the disease, irreversible neurological damage occurs, resulting in treatment difficulties. 
In this review, we summarize the current state of diabetic neuropathy research and the 
prospects for the application of transcranial magnetic stimulation in diabetic neuropathy. 
We review significant studies on the beneficial effects of transcranial magnetic 
stimulation in diabetic neuropathy treatment, based on the outcomes of its use to treat 
neurodegeneration, pain, blood flow change, autonomic nervous disorders, vascular 
endothelial injury, and depression. Collectively, the studies suggest that transcranial 
magnetic stimulation can produce excitatory/inhibitory stimulation of the cerebral cortex 
or local areas, promote the remodeling of the nervous system, and that it has good 
application prospects for the localization of the injury, neuroprotection, and the promotion 
of nerve regeneration. Therefore, transcranial magnetic stimulation is useful for the 
screening and early treatment of diabetic neuropathy. transcranial magnetic stimulation 
can also alleviate pain symptoms by changing the cortical threshold and inhibiting the 
conduction of sensory information in the thalamo-spinal pathway, and therefore it has 
therapeutic potential for the treatment of pain and pain-related depressive symptoms 
in patients with diabetic neuropathy. Additionally, based on the effect of transcranial 
magnetic stimulation on local blood flow and its ability to change heart rate and urine 
protein content, transcranial magnetic stimulation has potential in the treatment of 
autonomic nerve dysfunction and vascular injury in diabetic neuropathy. Furthermore, 
oxidative stress and the inflammatory response are involved in the process of diabetic 
neuropathy, and transcranial magnetic stimulation can reduce oxidative damage. The 
pathological mechanisms of diabetic neuropathy should be further studied in combination 
with transcranial magnetic stimulation technology.
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Introduction 
Overview of transcranial magnetic stimulation 
Transcranial magnetic stimulation (TMS) is a focused, non-
invasive form of cerebral cortical and local stimulation, and its 
application was first reported in the functional localization of 
the central nervous system (Barker et al., 1985; Xu and Sun, 
2020; Yang et al., 2020). By choosing different stimulation 
patterns and setting different parameters, TMS can be used in 
central and peripheral nervous system lesions for evaluating 
the excitability and integrity of the corticospinal tract and 
determining the degree of damage to motor function and 
the motor conduction pathway (Takahashi et al., 2015). 
Furthermore, TMS can affect local cerebral blood flow, change 
oxidative stress levels, and promote limb functional recovery 
after nerve injury (Beaulieu et al., 2013). Currently, TMS 
research has focused primarily on neurological regulatory 

mechanisms, as well as combined diagnostic and clinical 
treatment techniques.

Based on Faraday’s law of induction, TMS generates an 
induced electric field in the conductor by varying the 
magnetic field (Barker et al., 1985). When the induced current 
reaches a critical level of intensity, the neuronal axon hillock 
or interneurons can be depolarized, and neurological function 
can be regulated by activating or changing the excitability of 
neurons (Takahashi et al., 2015). By selecting the appropriate 
stimulating coil (circular, “8-shaped”, biconical, arc-shaped, 
H-shaped or quatrefoil-shaped), specific cerebral cortical (or 
deeper) regions can be targeted by varying the stimulation 
intensity, effective depth, and actuating range.

There are basically three stimulation patterns: single-pulse 
TMS, double-pulse TMS (paired-pulse TMS), and repetitive-
pulse TMS (rTMS). Single-pulse TMS is targeted to the motor 
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cortex with the help of neuronavigation and by measuring 
motor-evoked potential amplitudes from the peripheral 
muscles to assess cortical reactivity. Paired-pulse TMS uses 
paired-pulse conditioning stimuli to probe local facilitatory 
and inhibitory function at specific interstimulus intervals in the 
motor cortex, including short-interval intracortical inhibition 
and long-interval intracortical inhibition. Patterned trains 
of pulses (i.e. rTMS) induce changes in cortical excitability 
and metabolism that last beyond the stimulation itself. On-
off patterns of high frequency subthreshold stimulation 
(> 1 Hz, commonly > 3 or 5 Hz) can increase the motor-
evoked potential amplitude and excitability of neurons, while 
continuous low-frequency subthreshold stimulation (≤ 1 Hz) 
can reduce excitability. A new form of rTMS, called theta burst 
stimulation (TBS), has been developed and has been applied 
as intermittent TBS and continuous TBS protocols (Fried et al., 
2017; Lanza et al., 2020).

