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SUMMARY

Diabetic neuropathy is a debilitating complication of diabetes characterized by nerve damage that may lead 

to numbness, foot ulcers, and amputations, and is a major cause of morbidity and mortality in people with 

diabetes. There are no treatments available for diabetic neuropathy aside from pain management. Recent ad

vances in protein research have identified potential targets associated with the disease development and 

progression. This review explores the latest studies identifying proteins as possible drug targets in diabetic 

neuropathy and their role in relevant processes such as polyol metabolism, oxidative stress, and cytokine 

regulation. Additionally, we provide a comprehensive view of current developments and discoveries at 

single cell and spatial resolution that have revealed deregulated protein profiles in the dorsal root ganglia, 

sciatic nerve, trigeminal ganglion, or Schwann cells. Finally, we discuss the benefits of proteomics technol

ogies to identify proteins and associated signaling pathways to better understand the source of diabetic 

neuropathy.

INTRODUCTION

Diabetes is a chronic metabolic disorder characterized by hyper

glycemia alongside abnormal lipid and protein metabolism. It is a 

major global health issue affecting around 530 million people 

worldwide1 The number of diabetes cases is expected to rise 

to 643 million by 2030 Type 1 Diabetes Mellitus (T1D) is an insulin 

deficiency caused by the autoimmune and idiopathic destruction 

of B-cells, while generally Type 2 Diabetes Mellitus (T2D) is a 

combination of insulin resistance and metabolic syndrome, re

sulting in limited capability to metabolize glucose.2 The cause 

of T1D is still unknown, although there might be a genetic 

component. In contrast, T2D risk has been linked to ethnicity 

and lifestyle factors such as diet and exercise. Several genes 

have been linked to diabetic neuropathy, but only two, ACE 

(angiotensin-converting enzyme) and MTHFR (methylenetetra

hydrofolate reductase) polymorphisms, have been studied in 

large cohorts.3,4 Both T1D and T2D are associated with macro

vascular and microvascular complications, with diabetic neurop

athy (DN) accounting for up to 50% of microvascular complica

tions.5 Damage to the peripheral nervous system in diabetes 

affects sensory, autonomic, and motor axons.2 DN is strongly 

linked with morbidity and mortality in people with diabetes, 

and there is currently no cure for this condition.6 Major known 

predictors for DN are Hemoglobin A1c (HbA1c) levels, a test of 

glycated hemoglobin, which reflects average daily glucose 

levels, and the duration of diabetes.7,8

This review evaluates the potential of protein targets for the 

prevention and treatment of DN. Proteomics is assessed as a 

modern tool for disease profiling in search for pathways, which 

could potentially be altered through medical interventions.9 We 

discuss the current understanding of peripheral nerve injury in 

animal models and show the disconnect and lack of translat

ability of these studies compared with the symptoms and 
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phenotypes seen in people with diabetes. Considering the 

recognized knowledge gap between these basic science results 

and clinical translation, we have presented an outline of both sci

ence strategies to bridge this gap.

This review provides a comprehensive view of DN and the 

current knowledge regarding proteins and pathways, and their 

relationship with diabetic neuropathy and their therapeutic 

potential.

