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 Abstract: Background: Type 2 diabetes mellitus (T2DM) is a worldwide socioeconomic bur-
den, and is accompanied by a variety of metabolic disorders, as well as nerve dysfunction re-
ferred to as diabetic neuropathy (DN). Despite a tremendous body of research, the pathogenesis 
of DN remains largely elusive. Currently, two schools of thought exist regarding the pathogene-
sis of diabetic neuropathy: a) mitochondrial-induced toxicity, and b) microvascular damage. 
Both mechanisms signify DN as an intractable disease and, as a consequence, therapeutic ap-
proaches treat symptoms with limited efficacy and risk of side effects.   

Objective: Here, we propose that the human body exclusively employs mechanisms of adapta-
tion to protect itself during an adverse event. For this purpose, two control systems are defined, 
namely the autonomic and the neural control systems. The autonomic control system responds 
via inflammatory and immune responses, while the neural control system regulates neural signal-
ing, via plastic adaptation. Both systems are proposed to regulate a network of temporal and 
causative connections which unravel the complex nature of diabetic complications.   

Results: A significant result of this approach infers that both systems make DN reversible, thus 
opening the door to novel therapeutic applications. 
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1. INTRODUCTION 

Type-2 diabetes mellitus (T2DM) is a systemic disorder 
characterized by the combination of resistance to and inade-
quate secretion of insulin, and by an impaired regulation of 
blood glucose levels [1, 2]. T2DM is a worldwide burden to 
many individuals as well as to socio-economic and 
healthcare systems, affecting around 7% of the global popu-
lation with a major impact on developed regions, such as 
USA, Mexico, and Western Europe [1]. In a similar manner, 
Western Pacific areas, including China, Indonesia, and Ma-
laysia, constitute over a third (38%) of the total number of 
adults with diabetes worldwide and its prevalence is estimat-
ed to rise from 11.9% (2021) to 27% by 2045 [2]. Both the 
prevalence and incidence of T2DM are fast growing in the 
aging population, with peaks at 55-59 years old, and in indi-
viduals with obesity, dyslipidaemia, smoking habits, seden-
tary lifestyles, and low-grade inflammation [3]. The mala-
daptive progression from normal (fasting blood glucose lev-
el: 80-100 mg/dl) glycaemic control due to acute glucose 
spikes is followed by a pre-diabetes phase (fasting: 101-125 
mg/dl) where individuals are considered highly at risk of  
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developing diabetes due to a combination of existing factors 
including weight gain, age, rate of insulin response. Finally, 
diabetes will be established at fasting blood glucose level 
above 126 mg/dl [4]. The long-established view on diabetes 
associates T2DM with a wide variety of complications rang-
ing from metabolic to hemodynamic disorders, followed by 
the onset of microvascular injuries (e.g., retinopathy and 
nephropathy), and chronic neural damage/maladaptation, 
more commonly referred to as neuropathy [5]. Diabetic neu-
ropathy, or diabetic peripheral neuropathy (DPN), is a disor-
der caused by environmental and/or genetic factors affecting 
40-50% of individuals with T2DM [6]. DPN initially mani-
fests as a sensory nerve dysfunction characterized by a dis-
tal-to-proximal, also known as a ‘stocking-glove’-like, dis-
tribution and is commonly accompanied by symptoms in-
cluding pain and loss of sensation [7].  

Discrepancies in the literature and the limited efficacy of 
therapeutic solutions suggest that the pathogenesis and 
chronification of DPN are, to this day, largely elusive. This 
area of research remains pertinent due to the significant im-
pact on the quality of life for individuals affected by DPN 
[8]. One of the biggest challenges when conducting research 
regarding complex biological systems is avoiding correlation 
bias. Researching DPN is no exception, especially when the 
temporal characteristics of its pathogenesis are investigated. 
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Standard practice in DPN research is to depict neuropathy as 
a microvascular complication, based on the evidence of 
compromised vasculature in patients with T2DM. However, 
a sufficient body of research confirms that a cardiovascular 
condition does not necessarily precede a neural impairment, 
suggesting that the two events might coexist without dictat-
ing causation [7]. Following the vasculature hypothesis, the 
second most common cause of diabetic neuropathy is hy-
pothesized as being related to mitochondrial-induced toxicity 
causing axonal programmed death, also known as axonal 
apoptosis [9]. This present view implies the body’s inability 
to protect itself from harmful events and, as a result, rather 
contribute to its own demise. The current understanding of 
diabetic-related dysfunctions involves the synergistic activa-
tion of several mechanisms viewed together as a unified re-
sponse to the pathogenic assault.  

Contrary to the hypothesis mentioned above, our argu-
ment is based on the premise that the body innately responds 
by maintaining homeostasis in a way that allows it to protect 
itself. This proposition supports the notion that systems sub-
sist uniquely to benefit the overall organism, and not to self-
destruct, even in the presence of a toxic assault. Our review 
of the literature leads us to propose there are two separate 
control systems (i.e., the autonomic and neural control sys-
tems) that respond to the pathogenesis of diabetes, creating 
symptoms via concomitant adaptative responses. These au-
tonomic and neural responses follow distinct pathways that 
may occur synchronously but may also not be temporally 
aligned.  

In this paper, diabetes is presented as a disease with a 
distinct chronological progression: from (a) acute glucose 
spikes, then to (b) a pre-diabetes phase and ultimately de-
generating into (c) diabetes. Throughout these phases, the 
autonomic and neural control systems respond via two sepa-
rate modes of action. The autonomic control system adjusts 
the inflammatory and immune responses leading to micro- 
and macrovascular complications, while the neural system 
controls the behaviour of neural signalling, both at peripheral 
and central levels. Despite using separate biological cas-
cades, the autonomic control system does play, at times, a 
role in reinforcing the maladaptation of the neural control 
system. 