Synaptic transmission can be strengthened or weakened 
over a long period of time by external factors. Based on 
the plasticity of synapses, central and peripheral TMS is 
mainly applied as high-frequency stimulation for long-
term potentiation or as low-frequency stimulation for long-
term depression, to achieve two-way adjustment of neural 
excitability (George et al., 1996). The different modes of nerve 
stimulation by TMS include stimulation of the morphological 
unit to achieve local stimulation, stimulation of functional 
units to achieve interactions between different brain 
functional areas, and stimulation of the neural network to 
achieve stimulation at a distal site. To date, TMS has mainly 
been conducted for central and peripheral nervous system 
injury and nerve diagnostics, with favorable results. However, 
research on extensive polyneuropathy, such as diabetic 
neuropathy (DN), remains limited.

Research state of diabetic neuropathy
DN mainly involves somatic and/or autonomic nerve damage 
to the peripheral nervous system caused by high glucose 
concentration. Clinically, DN is divided into two types: (1) 
typical DN, including distal symmetric polyneuropathy 
(DSPN) and autonomic neuropathy; and (2) atypical DN, 
including single peripheral neuropathy, radiculopathy, and 
polyradiculopathy. DSPN is the most common clinical form 
of DN, characterized by pain, paresthesia, and late-stage 
complications, such as sleep deprivation, depression, foot 
ulcers, hemorrhage, motor function decline, and even 
amputation (Zakin et al., 2019). A high incidence of these 
complications increases the risk of death and takes a heavy 
toll on the quality of life of the patient. At this point, the 
goals of DN treatment include maintaining normal blood 
glucose levels, relieving pain, and expectant treatment of 
complications at various organ system levels. Although priority 
treatment remains maintaining normal or near-normal levels 
of blood glucose, intensified hypoglycemic therapy does not 
necessarily control the progression of neuropathy in type 1 or 
type 2 diabetes (Pop-Busui et al., 2017; Johann et al., 2018). 
Clinically, symptomatic control of DN typically focuses on 
relieving pain. Nevertheless, data suggest that roughly 50% 
of diabetic peripheral neuropathy cases may not involve pain 
symptoms (Jensen et al., 2011). Therefore, in early diagnosis 
or among patients with mild complications, it is rather 
difficult to introduce intervention owing to the presence of 
risk factors, resulting in irreversible neuropathy among a 
substantial number of patients. Therefore, improvement of 
differential diagnosis and effective intervention, based on 
rigorous research, are required to diagnose and treat DN (Zakin 
et al., 2019). Basic and clinical studies of TMS technology 
have demonstrated the advantages of the technology for 
diagnostics and neuromodulation. Thus, TMS is considered 
a highly promising approach for the diagnosis and treatment 
of DN involving neurodegeneration, pain, blood flow change, 
autonomic nervous disorders, vascular endothelial injury, and 

depression. In the following section, based on a review of 111 
references, we evaluate and discuss the research findings and 
clinical application potential of TMS for DN.

In this review, we aimed to collect and assess significant 
papers on the beneficial effects of TMS for DN treatment. 
We discuss the research value of TMS in various treatments 
for neurodegeneration, pain, blood flow change, autonomic 
nervous disorders, vascular endothelial injury, and depression 
(Figure 1).

Search Strategy
An electronic search of the Medline database for literature 
describing TMS and DN of SCI from 1985 to 2020 was 
performed using the following search conditions: SCI (MeSH 
Terms) AND (TMS, DN (MeSH Terms) OR Diabetic, TMS (MeSH 
Terms) OR Blood sugar (MeSH Terms). The results were further 
screened by title and abstract to only acquire papers related 
to Diabetic and/or TMS. Unrelated diseases were excluded.

In addition, an electronic search of the Medline database 
for magnetic stimulation in various research studies of 
DN was completed. This included publications prior to 
March 2020, with the following search criteria: inducing 
DN diagnosis, DN clinical symptom, and DN pathological 
mechanism. Subsequent searches were completed that were 
specifically relevant to the application of TMS technology 
with the following terms: diagnosis, peripheral nerve, pain, 
depression, vascular, autonomic neuropathy, oxidative 
stress, inflammation. Articles that did not correspond to 
pharmaceutical research were excluded.

