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ABSTRACT   

 

Diabetic neuropathy (DN) is a common chronic microvascular complication of 

diabetes mellitus. The features of DN include allodynia, hyperalgesia, abnormal or 

loss of sensation of nerve fibers. The clinical features will contribute to poor 

quality of life, disrupt sleep, lead to depression, and increases mortality. Current 

drug treatments have been shown to alleviate the symptoms of DN but failed to 

treat the underlying causes of DN. Therefore, a better understanding of the 

molecular mechanisms underlying the development and progression of DN is 

needed for early diagnosis and intervention and understanding the failure of 

existing treatments. Identification of potential mechanisms is critical for better 

prediction of progression and for designing preventive therapies. DN's exact 

pathogenesis is incomplete, although it is understood that its multifunctional 

dysfunction involving many signaling pathways. This review summarised the 

common deterioration of signaling pathways and mechanisms involved in DN 

pathogenesis.   
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INTRODUCTION 

 

Diabetes Mellitus (DM) is a significant worldwide public 

health concern. In 2017, 425 million people worldwide 

had diabetes, according to the International Diabetes 

Federation, and this figure is projected to rise to 629 

million by 2045.1  A dramatic spike in the prevalence of 

diabetes has also been seen in Asia. According to the 

International Diabetes Federation, 82 million people in 

Southeast Asia have diabetes. According to Malaysia's 

National Health and Morbidity Survey (NHMS), the 

prevalence of a known or established diagnosis of 

diabetes during the 2019 NHMS was 9.4%, whilst in 

2015 it was 8.3%. Hence in 2019, there were almost 2 

million (1,999,450) adult individuals with known 

diabetes in Malaysia.2 

 

Diabetic neuropathy (DN) is the common chronic 

microvascular complication symptom of diabetes, 

affecting about half of all diabetic patients. It is projected 

that 50 percent of patients develop symptoms of nerve 

injury after having DN for over 25 years.3 DN can be 

characterised as symmetrical, length-dependent 

sensorimotor polyneuropathy attributable to metabolic 

and microvessel alterations due to chronic 

hyperglycaemia and hyperlipidaemia. 

 

 DN has two principal clinical manifestations known as 

painless and painful DN. Painless DN is characterised by 

a lack of sensitivity to pain, which can cause foot ulcers, 

while painful DN is characterised by neuropathic pain 

that can be highly distressing. Numbness, burning, 

"electric-shock type" pain, aching, scratching, and cold 

pain are all signs of DN. These signs lead to diminished 
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daily life, higher unemployment rates, sleep disruption, 

stress and mental health problems, physical co-

morbidities, and even amputation.4 

 

Pathogenesis of DN 

 

The exact pathogenesis of DN is incomplete, although 

it is understood that the multifunctional dysfunction of 

DN results from many impaired signaling pathways. 

The common deterioration of signaling pathways and 

mechanisms involved in the DN pathogenesis are 

summarised in this review.  

 

Glucotoxicity  

 

Prolonged hyperglycaemia in diabetes can induce 

glucotoxicity which impairs numerous pathways in the 

biological metabolome. 

 

Polyol pathway  

 

In this pathway, glucose is converted to sorbitol by the 

enzyme aldose reductase. Then sorbitol is further 

metabolised to fructose by the sorbitol dehydrogenase 

enzyme. The conversion of glucose into sorbitol by 

aldose reductase uses nicotinic acid adenine dinucleotide 

phosphate (NADPH), while to convert fructose to 

sorbitol, nicotinic acid adenosine dinucleotide (NAD) is 

used as a cofactor.5 Through this pathway, the cell 

redox state is altered by regulating the NADPH/

NADP+ and NADH/NAD+ ratios. The NADPH is the 

cofactor that is necessary to produce glutathione (GSH), 

an antioxidant scavenger for reactive oxygen species 

(ROS). The overconsumption of NADPH to convert 

glucose to sorbitol may cause depletion of GSH 

production and therefore, exacerbates the effect of 

intracellular oxidative stress. The aldose reductase 

activity also further depletes cellular stores of NADPH, 

which are needed for the generation of nitric oxide 

(NO), the vasodilator agent of the blood vessel.6 The 

increase of sorbitol production also can create an 

osmotic imbalance in the cell and this situation is 

compensating by efflux of myo-inositol and taurine. 