In section 2, the paper describes the chronological pro-
gression of the autonomic control system where diabetic 
complications ensue through immune and inflammatory re-
sponses with systemic degenerative consequences (e.g., in-
fections of respiratory system and vascular damage). Section 
3 discusses the maladaptive cascades regulated by the neural 
control system which lead to the occurrence of diabetic neu-
ropathy (section 3.3). 

2. AUTONOMIC CONTROL SYSTEM 
2.1. Phase I – Acute Glucose Spikes (Normoglycemic) 

Acute glucose spikes in healthy individuals are usually 
resolved through insulin secretion without clinical conse-
quences [10]. Glucose levels are generally regulated by 
means of increased glycogen storage in the liver and muscle 
tissue, along with a controlled fat resolution [11]. The exces-
sive presence of systemic glucose is known to cause activa-
tion of exacerbated responses during which systemic hyper-

insulinemia ensues and generates an efflux of calcium ions 
from vascular muscle cells [12]. 

Calcium is a fundamental constituent in the maintenance 
of vascular contractile ability and insulin-mediated loss of 
intracellular Ca2+ is generally associated with vasodilation in 
peripheral blood flow [13]. Both hyperinsulinemia and vaso-
dilation lead to a significant increase in circulatory blood 
volume, expression of a sympathetic activation, which sup-
ports our proposed hypothesis on the role that the autonomic 
control system plays in reducing glucose spikes in the blood-
stream [14]. Unresolved glucose imbalance and sympathetic-
mediated vasodilation create a feedforward mechanism 
through a persistent systemic circulation of hyperglycaemia 
and hyperinsulinemia which ultimately progresses into an 
early diabetic phase [15]. 

Along with hyperinsulinemia, the body further reacts to 
acute blood glucose spikes by producing advanced glycation 
end-products (AGEs): Products of failed glycolysis, which 
bind to their receptors (RAGE) on cell surfaces. The cou-
pling AGE/RAGE is known to generate a cascade of pro-
inflammatory responses via the NF-κB pathway [16], lead-
ing to further implications involving the autonomic nervous 
system in handling the acute-phase of early diabetic assaults. 

2.2. Phase II – Pre-diabetes 

Should the hyperglycaemia persist, hyperinsulinemia 
evolves into insulin resistance and leads to vascular damage 
and platelet hyperreactivity, both events linked with pro-
thrombotic insults [17]. The inability of vascular cells to 
respond to insulin is a common condition preceding the de-
velopment of diabetes and is significantly correlated with 
impaired vascular dilatation and with the secretion of vaso-
constriction molecules (i.e., endothelin-1) leading to persis-
tent vasoconstriction and, thus, vascular paralysis [18]. In 
support of our view, vasodilation is rapidly replaced by vas-
oconstriction through the activation of protective control 
systems, causing further vasculature disruption [19]. 

Further evidence of vascular damage is linked to the mo-
lecular compound, advanced glycation end products (AGEs), 
and their respective receptor (RAGE) [16]. The AGE/RAGE 
coupling in diabetes is a consequence of failed glucose reso-
lution in hyperglycaemia, as mentioned above, and is known 
to contribute to a gene regulatory network exacerbating in-
flammatory responses in cardiovascular disease, retinopathy, 
and nephropathy. As suggested by our current model, the 
AGE/RAGE compound, together with other sympathetic 
responses, has no reported effects on the occurrence of dia-
betic neuropathy [20]. 

Persistent inflammatory processes generate a cascade of 
parasympathetic activation releasing immune responses (i.e., 
increased levels of mast cells and macrophages) and anti-
inflammatory responses via expression of cytokines and 
chemokines [21]. One cytokine in particular, interleukin-6 
(i.e., IL-6), was first described as an anti-inflammatory me-
diator during infections and is now thought to be involved in 
the inflammatory responses present in diabetes [22]. IL-6 is 
characterized by a bivalent behaviour with either anti-
inflammatory or pro-inflammatory action, namely via classic 
or trans-signalling processes, respectively (Fig. 1). In the 
pre-diabetes phase, IL-6 classic signalling (i.e., anti-
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inflammatory action) produces chemokines which prevent 
inflammation by sending out warning signals to various 
types of tissue, such as the liver, kidneys, and skeletal mus-
cles, and triggering an adaptive cascade to prevent tissue 
damage [23]. Further studies have established a physiologi-
cal involvement of IL-6 in peripheral nerve cells, where it 
seems to be involved in enhancing regenerative processes 
after local insults or inflammation [24]. Contrary to previous 
views, we propose here that, at the level of the peripheral 
nervous system (PNS), IL-6 acts exclusively via classic sig-
nalling and helps regenerating nerves following trauma by 
clearing axons and myelin from debris. This is the first over-
lap between the proposed autonomic- and neural control sys-
tems (Fig. 1A) [25]. 

2.3. Phase III – Diabetes 

Established view on diabetes suggests the coexistence of 
adaptive and maladaptive inflammatory and immune re-
sponses with a stochastic effect on diabetic complications. 
Instead, we contend that the adaptive cascades of the para-
sympathetic system, in place during pre-diabetic phases, 
rapidly exacerbate into maladapted inflammation, causing a 
sustained production of acute-phase proteins, haptoglobins, 
cytokines and chemokines which is no longer counterbal-
anced by defensive mechanisms [26]. Parasympathetic re-
sponses soon become maladapted and release metabolic 

stressors (i.e., cytokines and chemokines) and immune cells 
(i.e., mast cells and macrophages). At this stage, diabetes 
starts manifesting as a metabolic disorder through pro-
inflammatory responses with permanent systemic repercus-
sions such as end organ damage [27]. 

An excessive amount of circulating cytokines is often ev-
idence of a chronic low-grade inflammatory state, involved 
in the promotion of cell apoptosis and in the case of diabetes, 
impaired insulin degradation, tissue inflammation, and de-
myelinating neurodegenerative diseases, such as aging, Alz-
heimer’s and Parkinson’s diseases [28, 29]. 