Diabetic neuropathy

Prevalence and symptoms

Nephropathy, retinopathy, and neuropathy are all chronic micro

vascular complications of diabetes caused by excessive glucose 

level variations in the blood and other metabolic factors, which 

result in protein glycosylation and osmotic cell injury, thereby 

accelerating atherosclerosis. The symptoms and signs of distal 

symmetric polyneuropathy (DSPN) are characterized by either 

negative phenomena with loss of numbness and loss of sensa

tion to temperature, touch, pinprick, vibration, or positive phe

nomena with pain, tingling, or burning sensations. In addition 

to sensory neuropathy there may also be signs of damage to 

the motor and autonomic nervous system.10

Current understanding of DN pathogenesis

Hyperglycemia-induced oxidative stress interferes with polyol 

metabolism, resulting in excessive superoxide production, 

elevated reactive oxygen species (ROS), and numerous down

stream pathogenic processes.11 Long-term hyperglycaemia 

also predisposes a diabetic nerve to vascular injury, impairing 

its ability to receive essential nutrients.11 Substantial experi

mental evidence indicates that diabetes attacks the neuron, 

from the perikaryon to the terminal. The order in which peripheral 

axons and their associated Schwann cells, or the neuron peri

karya that reside in the dorsal root ganglia (DRG) and sustain 

axons, are damaged is still debatable. Neurons damaged by hy

perglycemia and oxidative stress, leading to the activation of 

TLR-4 and NF-κB pathways in microglia. Activated microglia 

release pro-inflammatory cytokines and ROS, exacerbating 

neuronal damage and creating a chronic inflammatory state. As

trocytes, while attempting to support neurons, may become 

dysfunctional and contribute to the pathology through the 

impaired regulation of glutamate and neurotrophic factors.12

This vicious cycle of damage and inflammation underlies the pro

gressive nature of diabetic neuropathy. Cytokines can stimulate 

the synthesis of prostaglandins, which cause inflammation and 

pain, interact with pain-sensing neurons or nociceptors in the 

nervous system, and modulate neurotransmitters and other 

signaling molecules involved in pain transmission. DN is a multi

factorial disease, and understanding these mechanisms will 

contribute to the development of effective therapeutic strategies 

for diabetic neuropathy. Pharmacological agents such as tricy

clic antidepressants, selective serotonin and noradrenaline re

uptake inhibitors, and gabapentinoids are commonly used for 

treating the pain associated with DN.11 Most pharmacological 

agents used in clinical settings target the symptom of pain in 

DSPN rather than the nerve damage, and long-term use of opi

oids may lead to physical dependence, overdose, and death.13

In summary, alternative therapies are needed to treat DN nerve 

degeneration and related pain effectively.14

Protein alterations in diabetic neuropathy

Oxidative stress

Oxidative stress is a phenomenon that occurs due to an imbal

ance between the production of reactive oxygen species (ROS) 

and the antioxidant system. This affects the expression and 

function of several proteins that play a significant role in the 

development of DN (Figure 1). Chronic exposure to elevated 

ROS is implicated in the pathogenesis of various diseases, high

lighting the critical role of oxidative stress in cellular damage and 

disease progression. Elevated ROS often begin with increased 

production from mitochondria, NADPH oxidases, or other sour

ces under stress conditions. ROS, including superoxide anion 

(O2⋅− ), hydrogen peroxide (H2O2), and hydroxyl radical (⋅OH), 

disrupt cellular homeostasis by oxidizing lipids, proteins, and 

DNA. This oxidative stress triggers signaling pathways that pro

mote inflammation, alter gene expression, and contribute to 

cellular dysfunction. ROS plays a critical role in the impaired 

mitochondrial function, activated cell death, axonal transport, 

and impaired neurovascular function. These mechanisms collec

tively contribute to the progressive deterioration of nerve func

tion observed in diabetic neuropathy.15 The oxidative stress 

and peripheral nerve damage in muscle creatine kinase pro

moter/human insulin growth factor 1 (IGF-I) receptor in muscle 

creatine kinase promoter (MKR) T2D mice were closely associ

ated with increased levels of cytochrome-P450 (CYP4A) and 

20-Hydroxyeicosatetraenoic acid (20-HETE) (Table 1).16 The 

study showed that NADPH oxidase played a role in the DN ani

mal model by linking CYP4A/20-HETE to enhanced ROS gener

ation via an NADPH-dependent route.16 Additionally, autophagy 

dysregulation was identified as a potential cause of DN, as evi

denced by increased Beclin-1 and LC3B protein expression. 