Application of transcranial magnetic 
stimulation in diabetic neuropathy
Diagnostic value of transcranial magnetic stimulation for 
diabetic neuropathy
Neuropathy starts at the early stage of diabetes, and free 
glucose in the blood after food consumption causes DSPN 
and subsequent disease progression (Pafili et al., 2018). Thus, 
subjects with impaired glucose tolerance are generally more 
likely to develop neuropathy than subjects with impaired 
fasting glucose (Bongaerts et al., 2012). Experts from the 
American Diabetes Association recently pointed out that 
DSPN screening should be conducted among patients with 
prediabetic and neuropathic symptoms (American Diabetes 
Association, 2018). Generally, pre-diabetic DSPN is less serious 
than dominant diabetes and mainly affects small nerve fibers, 
possibly involving pain. However, because small and giant 
nerve fibers are functionally complementary, damage to these 
nerves results in insignificant symptoms. Thus, the screening 
examination needs to cover both types of fibers to better 
assess the damage to small nerve fibers (Pafili et al., 2018). 
According to the American Diabetes Association 2018 Clinical 
Practice Guidelines (American Diabetes Association, 2018), 
the recommended protective sensory test method can only 
detect severe sensory loss (Orosz et al., 2017). Thus, more 
accurate early screening is needed to improve evaluation. 
Magnetic resonance and ultrasound-based neuroimaging have 
been useful for several focal and inflammatory neuropathies, 
and TMS technology may help address the space and time 
limits associated with these methods.

By itself, TMS may not be sensitive enough to assess DN-
associated neuropathy. Thus, multi-segmental surface 
electrodes can be applied to detect motor-evoked potential 
and accurately control the irradiation/excitation and 
dose-effect relationship. Other assessment methods, 
including functional magnetic resonance imaging (fMRI), 
electroencephalogram (EEG) and ultrasound blood flow 
monitoring, can also be employed to establish a possible link 
between various functional parameters (Du et al., 2018; Che 
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Figure 1 ｜ Application of transcranial magnetic stimulation in diabetic 
neuropathy.

et al., 2019; Selvarajah ett al., 2019; Derosiere et al., 2020). 
Combined with these methods, TMS can be of great worth in 
the early detection and diagnosis of neuropathy or angiopathy 
in patients with DN. In asymptomatic neurodegenerative 
disorder patients, changes in short-interval intracortical 
inhibition and intracortical facilitation produced by TMS might 
precede the onset of neurodegenerative changes (Lanza et al., 
2020).

Neurotransmission is highly dependent on the availability of 
glucose for energy. Corticospinal excitability is not affected 
directly by glucose, suggesting that acute changes in 
glucose levels do not alter TMS measures of corticospinal or 
intracortical excitability (Toepp et al., 2019). DN studies on 
the relationship between neurotransmitters, ion channels 
and motor cortical excitability need to be based on an 
understanding of the pharmacological mechanisms of various 
drugs. For example, the single patch-clamp technique cannot 
adequately evaluate overall drug efficacy. Thus, it is necessary 
to advance nerve electrophysiological research in clinical 
neurology and psychopharmacology. Huang et al. (2017) 
used high-frequency intermittent TMS and continuous TBS to 
precisely target and stimulate the left primary motor cortex, 
and found that patients with drug addiction had reduced 
cortical plasticity. Thus, TMS may be used as an evaluation 
method for diabetes and DN-related pharmacological research 
for medication testing and treatment development.

Application of transcranial magnetic stimulation for 
neuroprotection and neuroregeneration
Diabetic axonal injury is characterized by slowly progressing 
peripheral neuropathy. In patients with DN, the most distal 
part of the lower limbs is usually the first to succumb to 
neuropathy, with sensory disturbance being the most common 
symptom. Motor symptoms gradually manifest as the disease 
progresses (Tesfaye et al., 2010). Recently, neuroplasticity 
involving the central nervous system and the interaction 
between axons, glial cells, and the microenvironment have 
become the focus of study. Early in the course of type 2 
diabetes, giant and small fibers are affected simultaneously 
to varying degrees (Ziegler et al., 2014). When blood glucose 
levels are high, the major pathological pathways of DN 
include polyol, pentose phosphate, hexosamine and protein 
kinase C pathways, as well as the activation of oxidative 
stress and inflammatory responses that act on neurons and 
Schwann cells, resulting in diabetic neurological dysfunction 
(Goncalves et al., 2017). C57BL/6N mice show a significant 
hippocampal neuroinflammatory response after 8–12 weeks 
on a high fructose diet. Microglial and astrocytic activation 
lead to gliosis and a significant drop in the total number 
of hippocampal neurons and newborn neurons (Li et al., 
2019). The extracellular matrix supports peripheral cells 

and regulates the maintenance and repair mechanisms, so 
as to accelerate the regeneration and recovery of the nerve 
fibers remaining in the proximal nerve ends (Yasuda et al., 
2003; Sango et al., 2017). Matrix metalloproteinases (MMPs), 
which are a component of the extracellular matrix regulatory 
system, are activated by hyperglycemia, oxidative stress and 
inflammatory cytokines. In the dorsal root ganglia of diabetic 
rats, MMP-2 is involved in axonal degeneration (Yasuda et 
al., 2003), and up-regulated expression of MMP-2 and MMP-
9 after axotomy inhibits abnormal pain (Kuhad et al., 2015). 
Thus, while MMPs promote neural regeneration and increase 
neuropathic pain, they can also inhibit pain and block neural 
regeneration. These findings stress the difficulty of target 
nerve regeneration after injury and the role of neural plasticity 
in the development of neuropathic pain.