During this phase, IL-6 is involved in the exacerbation of 
diabetic pathologies [30]. Similar to other chronic inflamma-
tory diseases, maladapted processes via soluble forms of the 
IL-6 receptors (i.e., sIL-6R) trigger IL-6 trans-signalling 
(i.e., pro-inflammatory action), a known mechanism for the 
pathogenesis of pro-inflammatory cascades leading to posi-
tive feed-forwarding loops and amplified inflammatory ef-
fects (Fig. 1B) [31]. When sIL-6R exceeds the levels of IL-6, 
the trans-signalling action prevails, and pro-inflammatory 
cascades dominate. Evidence from Zhou et al. (2014) and Jin 
et al. (2017) shows sIL-6R as an independent predictor of 
diabetes: in these patients, sIL-6R plasma levels escalate 
through the action of adipocytes and macrophages from adi-
pose tissue and corroborate the presence of a chronic in-
flammatory state causing systemic pathology. It should be 

 
Fig. (1). Bivalent behaviour of Interleukin-6 (IL-6) in the human body. (A) IL-6 classic-signaling action has an anti-inflammatory role, pro-
tecting organs and tissue from inflammation and other trauma. In the peripheral nervous system, IL-6 classic signaling promotes dendrites 
and axonal structural regrowth. (B) IL-6 trans-signaling acts through an excessive amount of plasma IL-6 levels and soluble forms of IL-6 
receptors. IL-6 trans-signaling action has pro-inflammatory effects on tissue and organs and is involved in the progression of diabetic-related 
complications such as retinopathy and nephropathy. Adapted from “The role of IL-6 in host defence against infections: Immunobiology and 
clinical implications” by S. Rose-John, K. Winthrop and L. Calabrese, 2017, Nature Reviews Rheumatology, 13: p.399-409. (A higher reso-
lution / colour version of this figure is available in the electronic copy of the article).  
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noted that, in these papers, IL-6, IL-1, and TNF-α are not 
directly involved in the occurrence of peripheral neuropathy 
but rather contribute to the exacerbation of neuropathic 
symptoms by exerting chronic inflammatory pathological 
processes, a corroboration to our proposed model [30]. 
Strong evidence suggests that a correlation exists between 
comorbidities present in diabetic patients and cytokine IL-6 
overexpression: For example, elevated plasma levels of IL-6 
is associated with increased risk of atherosclerosis, as well as 
pancreatic and adipose tissue-derived inflammation in diabe-
tes [32, 33]. 

The systemic action of sIL-6R occurs by binding with 
surface gp130, a transmembrane protein enhancing cytokine 
action via signal transducing [34]. The ubiquitous presence 
of gp130 to various cell types increases the number of poten-
tial inflammatory targets in the body of a diabetic individual 
[35]. For example, the binding of sIL-6R and gp130 on en-
dothelial cells and vascular smooth muscle cells has deleteri-
ous effects leading to atherosclerosis and macrovascular 
complications (i.e., vascular calcification, microvascular 
complications) [36]. Increased levels of sIL-6 serum, along 
with IL-1, TGF-β, and TNF-α, can be detected in diabetic 
patients and affect the kidneys via trans-signalling pathways. 
Nephropathy is a renal failure strongly correlated to chronic 
inflammation and a prevalent manifestation in diabetic indi-
viduals: Diabetes in the kidney is known to trigger an over-
production of sIL-6 and an overexpression of binding mole-
cule gp130, which further amplifies gp130-sIL-6 production 
in a positive feed-forward, pro-inflammatory loop [31]. This 
augmented IL-6 level in the kidneys has further effects on 
TGF-β signalling, a key cytokine involved in the progressive 
damage of renal function by affecting the glomerular endo-
thelial barrier [37]. These inflammatory molecules cause an 
overall elevation in blood pressure, leading to not only a 
glomerular impairment at the kidney level, but also to retinal 
pathology in the eyes [38]. Despite the protective action ex-
erted on the peripheral nervous system in the pre-diabetes 
phase, increased levels of IL-6 and macrophages in the brain 
are associated with trans-signalling actions. This maladap-
tive response is in support of our proposed model where dia-
betic patients display a reduction in axonal sprouting and an 
anti-regenerative environment, which in turn progress to 
neurodegenerative diseases [39, 40]. 

The coexistence of both positive and negative immuno-
modulatory responses is a distinctive characteristic of the hu-
man immune system. As a demonstration of this bivalent na-
ture, the immune response in diabetes is also characterized by 
the ability to prevent atherosclerotic attacks, supporting evi-
dence to our proposed model where protective mechanisms act 
to preserve the body and maintain homeostasis [41,42]. Evi-
dence demonstrates that the body responds to compromised 
vasculature by elevating systemic levels of vascular endotheli-
al growth factor (VEGF), an immune-regulated angiogenic 
molecule, indicating the existence of a defence mechanism 
which promotes neo-vascularization as an attempt to arrest the 
atherosclerotic assault [43]. In our model, we propose that the 
immunomodulatory regulation is mediated by an innate, in-
flammatory reflex circuit present in the body and mediated by 
the activity of the vagus nerve. In the presence of short-term 
tissue injury or acute inflammation, the vagus nerve has the 
ability to balance out pro-inflammatory and anti-inflammatory 

circuits and its efferent arc, also known as the cholinergic anti-
inflammatory pathway (i.e., CAP), seems to play the role of 
protecting organs from damage in case of an excessive cyto-
kine release (Fig. 2).  

According to our view, the CAP balance between anti-
inflammatory and pro-inflammatory cytokines is disrupted in 
most diabetic individuals, leading to a persistent inflammatory 
cascade, culminating in morbidity and mortality [44]. As con-
firmed by standard models, diabetes is, among other defini-
tions, an inflammatory disease with the secretion of pro-
inflammatory cytokines and decreased anti-inflammatory me-
diators [45]: This feed-forward mechanism is further corrobo-
rated by the activation of signalling pathways, such as PKC, 
MAPK, JNK, and NF-κB, that reinforce post-transcriptional 
cytokine and chemokine expression [46-48]. Diabetes induces 
an immunocompromised state which represents a risk factor 
for a wide range of inflammatory diseases of the respiratory, 
urinary, and gastrointestinal systems [49]. This was demon-
strated during the recent SARS-CoV-2 pandemic, where 
chronic inflammatory states in diabetic individuals reinforce 
the cytokine storm generated by the COVID-19 virus in a 
feedforwarding inflammatory loop which leads to increased 
risk of severe illness, respiratory complications, or death [50].  