The efflux of myo-inositol, which is an essential 

component of the Na+/K+-ATPase pump makes myo-

inositol concentration in the cell is reduced. All of these 

processes result in the generation of cytoplasmic ROS 

Production of Advanced glycation end product 

(AGE) 

 

Hyperglycaemia in diabetes may also trigger the 

production of advanced glycation end product (AGE). 

The non-enzymatic reaction between aldehyde groups 

of reducing sugars with protein amino groups, lipids, or 

nucleic acids gives rise to the formation of reactive 

dicarbonyl intermediate (glyoxal, methylglyoxal) by auto

-oxidation and a variety of AGEs.5 As a consequence of 

this glucose auto-oxidation and formation of AGEs, 

hydroxyl radicals and hydrogen peroxide are produced.8 

The interaction of AGEs with the AGE receptor 

(RAGE) can activate the downstream signaling cascade 

by nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kB) that can induce inflammation 

in the cells. Besides the production of AGEs, lipid 

metabolism is also affected during diabetes. Diabetes 

may increase the development of lipid peroxidation as a 

result of the enhanced oxidative stress production and 

increase the production of lipoxidation end products 

(ALEs) that are chemically similar to AGEs.9  

 

Poly(ADP-ribose) polymerase (PARP) 

 

In the normal condition, the PARP enzyme is 

associated with DNA repairing and apoptosis 

mechanism. In DM, hyperglycaemia leads to the 

generation of reactive oxygen and nitrogen species, 

which initiate single-strand DNA breaks and activate 

the PARP enzyme.5 However, when the PARP enzyme 

is highly activated, it causes depletion of intracellular 

NAD+/NADPH and generation of ADP ribosylation 

of glyceraldehydes 3-phosphate dehydrogenase 

(GAPDH). This process causes energy failure, 

alteration of transcriptional regulation and gene 

expression that upregulates the release of pro-

inflammatory mediators, and a shift of the glycolytic 

flux into several pathways associated with nerve blood 

vessel damage. 10  

 

Hexosamide pathway  

 

In the hexosamine pathway, fructose-6-phosphate is 

diverted from glycolysis and is transformed into 

glucosamine-6-phosphate. Glucosamine-6-phosphate 

amidotransferase enzyme further transforms the 
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glucosamine-6-phosphate into uridine phosphate-N-

acetyl glucosamine (UDPGlcNAc). The N-acetyl 

glucosamine (GlcNAc) can induce β-cell function 

deficit due to the production of oxidative stress.11 The 

higher level of  glucosamine-6-phosphate 

amidotransferase enzyme due to hyperglycemia, 

increased hydrogen peroxide levels that can inhibit 

insulin production, glucose transporter 2, and 

glucokinase genes expression.12 Increased activity of 

hexosamine pathway also induces changes in gene 

transcription factor Sp1 that controls gene expression 

of transforming growth factor β1 (TGF-β1) and 

plasminogen activator inhibitor-1 (PAI-1). The 

upregulation of TGF-β1 activated collagen matrix 

production is associated with endothelial fibrosis and 

inhibition of mesangial cell proliferation. Meanwhile, 

the increased PAI-1 may enhance vascular smooth 

muscle cells that are responsible for atherosclerosis 

formation.13  

 

Upregulation of Oxidative stress 

 