In 2004, the effects of oscillating magnetic fields on nerve 
regeneration were studied for the first time. Using coils to 
generate oscillating magnetic fields and stimulate the head 
of rats with substantia nigra injuries, researchers found that 
nerve regeneration in the subventricular zone was enhanced 
(Arias-Carrion et al., 2004). Based on this study, rats with 
white matter demyelination were subjected to an oscillating 
magnetic field with similar parameters. This treatment 
promoted the proliferation and migration of neural stem 
cells in the injured area and enhanced myelin sheath repair 
(Sherafat et al., 2012). Moreover, another study found that 
neural regeneration was enhanced in the hippocampus of 
magnetically-stimulated C57BL/6 mice (Cuecurazzu et al., 
2010). Further studies showed that rTMS could enhance 
the effect of brain-derived neurotrophic factor in promoting 
motor learning and nerve regeneration (Gersner et al., 
2011; Deveci et al., 2020). Wang and colleagues showed 
that rTMS activates the brain-derived neurotrophic factor–
tyrosine receptor kinase B–N-methyl-D-aspartate receptor 
signaling pathway in rat cortical neurons (Wang et al., 2011). 
Furthermore, Villamar et al. showed that dopamine release 
was increased in the caudate nucleus and corpus striatum 
in healthy volunteers given rTMS to stimulate the prefrontal 
cortex (Villamar et al., 2012). These findings indirectly suggest 
that TMS neuroregulation techniques may promote neural 
regeneration.

Therefore, the application of TMS for targeted central and 
peripheral intervention may be a new way to treat neuropathy 
in patients with DN. Further research is needed to clarify the 
mechanisms by which TMS affects central neuromodulation, 
pain relief and neural regeneration.

Application of transcranial magnetic stimulation for relieving 
diabetic neuropathy-associated pain
Neuropathic pain is defined as pain caused by somatosensory 
system damage or disease (Pop-Busui et al., 2016), including 
burning, stinging or tingling (like an electric shock), and 
exhibits spontaneous or induced characteristics. In the past 
decade, researchers have made considerable progress in 
understanding the mechanisms of pain, and have elucidated 
the mechanisms by which inflammatory mediators cause 
peripheral sensitization (Basbaum et al., 2009) and central 
sensitization (Kuner et al., 2010) to induce inflammatory and 
neuropathic pain (Selvarajah et al., 2018). However, gaps 
remain in our knowledge of pain relief.

Treatment for pain caused by DN primarily involves preventing 
or delaying the progression of DN and interfering with 
pathways that perceive the noxious stimulus or transmit pain. 
At present, the clinical treatment for pain is still limited to 
drug therapy (Papanas et al., 2016; Pop-Busui et al., 2016; 
American Diabetes Association, 2018). However, the efficacy 
of these compounds is limited, with a relief rate for pain of 
no more than 50%. Additionally, treatment with different 
compounds has significant side effects (Papanas et al., 2016; 
Yekkirala et al., 2017). As a result, the direction of treatment 
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has evolved toward multimodal management, including 
physical therapy and psychological intervention.

rTMS can excite multiple primary and secondary motor 
regions of the brain. The thalamus is the most important 
pain integration center and the main intermediate structure 
relaying sensory information to the cortex. The adjustment 
of pain in the advanced center involves mutual inhibition 
between the posterolateral nucleus and the posteromedial 
nucleus of the thalamus. rTMS directly excites the thalamus 
through the cortico-thalamic projection system, thereby 
inhibiting the transmission of sensory information through the 
spino-thalamic pathway (Gustin et al., 2014). rTMS stimulation 
of the primary motor cortical M1 region of patients with 
spinal cord injury has been reported to inhibit excessive 
excitation of thalamic and spinal neurons, thereby effectively 
alleviating pain (Gustin et al., 2014). The electrophysiological 
mechanisms by which rTMS alleviates neuropathic pain 
involves altering sensory thresholds in the cerebral cortex 
(Johnson et al., 2006). Chronic neuralgia involves secondary 
central sensitization, causing patients to suffer from 
temperature sensory regulatory dysfunction, and rTMS of 
the motor cortex can relieve pain and improve the associated 
temperature sensory function (Lefaucheur et al., 2008). 
rTMS has been shown to have a good therapeutic effect in 
peripheral neuralgia (Leung et al., 2009). The mechanisms 
by which rTMS exerts this therapeutic effect may include 
regulation of hemispheric inhibition, inhibition or facilitation 
of cortical excitability, and modulating cerebral blood flow, 
metabolism and pain signaling in the pain transmission 
pathway (Antonino et al., 2016). It has been shown that 
muscle pain exerts modulatory effects on sensorimotor 
cortical excitability, and that left dorsolateral prefrontal cortical 
rTMS has analgesic effects and modulates pain-induced 
sensorimotor cortical adaptations. These findings suggest 
an important role of prefrontal-basal ganglia communication 
in sensorimotor cortical excitability and pain processing (De 
et al., 2019). H-coil rTMS can act on the deep and extensive 
cerebral cortex. The application of high frequency (20 Hz) 
H-coil rTMS to the motor cortex can reduce lower extremity 
pain within 3 weeks in patients (Onesti et al., 2013). Other 
researchers used high-frequency (10 Hz) 8-coil rTMS to 
stimulate the motor cortex corresponding to the lower limbs 
on the scalp at Cz (hot point of the tibialis anterior muscle) in 
DN patients. Lower extremity pain relief was observed to last 
up to 5 weeks (Abdelkader et al., 2019). Therefore, the pain 
relief effect of rTMS in DN patients is clear.