As previously mentioned, DPN is accompanied by early 
signs of sensory impairments. Some diabetic individuals are 
prone to develop, alongside DPN, chronic inflammatory de-
myelinating polyneuropathy (CIDP): An inflammatory-
induced disease which affects the myelin sheath around mo-
tor nerves and thus impairs their conduction velocity. The 
exact correlation between diabetes and CIDP is still un-
known, but diabetes seems to contribute as a risk factor in 
CIDP occurrence with 9-fold higher prevalence in diabetic 
individuals compared to healthy subjects [51]. According to 
our hypothesis, the bivalent nature of the autonomic control 
system has adaptive characteristics which either regulate or 
deregulate inflammatory and immune responses in diabetes. 
The occurrence of CIDP in diabetic individuals should be 
seen as a direct consequence of an overregulated immune 
response leading to inflammatory storms. This represents the 
second overlap between the autonomic- and neural control 
systems linking inflammation to demyelination on motor 
nerves through the overproduction of immune-mediated 
macrophages: By means of phagocytosis, macrophages con-
sume the myelin sheath around motor nerves, as demonstrat-
ed by the presence of myelin debris inside the macrophages’ 
cytoplasm during electron microscopy investigations [52, 
53]. Amplification of demyelinating processes occurs in the 
presence of autoimmune biomarkers which bind to oli-
godendrocytes on myelin sheaths, inducing their death and 
resulting in blood-brain barrier breakdowns. The oligoden-
drocyte disruption, and consequent demyelination, is a 
common event for most immune-mediated neurological dis-
orders, including multiple sclerosis, encephalomyelitis, and 
other antibody associated disorders [54-57]. 

2.4. Therapeutic Solution for Autonomic Control System 
Therapeutic solutions to diabetes-induced inflammation 

include administration of anti-cytokine agents which have 
shown contrasting results and critical adverse events such as 
infections, rare demyelinating disorders of CNS, as well as 
liver and cardiac injuries [58]. Current standard of care med-
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ication, which focuses on suppressing the inflammatory part 
of the neuropathy, has shown limited efficacy [59]. This pa-
per focuses on exploring vagus nerve (VN) control to facili-
tate the regulation of the diabetic-induced chronic cytokine 
storm causing a long-term hyperinflammatory state followed 
by impaired immunity [60]. VN is the cranial nerve in 
charge of triggering inflammatory reflexes and regulating 
cytokine levels: Vagus Nerve Stimulation (VNS) through 
electrical therapies has shown the ability to deregulate chron-
ic cytokine storms and thus inhibit inflammation [61, 62]. 
When CAP is stimulated with VNS, the brain activates bio-
chemical cascades which oppose the occurring inflammation 
and deregulate the IL-6 storm (Fig. 2) [63]. A novel thera-
peutic approach may involve regulating the vagus nerve via 
electromagnetic stimulation in order to mediate the CAP 
and, hence, contain the inflammation. Several studies have 
demonstrated the efficacy of VNS to reduce cytokine pro-
duction in inflammatory syndromes such as rheumatoid ar-
thritis, respiratory complications from COVID-19, sepsis, 
and other related conditions [64-68]. The use of VNS might 
represent an interesting solution for the treatment of diabe-
tes-induced autonomic inflammation and for prevention of 
cardiovascular disease in diabetic individuals [69]. A further 
consideration regarding VNS treatment is the limited, if not 
absent, side effects. Should the model proposed in the pre-
sent paper be substantiated with further research, VNS could 
strongly complement current standard of care. 

3. NEURAL CONTROL SYSTEM 

Previous literature suggests that increased glucose con-
centrations around sensory nerves influence mitochondrial 
behaviour. In diabetic individuals, mitochondria ostensibly 
fail to respond using protecting mechanisms and instead re-
act by generating toxic agents fatal to axons and dendrites 
(i.e., axonal apoptosis). We alternatively propose that the 
responses to glucose imbalance, through neural control are 
considered to be adaptive and protective mechanisms.  

3.1. Phase I – Acute Glucose Spikes (Normoglycemic) 

Parallel to the autonomic control system, acute spikes of 
glucose generate changes to the extracellular milieu of pe-
ripheral nerves with effects on transmembrane channels: 
glucose binds to membranes and induces fluctuations in cel-
lular behaviours. Among the most susceptible cells to glu-
cose-induced ion imbalances are C-fibres: Thin, unmyelinat-
ed, polymodal fibres responding to thermal, mechanical, and 
chemical stimuli [70]. Contrary to motor neurons, sensory 
neurons and their cell bodies are exposed to systemic glu-
cose fluctuations due to the lack of a myelin barrier and be-
ing located outside the blood-brain barrier (BBB) and blood-
nerve barrier (BNB) (Fig. 3) [71]. Sensory dysfunction in 
diabetes occurs prior to motor neuron involvement - it uses 
separate mechanisms at distinct anatomical sites - and is the 

 
Fig. (2). The vagus nerve and the cholinergic anti-inflammatory pathway. In the presence of pathology, injury, or trauma, a cascade of in-
flammatory mediators (i.e., cytokine) is activated. An unbalanced cytokine production can cause long-term organ and/or tissue disruptions. 
The efferent arc of the vagus nerve, also known as the cholinergic anti-inflammatory pathway, inhibits cytokine production for an anti-
inflammatory effect. Adapted from: “Physiology and immunology of the cholinergic anti-inflammatory pathway” by K. J. Tracey, 2007, 
The Journal of Clinical Investigation, 117(2): p.289-296. c. (A higher resolution / colour version of this figure is available in the electronic 
copy of the article).  
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first clinical event of diabetic peripheral neuropathies (DPN) 
[72]. 