In the pathogenesis of DN, oxidative stress is also 

known to involve in modifying certain signalling 

pathways and tissue structures. The occurrence of 

prolonged hyperglycaemia leads to the auto-oxidation 

of glucose in several cells and tissues as a result of 

failure to detoxify the endogenous release of free 

radicals.14 This mechanism results in the activation of 

the polyol pathway that further converts glucose to 

fructose with the further action of sorbitol 

dehydrogenase. These biological systems implicate the 

formation of nicotinamide adenine dinucleotide 

phosphate (NADPH) directly that in turn to decreased 

production of glutathione (GSH), a primary 

endogenous antioxidant. These overall modifications 

may end up in the hyper release of oxidative stress and 

failure of nerve conduction.14 In fact, the increased level 

of oxidative stress markers in the early phenomenon 

detected in the occurrence of insulin resistance, 

modification of aldose-reductase pathway, and 

inflammation. 14,15 

 

Hydrogen peroxide (H2O2), nitric oxide, and 

superoxide anion (O2
-) are the essential free radicals 

produced endogenously during normal physiology. 

During metabolic dysfunction, the increased level of 

oxidative stress may lead to cellular damage. The 

increased production of O2
- in β-cell may induce stress-

signalling pathways to activate downstream effectors 

including NF-kB. These mechanisms may cause the 

dysfunction and apoptosis of β-cell and further 

implicates insulin secretion.16 Other than that, H2O2, a 

potent oxidising agent is yielded from the superoxide 

dismutase (SOD)-catalysed dismutation of O2
-. The 

released hydroxyl radicals may cause serious biological 

effects such as impaired vasodilation that may damage 

endothelial cells and tissue hypoxia.17 Meanwhile, the 

increased lipid peroxidation may also occur due to the 

activity of ROS in attacking plasma lipid, endoplasmic 

reticulum, and mitochondria.17  

 

Protein Kinase C (PKC) pathway 

 

Prolonged hyperglycaemia and increased glycolysis lead 

to the accumulation of dihydroxy-acetone phosphate 

that is further converted to diacylglycerol (DAG). The 

production of DAG may activate the neuronal PKC. 

PKC is a serine/threonine-protein kinase family 

involved in many cellular functions and signaling 

transduction pathways for cell proliferation, 

differentiation, and apoptosis.5 There are fifteen 

isozymes of PKC family that can be divided into 

conventional (α, βI, βII, and γ), novel (δ, ε, η, and θ) 

and atypical (Mζ and ι/ λ) that require DAG for 

activation.  

 

The activation of PKC may decrease the Na+/K+-

ATPase activity in smooth muscle cells and upregulate 

vascular endothelial growth factor (VEGF), TGF-β1, 

PAI-1 and NF-kB that play a major role in various 

diabetic complications including retinopathy, 

nephropathy, and cardiovascular diseases.5, 18, 19  

 

Furthermore, PKC activation may also alter 

vasoconstriction and capillary permeability and 

implicates hypoxia, angiogenesis, thickening of the 

basement membrane and endothelial proliferation.20 It 

is also reported that the activation of PKC-β activity 

may also be a source of excess production of free 

radicals, leading to the increased generation of 

superoxide and depletion of NO in vascular endothelial 

cells. 
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Activation of inflammatory pathway 

 

Hyperglycaemia in diabetes also triggers many 

inflammation signaling pathways that excretes various 

mediators that worsen the condition and contributing to 

the development of DN.  

 

Mitogen-activated protein kinases (MAPKs) 

pathway 

 