The analgesic effect of TMS has been widely used in a variety 
of neuropathic pain treatments. However, the reported effects 
of rTMS on pain have been inconsistent, because of small 
numbers of patients, differences in TMS parameter settings, 
and lack of maintenance protocols. Therefore, specific 
brain region localization and comparable coil placement 
sites require further technical exploration through a brain 
navigation system. In addition, electrophysiological and 
imaging techniques (such as EEG and MRI) need to be used to 
assess the effects of TMS on other regions of the brain.

Application of transcranial magnetic stimulation for treating 
diabetic neuropathy-associated depressive symptoms
Current treatments for diabetes mell itus-associated 
depression include conventional  hypoglycemic and 
antidepressant medications or drug combinations. It has 
been shown that the development of diabetes mellitus-
associated depression may involve hypothalamic-pituitary-
adrenal axis hyperactivity, insulin resistance, hippocampal 
neuronal regeneration disorder, intracerebral inflammation, 
and brain-derived neurotrophic factor deficiency (Ma et al., 
2015). The United States Food and Drug Administration has 
approved TMS as a treatment for severe depressive disorder 
in adults without psychotic symptoms (Chaudhary et al., 

2012). Diabetic peripheral neuropathic pain is a greater 
determinant of depression than other diabetes-related 
complications. Patients with diabetes-associated depression 
have a change in blood flow in the left dorsolateral prefrontal 
cortex. Stimulation of the dorsolateral prefrontal cortex with 
high-frequency rTMS can increase frontal lobe activity, and 
depressive symptoms can be alleviated after the metabolism 
in the left prefrontal cortex is improved (Fox et al., 2013). 
Depressive symptoms are associated with both painless 
and painful DN. Some painful symptoms (i.e., painful colds 
and electrical shocks) are significantly higher predictors of 
depression than tingling and numbness (Amato et al., 2016). 
Application of TMS for depression related to fibromyalgia 
may involve inhibition of motor cortical and descending pain 
systems (Cardinal et al., 2019). Therefore, the early screening 
and treatment of pain with TMS can be of clinical value in the 
prognosis and therapy of depressive symptoms in patients 
with DN. A recent study showed that changes in intestinal 
microbes can affect the gene expression profile of the entire 
prefrontal cortex (Hoban et al., 2016). Intestinal microbes are 
associated with a common mental disorder-depression. Based 
on previous animal experiments, the lack or alteration of 
intestinal microbes affects neurogenesis, blood–brain barrier 
function, and microglial maturation (Erny et al., 2015; Möhle 
et al., 2016).

At present, the pathogenesis by which depression arises as a 
complication of diabetes mellitus is unclear. The application 
of TMS has practical significance for the improvement of 
symptoms and related regulatory mechanisms of depression 
in the high-glucose state. Based on cortical plasticity, TMS 
technology could be applied to relieve depressive symptoms 
and assess the effect of antidepressants. Studying the 
relationship between pain and depressive symptoms with 
TMS may be helpful for the early screening and treatment of 
depressive symptoms in patients with DN. Further exploration 
of the impact of TMS on intestinal flora changes may provide 
new insight into the relationship between neuropathy and 
depression.