The lack of myelin and the systemic glucose fluctuations 
expose C-fibre dendrites to an ionic imbalance which im-
pairs the functionality of transmembrane ion channels and 
has an influence on the depolarization threshold of the nerve. 
This fact is often overlooked in standard DPN models. Here, 
we propose it as a key mechanism triggering diabetic neu-
ropathy and neural control. Sensory neurons react to the ex-
cess of glucose levels in the extracellular milieu by decreas-
ing the action of potassium (K+) and sodium (Na+) ion chan-
nels (i.e., channelopathy), known to play a role in action po-
tential repolarization [72-75]. Glucose spikes have the con-
sequence of closing channels, leading to longer action poten-
tials (i.e., longer width of peak) and to membrane depolariza-
tion with effects on firing frequency [76, 77]. 

3.2. Phase II – Pre-diabetes 

In our proposed model, when channelopathy ensues, sen-
sory nerves develop into a persistent hyperexcited state. As a 
result, biological reactive cascades trigger mechanisms of 
peripheral neural plasticity, such as nerve remodelling and 
regeneration [78]. The regeneration attempt regulated by the 
neural control system is further supported by the presence of 
IL-6, as mentioned above (see section 2.2). Here, the auto-
nomic control system closely supports the neural control 
system in halting the sensory nerve maladaptation caused by 
glucose. To support this notion, clinical evidence of new 
dendrite growth in patients with diabetic neuropathy is pre-
sent in the literature where morphological changes to dermal 
and intraepidermal small sensory fibres are reported, namely 
axonal swelling, increased branching and sprouting [79, 80]. 
Swelling, for example, is a common manifestation of newly 
generated epidermal nerve fibres following wounds and de-
generative events and, even in diabetes and pre-diabetes, it is 
an early marker of nerve fiber lesions [81]. 

During this phase, the dendrites of sensory C-fibres un-
dergo functional changes while proliferating at fast rates; 
these regeneration attempts from the neural control system 
are often accompanied by a sensation of burning pain [82]. 
This is an appropriate response when considering that one or 
more dendrites may be defective due to injury or other aeti-
ologies: new healthy dendrites would generally increase the 
overall activation threshold of surrounding areas through 
spatial summation which should have inhibitory effects on 
the hyperexcited signals [83, 84]. This neuroplastic response, 
also known as synaptic scaling, can be found in existing lit-
erature as a common adaptive mechanism of the neural sys-
tem [85]. In diabetic individuals, this adaptive compensation 
through newly formed dendrites seems to be quickly re-
placed by a persistent ionic imbalance, leading to a feedfor-
ward loop of amplified neural signalling and consequent 
hyperexcitability (Fig. 4). 

Standard physiological testing for sensory neural dys-
function is subjective, thus making early diagnosis of senso-
ry hyperexcitability challenging [72, 86]. By the time objec-
tive symptoms can be observed, dendrites and axons exhibit 
functional and structural modifications and regrowth is ob-
structed [87]. DPN often manifests as increased axonal con-
ductivity and neurotransmitter release, along with disruption 
of sensory afferent nerves already at early stages of the diag-
nosis. 

3.3. Phase III – Diabetes 

This paper contends that chronic neuropathy may not be 
caused by mitochondrial toxicity, but it is rather a reversible 
process, a consequence of maladapted spinal and supraspinal 
neuroplasticity, and triggered by prolonged peripheral senso-
ry hyperexcitability; a novel concept to the best of found 
knowledge. 

In healthy individuals, local insults to peripheral sensory 
neurons trigger central mechanisms of readaptation leading 
to elimination of redundant neural connections and regrowth 

 
Fig. (3). Cell body of sensory and motor neurons. The cell body of sensory neurons is located outside the spinal cord, while the cell body of 
motor neurons is located on the ventral side of the spinal cord inside the grey matter. (A higher resolution / colour version of this figure is 
available in the electronic copy of the article). 
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of new, more relevant neural circuits [88, 89]. This selective 
response is a common adaptive event in many biological 
processes, and it occurs without causing the death of the par-
ent neurons, also referred to as apoptosis [90]. In the brain, 
synaptic pruning is most often not a degenerative process, 
but it is rather an essential step to the formation of complex 
cortical networks that play a crucial role in consciousness, 
learning, and in cortical refinement for the creation of long-
term memory [88]. In rare instances, cortical maladaptation, 
also known as synaptic degeneration, occurs and is thought 
to play a crucial role in the pathogenesis of complex behav-
ioural, psychiatric, and cognitive disturbances such as during 
the death of primitive neurons in multiple sclerosis [90, 91]. 

In diabetes, chronic hyperexcitability causes structural 
changes to axons and the elimination of dendrites at the pe-
riphery with simultaneous adjustments to synaptic connec-
tions in the brain. Among these processes, the pruning of 
dendrites in the periphery generates the inhibition of sensory 
pathways with significant consequences for the individuals 
regarding motility and sensitivity (i.e., insensate foot, diabet-
ic foot, lack of proprioception) [88]. The effects of long-

lasting peripheral neural excitability on the central nervous 
system cause central sensitization and subsequent changes at 
spinal and supraspinal centres: A fundamental process of 
neurodegenerative diseases [92,93]. It is plausible to hypoth-
esize that similar mechanisms are responsible for the chroni-
fication of diabetes-induced neuropathy, which leads to the 
interruption of peripheral neural regrowth [94]. Similar to 
phantom-limb syndromes, the long-term diabetic neural al-
tered communication from the periphery to the central nerv-
ous system evolves into neural adaptations which in turn 
lead to the creation of somatosensory “pain memory”, pro-
moting the inhibition of descending pathways, the develop-
ment of maladapted cortical networks and the detriment of 
healthy networks [95, 96]. 