N-Hydroxy-N′-(4-butyl-2-methylphenyl)-formamidine 

(HET0016), a CYP4A inhibitor, was found to normalize auto

phagy protein markers and activate AMP-activated protein ki

nase (AMPK), which reduces NADPH-produced ROS in diabetic 

rats, suggesting its involvement in providing neuroprotection by 

targeting AMPK.17 Although studies have investigated T1D and 

T2D models, as well as NADPH expression in streptozotocin 

(STZ) and MKR-induced mice, respectively, however, the find

ings need further validation in people with diabetes.16,17

In painful diabetic neuropathy (PDN) rats, lower levels of 

adaptor protein motif 1 (APPL1) protein were observed in the 

lower spinal cord, and laminae I and II, when compared to con

trols. The downregulation of APPL1 in PDN rats increased mTOR 

activation in the spinal cord, which exacerbated mechanical 

hyperalgesia.18

In a study involving 40 healthy subjects and 28 patients with 

DN, significant differences (p < 0.05) were observed in the anti

oxidant indicators between the two groups, while no significant 

differences were observed in total protein (TP), Globulin, Albu

min, albumin/globulin ratio (AGR), Thiol, and free amine between 

healthy subjects and patients with DN.19

Furthermore, the accumulation of advanced glycation end 

products (AGEs) and oxidation end products (OPs) contributes 

to the deterioration of the vascular wall inT1D.20 The AGE/recep

tor for AGEs (RAGE) interaction may link microangiopathy to DN. 

AGE build-up promotes the production of proinflammatory cyto

kines and adhesion molecules such as E-selectin, IL-6, TNF, and 
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VEGF, which leads to vascular endothelial dysfunction in arteries 

of different diameters, and might serve as biomarkers of DN. In 

addition, higher levels of serum NFL were associated with 

DSPN, which may aid in the diagnosis and treatment of DSPN 

in diabetes with recent onset.21

Pro-inflammatory cytokines in oxidative stress

The pro-inflammatory cytokines TNF-α, IL-1β, IL-6, and IL-17 are 

up-regulated and expressed through the p38-MAPK upstream 

kinase activator. In addition, these cytokines are also signifi

cantly elevated in cerebrospinal fluid (CSF) and blood of patients 

with long-term neuropathic pain.22,23 People with diabetes have 

an increased expression of pro-inflammatory cytokines, such as 

C-reactive protein, TNF-α, and IL-6.24 These findings suggest 

that the pro-inflammatory cytokines play a crucial role in the 

pathogenesis of DN-induced pain and may serve as potential 

therapeutic targets in the management of neuropathic pain. 

(Figure 1).

Tumor necrosis factor alpha

Pro-inflammatory cytokine TNF-α plays a crucial role in the 

emergence of DN. Its plasma concentration and the number of 

macrophages have been found positively correlated with the 

progression of DN.25,26 A placebo-controlled, dose-response 

study found that the transforaminal epidural injection of Etaner

cept, a TNF inhibitor, significantly reduced long-term leg pain 

in patients with subacute lumbosacral radiculopathy compared 

to the control saline group.27 TNF antagonists have the potential 

to alleviate neuropathic pain, however, further research is 

needed to establish their therapeutic effectiveness in a larger 

population.

Interleukin-1, Interleukin-6, and Interleukin-17

IL-1 is a proinflammatory cytokine that plays a critical role in initi

ating the host’s inflammatory and immunological responses. In 

the context of peripheral nerve injury, diabetic rat models of neu

ropathy exhibit elevated spinal IL-1 in various cells.28 Further

more, painful peripheral neuropathies have higher IL-1 levels in 

CSF than healthy controls.29 Studies have demonstrated that 

suppressing caspase 1, which regulates IL-1 maturation, re

duces mechanical allodynia and thermal hyperalgesia after 

constriction injury (CCI), confirming the involvement of IL-1 in 

nerve pain.30 Interleukin-6 is an inflammatory cytokine with 

wide-ranging biological effects. Although IL-6 plays vital roles 

in host defense and homeostasis maintenance, it has also 

Figure 1. Symptoms of diabetic neuropathy, the responsive proteins involved, and associated pathways, including stress response 

mechanisms in cells, ER stress signaling, and tissue stress injury 

Each panel highlights the interplay between these factors in the development and progression of diabetic neuropathy.
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Table 1. This table provides a comprehensive overview of key proteins involved in diabetic neuropathy, their regulatory pathways, physiological outcomes, model systems 

used, and translational potential

Protein name

Up/Down 

regulated Regulatory pathway targeted Physiological outcome Model used

Translation 

(Y/N) Reference

Insulin growth factor 1 (IGF-I) Up Oxidative stress 

signaling pathway

Increases the level of 

cytochrome-P450 (CYP4A) 

and 20-Hydroxyeicosatetraenoic 

acid (20-HETE)