Application of transcranial magnetic stimulation in diabetic 
autonomic neuropathy
Diabetic autonomic neuropathy mainly affects gastrointestinal, 
cardiovascular, urinary, and genital functions (Vinik et 
al., 2003). Its clinical manifestations include orthostatic 
hypotension, gastroparesis, and erectile dysfunction. 
Clinically, anticholinergics and tricyclic antidepressants are 
used to improve diabetic autonomic neuropathy symptoms. 
At present, little is known about the control of autonomic 
function in the cerebral cortex. There is increasing interest 
in the potential therapeutic uses of magnetic stimulation. 
For example, some researchers have investigated the effects 
of magnetic stimulation on the human sympathetic nervous 
system, and found that TMS can cause transient changes in 
the cardiovascular system (Kaur et al., 2020). Researchers 
have also used rTMS to stimulate the primary motor cortical 
M1 region with the aim of elucidating the neural connection 
between the brain and the kidneys. The data show that the 
urine protein content in both healthy and diabetic patients 
is significantly increased. It has been speculated that there 
may be a functional connection between the brain and the 
kidneys via autonomic nerves (Rosaria et al., 2014). The short-
term effects of TMS on autonomic nerves indirectly suggest 
that there is a potential risk of autonomic hyperreflexia-
related side effects from TMS-targeted stimulation of other 
therapeutic targets. Further investigation may be needed 
to determine whether the short-term effects of TMS on the 
autonomic nervous system are beneficial in patients with DN.

Application of transcranial magnetic stimulation in vascular 
injury-related diabetic neuropathy
Patients with diabetes or pre-diabetes have increased 
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morbidity and mortality owing to cardiovascular diseases 
(American Diabetes Association, 2018; Andersson et al., 
2018; Pasquel et al., 2018) and microvascular complications 
(Vas et al., 2016). Changes in the vascular structure of 
the DN endothelium, that is, endothelial cell proliferation 
and basement membrane thickening, have been reported 
to lead to a narrowing of the lumen of the blood vessels 
and neurofibrillary ischemia, along with other vascular 
changes, such as increased blood viscosity (Nukada et 
al., 2014). Because dorsal root ganglia have the ability to 
regulate blood flow, their oxygen tension is lower and their 
neurovascular barrier is weaker than peripheral nerve trunks, 
and therefore, sensory neurons in dorsal root ganglia may 
be more susceptible to microvascular changes (Kobayashi et 
al., 2018). Given that endothelial dysfunction is an important 
event in the etiology of DN, endothelial dysfunction alone 
is sufficient to cause neuropathy. In the context of DN, the 
term “microvascular endothelial dysfunction” is often used to 
describe microvascular endothelium-dependent vasodilation 
due to reduced nitric oxide secretion, while endothelial cell 
adhesion and steady-state changes in thrombotic factors 
also contribute to microvascular endothelial dysfunction. 
In diabetes and even pre-diabetes, hyperglycemia affects 
neurovascular endothelial function in a variety of ways, 
resulting in decreased bioavailability of nitric oxide and 
prostacyclin, which affects neurovascular flow and leads 
to ischemia-related neurofibrillary damage (Chapouly et 
al., 2016). At present, microvascular blood flow changes 
in peripheral nerve injury is a hot topic, and TMS can 
improve cerebral blood flow. However, the effects of TMS on 
microvascular blood flow and vascular endothelial protective 
mechanisms in patients with DN have not been reported.

Application of transcranial magnetic 
stimulation in pathological research on 
diabetic neuropathy
The pathophysiology of DN involves complex interactions 
between metabolism, the immune system, lifestyle, and 
genetic factors. Recent preclinical and clinical observations 
as well as epidemiological studies have shown that oxidative 
stress and inflammatory processes are important contributors 
to the pathogenesis of DN (Fernyhough et al., 2015; O’Brien 
et al., 2017; Feldman et al., 2019).

Oxidative stress
Previous studies have shown that oxidative stress in rat 
models of diabetes leads to a decrease in nerve conduction 
and neurovascular flow velocities (Stevens et al., 2000; 
Cameron et al., 2001), impairing nerve conduction (Li et 
al., 2004; Obrosova et al., 2004) and causing small fiber 
neuropathy (Ilnytska et al., 2006). This is associated with the 
activation of polyadenosine diphosphate-ribose polymerase 
1 and the loss of nicotinamide adenine dinucleotide 
(NAD+)/adenosine triphosphate. The inhibitory effect of 
polyadenosine diphosphate-ribose polymerase 1 has been 
shown to counteract diabetes-induced oxidative stress and 
improve nerve fiber function in rats and mice (Lupachyk et al., 
2011). Mitochondrial dysfunction caused by hyperglycemia 
has been reported to promote cytochrome c release from the 
mitochondria into the cytoplasm and activate the apoptosis-
related protein, caspase-3, thereby inducing neuronal 
apoptosis (Li et al., 2001). Researchers have also found that 
hyperglycemia significantly increases the activity of aldose 
reductase, leading to the accumulation of excessive sorbitol in 
the body that, in turn, subjects cells to hypertonic conditions 
and edema, and results in nerve cell injury (Schmidt et al., 
2001). It has been further demonstrated that DN can be 
aggravated by a decline in the antioxidant defense capacity 
and an increase in the generation of reactive oxygen species. 
The aggravation of DN is mainly associated with impaired 

blood flow and hypoxia of the endoneurium, reduced nerve 
conduction velocity, small fiber neuropathy, and axonal 
atrophy (Fernyhough et al., 2015).