Contrary to what current literature suggests, the central 
adaptation occurring in DPN is possibly not the primary 
cause of neuropathic manifestations at the periphery but is 
rather a consequence of a bottom-up amplifying mechanism 
generated by pre-existing peripheral hyperexcitability (Fig. 
5) [97,98]. To corroborate this hypothesis, existing research 
confirms structural reduction of cortical thickness and corti-
cal remapping, proportional to the severity of DPN symp-

 
Fig. (4). Neuroplastic response of peripheral sensory nerves to assaults. (A) Adaptive neuroplastic response to short-term toxic assaults or 
injury. When peripheral sensory nerves are exposed to toxic assaults or trauma, they undergo dendritic damage causing hyperexcitability and 
thus prolonged nociception transmission. Generation of new, healthy dendrites is a common adaptive response which helps lowering the 
overall synaptic transmission. (B) Prolonged exposure to glucose, as seen in diabetic individuals, cause the adaptive regenerative attempts to 
become maladapted in a long-term hyperexcited state. Glucose damage to sensory nerves impede new dendritic and axonal regrowth to be an 
effective neuroplastic mechanism. Adapted from: “The self-tuning neuron: synaptic scaling of excitatory synapses” by G. G. Turrigiano, 
2008, Cell, 135(3): p.422-435. (A higher resolution / colour version of this figure is available in the electronic copy of the article). 
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toms, which lead to altered functionality only subsequent to 
compromised peripheral neural excitability, especially at the 
primary somatosensory cortex [99,100]. Brain imaging stud-
ies have found significant changes in cortical representation 
(e.g., primary somatosensory cortex, dorsolateral prefrontal 
cortex, motor cortex, thalamus, orbitofrontal cortex) which is 
strongly proportional to symptom chronicity in chronic low-
back pain patients [101]. Such neuroplastic changes occur as 
well in patients with phantom-limb pain and complex re-
gional pain syndrome, suggesting that remapping is driven 
by peripheral inputs and is associated with any chronic pain 
syndrome regardless the aetiology [102]. 

 

 
Fig. (5). Cortical adaptations in individual with diabetes follow a 
bottom-up mechanism triggered by peripheral hyperexcitability. 
Motor inhibition (or facilitation) is instead a top-down mechanism 
triggered by cortical remapping and/or reduction of cortical thick-
ness. (A higher resolution / colour version of this figure is available 
in the electronic copy of the article). 

In diabetic patients, there is also evidence of reduced cor-
tical thickness within motor cortex regions which triggers 
long-term potentiation (LTP)-like mechanism, a process of 

frequent neural firing, known to induce central sensitization 
of motor neurons [103]. Insulin resistance seems to also play 
an active role in the diabetic brain, governing neuroplastic 
changes in the motor cortex [104]. The role of insulin re-
sistance in cortical remapping is still unclear and requires 
further investigation, which is out of the scope of our paper. 

Individuals with DPN suffer reorganization at the cingu-
late cortex, insular cortex, prefrontal lobe, and thalamus: for 
example, altered connections among prefrontal cortex, ante-
rior cingulate cortex, and the medial thalamus correlate sig-
nificantly with unpleasant sensations from non-noxious 
stimuli (i.e., allodynia) in DPN [105]. When combined, these 
adaptive processes evolve into motor neuron dysfunction 
which, together with impaired sensory signalling, signifi-
cantly impact on the quality of life of individuals with diabe-
tes [7]. 

Remapping on motor cortex regions is generally not 
driven by peripheral inputs: Motor neurons are not exposed 
to hyperglycaemia in the same way as sensory neurons since 
their cell bodies are located within the ventral horn of the 
spinal cord, inside the BBB and BNB [71]. Nonetheless, 
early manifestations of motor neuron maladaptation are not 
uncommon, and we propose they could be expression of a 
demyelinating process, which is not mediated by neural con-
trol, but it is rather a consequence of immunocompromised 
states under autonomic control, as mentioned above (see 
section 2.3). In accordance with our proposed model, myelin 
sheath disruptions due to phagocytosis are solely a conse-
quence of an autonomic maladapted control with no evident 
neural involvement [106]. Another theory formulated by 
Lund et al. (1991), known as the “pain adaptation model”, 
suggests that a centrally-mediated limitation on biomechan-
ics could occur early in the disease (Fig. 6). By means of 
motor inhibition in and around the site of pain, this theory 
may explain how sensory neuropathy sometimes manifests 
as muscle pain, especially when unmyelinated nociceptors 
innervate and surround muscles [107,108]. 

Motor disorders in diabetes more frequently occur as a 
consequence of changes at the central nervous system, which 
explains the later onset in individuals with diabetes [109]. As 
mentioned above, neuroplasticity is related to remapping of 
cortical areas as an unsuccessful protective mechanism 
aimed at reducing painful inputs from sensory neuropathies 
[105,110]. Decreased motor strength is among one of the 
latest clinical manifestations of diabetes: Found exclusively 
on patients with failures to sensory nerves, it is considered a 
direct consequence of central readaptations from sensory 
dysfunctional processing [111,112]. The progressive sensory 
impairment and motor inhibition often result in muscle 
weakness, loss of balance, increased falling – a typical mani-
festation in individuals with diabetes [16]. 

In summary, sensory neuropathy is caused at first by pe-
ripheral and local events, while its chronicity and progres-
sion are caused by long-term spinal and supraspinal adapta-
tion processes. This adaptation is a consequence of sensitiza-
tion in the spinal cord and is triggered from the periphery by 
increased firing of nociceptors [113]. Overall, the neural 
control system presented above follows a bottom-up ampli-
fying pathway which leads to neuropathic pain symptoms in 
diabetic individuals. This paper proposes that these mecha-
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nisms are not pathogenic, but are rather neuroplastic 
(mal)adaptive responses, consequences to the significant 
ionic imbalances caused by unresolved blood glucose levels. 
The ability to counteract and/or prevent progression of these 
(mal)adaptive cascades would lead to normalised homeosta-
sis and the ability to restore the neural control system to its 
normal functionality. 