The MAPKs are intracellular components that play a 

role in signaling from cell membrane receptors to the 

nucleus. MAPK families include p38, extracellular signal

-related kinase (ERK), and c-Jun N-terminal kinase 

(JNK). 21 According to Xia et al. (1995) 22, ERK is 

responsible for brain survival, whereas JNK and p38 are 

responsible for neural death. However, ERK is engaged 

in and plays a crucial part in the pathogenesis of 

neuropathic pain. 23 Upregulation of ERK, p38, and 

JNK has been identified in the spinal ganglion neuron 

of STZ-induced diabetic rats.24 In diabetic rats and mice, 

inhibiting p38 MAPK improves nerve conduction 

velocity 25, produces antinociceptive effect 26, corrects 

erectile dysfunction 27, improves vascular endothelium-

mediated vasodilation, and decreases endothelial 

activation. 28 The elevated levels of p38 and JNK have 

been reported in the sural nerves of type 1 and type 2 

diabetes individuals. 29, 30 JNK activity has also been 

connected to neurofilament phosphorylation in the 

dorsal root ganglion (DRG) of diabetic rats. 31 It has 

been proposed that inhibiting the persistent JNK 

activation in DRG neurons may enhance neuronal 

regeneration in diabetic rats. 

 

Nuclear Factor kappa-light-chain-enhancer B (NF-κB) 

pathway 

 

The NF-κB is a transcriptional factor that plays a 

critical role in mediating immune and inflammatory 

responses and apoptosis. The NF-κB is activated by 

other pro-inflammatory insults like TNF-α and IL-1β 

and oxidative stress markers following the constant 

hyperglycaemic condition. These mechanisms are 

occurred via the activation of Toll-like receptors (TLRs) 

by these inflammatory cytokines in the canonical 

pathway.15,32 These mechanisms further result in the 

IκBa degradation as a result of the phosphorylation of 

the multi-subunit IκB kinase (IKK) complex. Once 

activated, the IKK phosphorylates IκBa at two N-

terminal serines that stimulates the degradation of IκBa 

in the proteasome. As a result, the canonical NF-κB 

members such as  p50/ReIA and p50/c-Rel dimers 

translocate into the nucleus 33 to induce the NF-κB-

dependent genes such as pro-IL-1β, pro-IL-18, and Nod

-like receptor protein 3 (NLRP3). It has been shown that 

the NLRP3 inflammasome is increased in the sciatic 

nerve of STZ-induced DN rats. 34 Other than that, the 

increased activation of NF-κB may also stimulate the 

productions of other pro-inflammatory and immune 

cells such as T-cells that further damages the endothelial 

cells.35 Li et al (2016) 36 demonstrated the co-localisation 

of NF-κB p65 with NADPH oxygenase-2 (NOX2) and 

NADPH oxygenase-4 (NOX4) in the aorta of DN rat. 

This study suggests the possible action of NF-κB in 

stimulating the NOXs activation and ROS 

overproduction following the persistent increase in 

blood glucose level.36 Other than that, the NF-κB 

transcription can also cause the increased level of 

heme oxygenase-1 (HO-1), a stress protein marker 

available in the astrocyte culture of the rat’s brain. 37 

 

Glial cells activation  

 

An increasing amount of research suggests that non-

neuronal cells such as microglia and astrocytes become 

activated during the pathogenesis of DN in a 

hyperglycaemic environment.38 Previous research has 

shown that glial-neuron crosstalk causes pathological 

pain in DN rat models, including allodynia and 

hyperalgesia, via the release of numerous inflammatory 

mediators. According to Barragán-Iglesias et al (2018) 39, 

the DN neonate Wistar rat model has increased glial 

fibrillary acidic protein (GFAP) and OX-42 

immunoreactivity (remarks astrocyte and microglia 

expressions, respectively) with a marked increase in the 

hypertrophied and amoeboid-like structure of microglia 

in the spinal cord as well as increased satellite glial cells 

(SGCs) in the dorsal root ganglion (DRG). The 

increased expression of these glial cells, both peripherally 

and centrally, has been demonstrated to be strongly 

related to the development of tactile allodynia in this 
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neonatal rat model, indicating their importance in the 