Studies have shown that certain TMS application protocols 
can alleviate oxidative stress. For example, high-frequency 
rTMS reduced cell loss and oxidative damage in an oxidative 
stress model (Tunez et al., 2006). Low-frequency rTMS can 
reduce oxidative stress markers in the cerebrospinal fluid 
of patients with spinocerebellar degeneration (Sandrini 
et al., 2011). Furthermore, another study found that low-
frequency TMS downregulates stress genes, fos and dusp1 
in blood leukocytes (Tasset et al., 2013). In an experimental 
model of autoimmune encephalomyelitis, high-frequency 
rTMS application decreased oxidative stress and cell damage 
(Medina et al., 2017). However, the effects of TMS on 
oxidative stress and vascular endothelial injury in DN have not 
yet been reported.

Inflammatory response
In the DN animal models of type 1 diabetes and type 2 
diabetes, it was found that the inflammatory response may 
lead to the degeneration of myelinated and unmyelinated 
nerve fibers, and may also cause damage to the blood-nerve 
barrier and the microvascular system (Jolivalt et al., 2016; 
O’Brien et al., 2017). Gene expression analysis of the sciatic 
nerve in the DN mouse model revealed a severe dysregulation 
of inflammation and immune regulatory pathways (O’Brien 
et al., 2015). Further studies showed that pro-inflammatory 
cytokines—interleukin (IL)-6, IL-1β and tumor necrosis 
factor-α—reduce nerve conduction velocity and cause 
neuropathic pain in DN animal models (Zhou et al., 2014; Pop-
Busui et al., 2016). Immune mediators and other cytokines are 
also involved in the transition from painless DN to painful DN 
(Spallone et al., 2013; Cohen et al., 2014). Inhibition of IL-1β, 
IL-6 and tumor necrosis factor-α using drugs or neutralizing 
antibody restores nerve conduction velocity and relieves pain 
(Gabay et al., 2011; Urabe et al., 2015; Zhou et al., 2016). 
Furthermore, studies have shown that IL-4 and IL-10 have 
protective effects in DN (Clark et al., 2013). Injection of IL-6 
causes neuropathic pain in patients with DSPN (Zhou et al., 
2016), while IL-6 treatment is beneficial to the recovery of 
nerve structure and function in DN animals (Cox et al., 2017). 
Thus, it is speculated that inflammation is involved not only in 
the neurodegenerative disorder but also in the regeneration 
process (Lang et al., 2014). The underlying mechanisms remain 
to be elucidated (Cox et al., 2017). Further study is needed to 
clarify the mechanisms underpinning the analgesic effects of 
TMS and its role in improving motor function and blood flow.

Prospects and problems
As discussed above, only a few studies have focused on the 
application of TMS in patients with DN. However, other studies 
show that TMS can be applied in various clinical diseases that 
share characteristics with DN (Figure 2 and Table 1).

In the field of magnetic genetics, considerable attention has 
been given to non-invasive magnetic field neuromodulation 
(Pang et al., 2017). Recently, a study showed that magnetic 
stimulation of hippocampal cells that express magnetic field-
induced proteins does not induce generation of current. 
Thus, there are great challenges in the field of ferritin-based 
magnetic genetics. Furthermore, this result supports the 
therapeutic effectiveness of TMS. Thus, TMS research may 
provide inspiration for future neuromodulation and magnetic 
genetics research (Xu et al., 2019).

DN is a complicated, progressive disease that involves multiple 
organ systems in the whole body and is difficult to treat. Thus, 
researchers need to deepen our understanding of DN and 
seek innovative solutions for DN diagnosis and treatment by 
focusing on multidisciplinary connections. In the screening 
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Table 1 ｜ Study on the correlation of TMS in DN branch fields

DN related clinical 
problems and 
research direction Research type

TMS TMS-DN

Core content Reference Core content Reference

Diagnostic 
techniques

Multiple combination 
technique

EEG/fMRI Huang et al. (2017); Du et al. (2018); 
Che et al. (2019); Gerard et al. (2020)

–

Application Addictive drugs-synaptic 
plasticity

Corticospinal/
intracortical

Toepp et al. (2019)

Nerve injury Application Hippocampal Arisa et al. (2004) – –

Subventriculsar zone Cuccurazzu et al. (2010)
White matter Sherafat et al. (2012)

Mechanism BDNF GluR1 Gersner et al. (2011)
BDNF-TrkB Wang et al. (2011)
dopamine Villaecimar et al. (2012)
BDNF Deveci et al. (2020)

Pain Application Centrally/peripherally 
originated neuropathic pain

Johnson et al. (2006); motor cortex (H-coil) Onesti et al. (2013)
Lefaucheur et al. (2008); 
Leung et al. (2009); motor cortex (8-coil) Abdelkader et al. 