3.4. Therapeutic Solution for Neural Control System 

The standard of care for treating pain caused by DPN in-
cludes pharmacologic interventions such as anticonvulsants, 
antidepressants, and opioids, which exhibit little pain relief 
or functional improvement but have many associated adverse 
effects [114]. Non-invasive electromagnetic therapies have 
been tested and investigated for the treatment of sensory and 
motor neuropathies [115,116]. The clinical efficacy of elec-
tromagnetic therapies in generating analgesic effects have 
been proven and is one reason behind the growing interest on 
electromagnetic therapies as a therapeutic solution for DPN. 
For example, two clinical trials on individuals with diabetic 
neuropathy (n = 80 and n = 34, respectively) have applied 
transcutaneous peripheral nerve stimulation using Stimpod 
NMS460 (Algiamed Technologies, Canada) and NMS300 
(precursor to the NMS460) respectively and obtained signif-
icant reduction of DN4 and VAS pain scores, emphasizing 
the role that electromagnetic therapies might play in resolv-
ing neuropathic syndromes [117,118]. While the underlying 
mechanism of electromagnetic therapies is still under inves-
tigation, it is thought to be involved with pain modulation, 
nerve excitability changes, cellular energy production, cell 
metabolism enhancement and gene expression changes 
[119–121]. Should the model proposed in the present paper 
be substantiated with further research, electromagnetic ther-
apies might play a crucial role in corrective readaptation of 

neurological pathways, and as such it may have a positive 
impact on patient outcomes as a therapeutic solution. 
4. PAINFUL AND PAINLESS DIABETIC NEUROPA-
THY 

Pain is a common feature of many diabetic neuropathies, 
but its prevalence and epidemiology are not yet well estab-
lished [122]. The underlying mechanism of diabetic neuropa-
thy is still unclear and predicting whether an individual will 
experience a painful or painless neuropathy is beyond cur-
rent knowledge [123]. Up to 50% of diabetic patients will 
develop some sort of chronic pain condition during their life, 
while the larger portion will present some clinical manifesta-
tions of diabetic neuropathy at peripheral and central levels 
without reporting any pain [124]. 

Efforts have been made to define the characteristics of 
diabetic individuals with painful neuropathy (e.g., more de-
pression, anxiety, poor self-reported quality of life, and poor 
glucose control [124]) and, from a physiological point of 
view, pain is significantly correlated with increased neovas-
cularization and nerve regeneration processes (e.g., increased 
vascular endothelial growth factor (VEGF) and increased 
nerve growth factor [125-127]). Pain is also accompanied by 
a significant increase of pro-inflammatory molecules, such 
as IL-6 and TNF-α. 

Painful and painless diabetic neuropathy share similari-
ties at peripheral, spinal and supraspinal levels with only few 
discrepancies [124]. A major focus should be drawn to the 
absence of regeneration attempts in painless DPN, suggest-
ing failures at both neural and autonomic levels. As men-
tioned above, peripheral dendrites regenerate as a conse-
quence of sensory hyperexcitability through the mediation of 
the neural control system. The consequent swelling and 
sprouting are events known to generate painful experiences 
[128]. In case of painless DPN, regeneration attempts fail to 

 
Fig. (6). The “pain adaptation model” by Lund et al. (1991). Nociceptive inputs from sensory nerves innervating areas of or around muscles 
can cause centrally-mediated adjustment such as motor inhibition or new motor neuron recruitment. Adapted from: “How does pain affect 
jaw muscle activity? The integrated pain adaptation model” by C.C. Peck, G.M. Murray and T.M. Gerzina, 2008, Australian Dental Journal, 
53(3): p.201-207. 
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occur and therefore, also the associated pain. The lack of an 
inflammatory response in painless DPN is suggestive of im-
paired autonomic control which halts the exacerbation of 
symptomatology caused by metabolic stressors (i.e., chemo-
kines and cytokines) [123]. 

In our proposed model, the detection of hyperexcited 
sensory nerves and the delivery of warning signals to the 
central nervous system are both responsibility of the neural 
control system. Missing warning signals from the neural 
pathway delay protective efforts and thus silently accelerate 
disease progress without the manifestation of pain symp-
toms. These events suggest that pain is actually part of a 
functional defence mechanism – it is only experienced as a 
consequence of regenerative efforts from the autonomic and 
the neural control systems, and the lack of it may be an indi-
cation of the inability of both systems to continue adaptation. 
The model discussed in this paper unravels some of the am-
biguities surrounding painless and painful DPN: though the 
discussions on these ambiguities are limited, further investi-
gation on the matter is beyond the scope of the present paper. 

5. SHARED FEATURES BETWEEN DPN AND OTH-
ER NEUROPATHIES 

Diabetes, despite being the most common cause of pe-
ripheral neuropathy, is not the only disease triggering neuro-
pathic conditions. Inflammatory conditions, infections, auto-
immune diseases, and chemotherapy all originate peripheral 
neuropathies [129]. Similar to the glucose imbalance in dia-
betes, other peripheral neuropathies are first triggered by the 
exposure of sensory nerves to external agents (i.e., chemo-
therapic agents, medication) and/or other viral infections 
which, due to the lack of a myelin sheath, and of the BBB 
and BNB, cause systemic or local ionic imbalances and sen-
sory hyperexcitability. In chemotherapy-induced peripheral 
neuropathy, antineoplastic agents on sensory nerves act in a 
‘glove and stocking’ conformation, followed only at later 
stages by motor dysfunction. In addition to the sensory hy-
perexcitability, most agents used in chemotherapy cause neu-
roinflammation due to their ability to activate microglia, 
astrocytes and immune cells, which, in turn, increase the 
release of cytokines (i.e., IL-6) by the autonomic control 
system [130]. Besides chemotherapy and diabetes, autoim-
mune and inflammatory diseases are common aetiologies of 
peripheral neuropathy. Around 40% of patients suffering 
HIV develop distal symmetrical polyneuropathy and a simi-
lar prevalence is observed in individuals with rheumatoid 
arthritis or Guillain-Barré syndromes [131,132]. These pa-
thologies present compromised immune systems which trig-
ger maladaptive processes at the level of the autonomic 
nervous system, as observed in chronic inflammatory de-
myelinating neuropathies [133]. 