pathogenesis of DN. In another work, Ismail et al 

(2020) 40, discovered an early increase in the expression 

of OX-42 positive cells in the spinal cord of a painful 

DN rat model, which might explain the heightened 

formalin-induced pain behaviour responses in this rat 

model. The study also found the increased 

immunoreactivity of spinal brain-derived neurotrophic 

factor (BDNF) and downstream regulatory element 

antagonist modulator (DREAM), which are likely linked 

to the increased microglia-neuron crosstalk because 

DREAM is transcribed in neurons in response to the 

increased calcium ion (Ca2+) influx from the activated N

-Methyl-D-aspartate receptors (NMDARs). Minocycline 

appears to restore the allodynic and hyperalgesic state in 

painful DN rats by attenuating the microglia activation 

in conjunction with BDNF and DREAM signaling 

proteins. 41  

 

Vascular impairment  

 

Prolonged hyperglycaemic conditions in diabetes can 

affect the functions and structures of the peripheral and 

central nervous systems. It causes dysfunction of nerve 

blood flow and facilitates nerve hypoxia.42 Many animal 

studies, such as the rats treated with streptozotocin 

(STZ), showed diminished nerve blood supply within a 

few days of diabetes induction. 43 It is possible to apply 

this procedure to other animal models. Diabetes can 

induce endoneurial hypoxia that impairs nerve activity 

and triggers neurodegenerative processes by decreasing 

nerve blood flow. This phenomenon exists in the 

peripheral nerve and other central nervous system 

components, such as the dorsal root ganglia (DRG) and 

also the hippocampus brain structure.44 

 

In diabetes, nerve tissue perfusion deficiency is thought 

to be due to a process known as vasa nervorum 

endotheliopathy. The alteration in diabetes metabolic 

demand induces an imbalance in the production and 

effects of major blood vessel vasodilators such as nitric 

oxide, hyperpolarizing factor derived from endothelium 

(EDHF), and prostacyclin.  

 

It decreases the effects of vasodilation in the 

bloodstream and potentiates high diabetes 

vasoconstriction agents such as angiotensin II and 

endothelin 1.45 In nerve electrophysiology, multiple 

experiments using various vasodilator agents such as 

angiotensin-converting enzyme inhibitors, calcium 

channel blockers, endothelin-1 receptor antagonists, 

and alpha1 adrenoceptor blockers have demonstrated 

progress, correlating with the degree of correction of 

diabetic endoneurial perfusion deficiency.44,45  

 

Hyperglycaemia due to diabetes has also been reported 

to cause structural changes in nerve microvasculature, 

including thickening of the basement membrane, 

degeneration of pericytes, and hyperplasia of 

endothelial cells.46  

 

The probability of structural changes are extracted 

from the maladaptive reaction of endoneurial hypoxia 

that induces decreased diffusion capacity, which further 

exacerbates hypoxia.47 By controlling arterio-venous 

shunting in the epineural and perineurial feeding 

arteriole, unmyelinated nerve fibers engage in managing 

endoneurial blood flow. However, due to injury to this 

fiber in the early neuropathic phase, the innervation 

between an arteriole and a venous was shunt, and the 

state of hypoxia became worse. 48 In addition to 

microvascular risk factors, DN may also be associated 

with risk factors for macrovascular disorders such as 

hypertension, tobacco smoking, dyslipidemia, 

microalbuminuria, and body mass index rises (BMI).44,45   

 

Conclusion and future prospect  

 

DN is a frequent consequence of diabetes that lowers 

the quality of life and increases mortality. So far, 

current therapies have just relieved symptoms rather 

than elucidating the fundamental process in developing 

DN. This review has shown a complex etiology of 

interconnected advanced glycation/lipoxidation, PARP 

activity, oxidative/nitrosative stress, activation of pro-

inflammatory mediators, and neurovascular networks in 

the pathogenesis of DN as illustrated in Figure 1. There 

can have adverse effects on neurons directly, as well as 

indirectly through decreased nerve vascular supply. 

There are potential treatment targets specific to all of 

these signaling pathways that should be explored in 

clinical trials for maximum treatment efficacy for DN.  
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