(2019)Gustin et al. (2014)
Mechanism Synaptic plasticity Antonino et al. (2016) –

Depressive symptom Application Relief symptom Fox et al. (2013) –

Pain related Cardinalet al. (2019)
DAN Application Neuro-cardiac-guided Kaur et al. (2020) Brain-kidneys Rosaria et al. (2014)
Pathomechanism 
(oxidative stress)

Application High-frequency Tunez et al. (2006); –

Medina et al. (2017)
Mechanism Low-frequemcy Sandrini et al. (2011);

Tasseta et al. (2013)

BDNF: Brain-derived neurotrophic factor; DAN: diabetic autonomic neuropathy; DN: diabetic neuropathy; EEG: electroencephalography; fMRI: functional 
magnetic resonance imaging; TMS: transcranial magnetic stimulation; TMS-DN: application of TMS in DN; TrkB: tyrosine receptor kinase B.

Figure 2 ｜ Summary chart of references.
n represents the number of cited references. DN: Diabetic neuropathy; TMS: 
transcranial magnetic stimulation.

for prediabetes, it is difficult to use a single examination 
technique to obtain dynamic comparison results in a short 
time. Furthermore, there is currently no reliable brain–spinal 
medical diagnostic method for patients with DN (Segerdahl 
et al., 2018). Based on the corticospinal regulatory effect 
of TMS (Gerard et al., 2020), it is reasonable to speculate 
that the application of TMS technology for hemodynamic 
and nerve conduction deficits in DN may help identify early 
pathological changes, which may be helpful for the early 
screening of peripheral nerve degeneration and microvascular 
dysfunction, assessment of prognosis, and timely intervention 
of targeted treatment. A limited number of clinical studies 
have shown that DN starts with microvascular injury and 
may further cause axonal degeneration as a consequence of 
ischemia and/or hypoxia (Gongalves et al., 2017). Collectively, 
the studies to date suggest that TMS has therapeutic 
value in neuroprotection, regrowth, remyelination and 
microvascular flow improvement. Thus, TMS technology is 

helpful to clarify the progress of DN and explore the optimal 
treatment parameters. Recent studies have revealed that 
sensory excitability could induce axonal dysfunction earlier 
than motor dysfunction, which is associated with later 
onset of pain (Sung et al., 2017; Fried et al., 2019). Hehl and 
colleagues applied TMS over the dominant primary motor 
cortex and observed changes in sensorimotor function with 
a significant decline commencing in the mid-thirties (Hehl 
et al., 2020). Therefore, early TMS intervention may have 
clinical potential for prognostic evaluation and injury control. 
In patients with DN with pain-related depressive symptoms, 
TMS has practical application value in mechanism research and 
symptom control. Owing to its complex mechanism and lack 
of research measures, diabetic autonomic nerve dysfunction 
has not received much attention. Because of cortical plasticity, 
TMS affects the autonomic nervous system in the short 
term, resulting in changes in heart rate and kidney function. 
Therefore, the effects on diabetic autonomic neuropathy 
should be considered before applying TMS to patients with DN.

In conclusion, previous application of TMS technology in 
pathological research as well as in the diagnosis and treatment 
of neuropathies has provided the theoretical basis for the 
use of TMS technology to diagnose and treat DN. Based on 
the studies to date, promising results may be obtained in 
future research. However, the following problems need to 
be resolved: (1) The intervention methods for patients with 
diabetes vary, and thus the TMS application results are easily 
affected by a variety of symptomatic drugs. Therefore, it is 
difficult to set the admission standard and follow up on cases, 
resulting in the need for more animal experiments for TMS 
applications. (2) There is no uniform standard for setting TMS 
parameters and for the evaluation of treatment duration and 
effect for different targets. Thus, it is necessary to compare 
the dose–effect relationships of large samples in the early 
stages of an investigation. (3) TMS technology requires more 
investment in manpower and equipment using fMRI, EEG and/
or ultrasonography to monitor TMS and study the dynamic 
changes in nerve injury and repair.
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