A point of interest lies in observing the shared similari-
ties between diabetes and other types of pathology which 
corroborate the involvement of two parallel control systems 
in inducing neuropathic conditions. The autonomic nervous 
system is characterized by an immediate response and a 
feed-forwarding cascade of metabolic reactions at systemic 
levels with disruptive consequences on several organs. In 
contrast, the neural control system is resilient, adaptive, and 
plastic. In chemotherapy-induced neuropathy, analogous to 
diabetic neuropathy, first manifestations of the disease occur 

at later stages, weeks after completion of the therapy [130]. 
The slow adjustment of the nervous system during patholog-
ical conditions is indicative of the inherent ability of the neu-
ral control system to respond to pathological changes by 
creating an adjusted and (mal)adapted homeostasis, where 
survival and functionality is optimized despite the unfavour-
able conditions. 

CONCLUSION 

The clinical presentation of diabetic-related pathologies 
such as DPN is complex and layered and its pathogenesis 
remains largely elusive. Two schools of thought exist regard-
ing the pathogenesis of DPN. The first motivates for neu-
ronal dysfunction as being the result of a microvascular 
complication, similar to other associated pathologies such as 
retinopathy and nephropathy. The second associates neurop-
athy with axonal apoptosis, caused by mitochondrial ROS 
toxicity. Mitochondrial toxicity and microvasculature fail-
ures have ostensibly played a critical role in the chronicity of 
the disease, by instituting self-damaging and sabotaging 
mechanisms that enhance and amplify the symptomatology 
without possibility of recovery. For these reasons, the pre-
dominant hypothesis holds that chronic diabetic syndromes 
are intractable and irreversible. This is underscored by cur-
rent therapeutic approaches which are mainly focused on 
suppression of symptoms, with limited efficacy and an in-
creased risk of side effects. This paper proposes that the 
complexities introduced when considering the temporality 
and causality of diabetes and its complications may be de-
scribed by considering the roles of two distinct control sys-
tems [autonomic, (Fig. 7), and neural, (Fig. 8)]. This ap-
proach offers new tools to unravel the complexity of this 
multi-layered condition, from the acute to the chronic phas-
es. By introducing two separate control systems, multiple 
events may coexist without necessarily sharing a common 
mode of action, as seen in individuals with diabetes. These 
two control systems generate parallel, synchronous and, at 
times, overlapping cascades which constitute the complex, 
multifaceted nature of diabetes. In some individuals the re-
sponse of the two control systems may be asynchronous and 
not temporally aligned, accounting for some enigmatic oc-
currences, such as painless diabetic neuropathy. The pro-
posed model may revolutionize the way we understand and 
treat diabetes. While limitations do apply, this model ac-
counts largely for anomalies making diabetic complications 
difficult to diagnose and even more difficult to treat.  The 
notion that the neural control system responds through plas-
tic changes opens up possibilities for previously minimalized 
therapies such as electromagnetic therapies. Electromagnetic 
therapies offer an innovative approach to modulate or even 
re-model neural control systems which could impact on: 

• Maladapted autonomic responses through accessing 
the cholinergic anti-inflammatory pathway utilizing 
the vagus nerve. 

• Re-modelling the characteristics of peripheral nerves 
• The former leading to central re-adaptation by stim-

ulating restoration of spinal excitability, leading to 
the creation of more favourable cortical networks. 

Under these assumptions, diabetic complications could 
well be reversible. 
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Fig. (7). New model explaining the mechanism underlying diabetic-induced complications. The autonomic control system regulates the adap-
tive and maladaptive responses via inflammatory and immune mediators leading to cardiovascular, renal and kidney complications. (A higher 
resolution / colour version of this figure is available in the electronic copy of the article).  
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Fig. (8) The neural control system regulates the responses leading to diabetic neuropathy. (A higher resolution / colour version of this figure 
is available in the electronic copy of the article). 
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Here, it is proposed that the structural and anatomical 
dysfunction of peripheral nerves may be restored through 
gene expression changes, while spinal excitability and su-
praspinal cortical reorganization can be reversed using re-
storative neuroplasticity mechanisms as seen in the recovery 
of brain injuries. Similarly, inflammatory flares could be 
deregulated using targeted therapeutic solutions on vagus 
nerve responses. Ongoing research on electromagnetic thera-
pies seems to suggest their efficacy as a long-term therapeu-
tic solution for the treatment of both diabetic neuropathies 
and inflammatory complications, through their intervention 
on both the autonomic and neural control systems. In conclu-
sion, diabetes is a complex disease involving multiple inter-
dependent mechanisms which affect peripheral and central 
networks as well as autonomic responses. Research has been 
conducted to unravel the underlying mechanisms of diabetic 
complications, with focus on the maladapted metabolic 
pathways generated by mitochondrial toxicity and microvas-
cular dysfunction. Despite a significant body of research and 
clinical evidence, a knowledge gap still exists that prevents 
these observations from being translated into effective thera-
peutical solutions. Here, diabetic complications are viewed 
as a clinical condition that can be reversed both at autonom-
ic, peripheral, and central levels. Electromagnetic therapies 
offer an innovative approach to modulate control systems in 
order to initiate mechanisms (a) for the modulation of adap-
tive autonomic responses, (b) for the regeneration of periph-
eral nerve fibres, (c) for the restoration of spinal excitability, 
and (d) for the creation of more favourable cortical networks. 

LIST OF ABBREVIATIONS  

DN = Diabetic Neuropathy 
T2DM = Type-2 Diabetes Mellitus 
AGEs = Advanced Glycation End-products 
VEGF = Vascular Endothelial Growth Factor 
CIDP = Chronic Inflammatory Demyelinating 

Polyneuropathy 
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