DN rats N 15

Beclin-1 and Microtubule- 

associated proteins 1A/1B 

light chain 3B (LC3B)

Up AMP-activated 

protein kinase (AMPK)

Involvement in providing 

neuroprotection by 

targeting AMPK

MKR T2D Mice N 16

Adaptor protein motif 1 (APPL1) Down Mammalian target of 

rapamycin (mTOR)

The downregulation of APPL1 

in PDN rats increased mTOR 

activation in the spinal cord, 

which exacerbated mechanical 

hyperalgesia

PDN rats N 17

Interleukin (IL)-1β, IL-6, IL-17, 

and C-reactive protein

Up p38- Mitogen-activated 

protein kinase (MAPK) 

upstream kinase activator

Strategies focusing on 

reducing oxidative stress, 

modulating autophagy, 

activating AMPK, and 

inhibiting inflammatory 

pathways may prove 

effective in managing DN.

Patients with 

DN vs. control

N 21, 22

Tumor Necrosis Factor alpha (TNF-α) Up TNF-α signaling pathway TNF antagonists have the 

potential to alleviate 

neuropathic pain

Patients with subacute 

lumbosacral radiculopathy 

vs. the control group

N 24, 25

IL-6, TNF, and High-mobility 

group box 1 (HMGB1)

Up Nuclear factor kappa B 

(NF-κB) signaling

Stress and inflammatory 

signaling pathways

patients with DN 

vs. control

N 35

Chemokine (C-C motif) ligand 1 

(CCL1) and Ionized calcium-binding 

adaptor molecule 1 (IBA1)

Up CCL1/CC chemokine 

receptor 8 (CCR8) 

signaling

Induced hypersensitivity 

and caused microglia to 

release IL-1 and IL-6, 

pronociceptive cytokines

STZ-induced diabetic 

rats

N 37

IL-4 Up Anti-inflammatory 

signaling

IL-4 intrathecal injections 

reduce inflammation and 

mechanical allodynia in 

animal models of nerve 

injury

Rats with partial nerve 

ligation

N 38

Transforming growth 

factor β (TGF-β1)

Up TGF-β signaling Maintaining blood-spinal 

cord barrier integrity and 

regulating extracellular 

matrix synthesis and 

cross-linking.

DN Rats N 43

(Continued on next page)
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Table 1. Continued

Protein name 

Up/Down 

regulated Regulatory pathway targeted Physiological outcome Model used 

Translation 

(Y/N) Reference

Aldose reductase (AR) Down Polyol pathway Long-term treatment with 

epalrestat is well tolerated 

and can effectively delay 

the progression of DN.

patients with DN Epalrestat 

group and control group

Y 49

Mitochondrial calcium 

uniporter (MCU)

Down Calcium signaling Blocking calcium entry 

through MCU can restore 

normal mitochondrial 

function and alleviate 

neuropathic symptoms

PDN mice N 55

Mitogen-activated 

protein kinase 1 (MAPK1)

Down MAPK/extracellular signal- 

regulated kinase (ERK) 

signaling pathway

High glucose-induced 

demyelination and 

impaired nerve function, 

suggesting its involvement 

in diabetic neuropathy

Schwann cells N 55

Cysteine and glycine-rich 

protein 1 (CSRP1)

Down Spinal cord regeneration 

pathways

Impaired nerve 

regeneration and repair

Spinal cord injury models, 

diabetic neuropathy models

N 55

Tenascin-R (TNR) Up TNR pathway DRG neuron degeneration 

impedes axonal regeneration

patients with DN vs. controls N 56

Thioredoxin 2 (Trx2) Up Mitochondrial related 

pathway

Improves the myelin sheath and 

peripheral nerve function in 

diabetic neuropathy

Schwann cells N 57
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been widely demonstrated that neuroinflammation plays a crit

ical role in the development of pathological pain.31

Prostaglandin E2 (PGE2) is a lipid mediator that activates EP4 

receptors, leading to the production of IL-6 in DRG neurons after 

partial sciatic nerve ligation.32 The protein kinase (PKC) pathway 

and EP4 receptor in invading macrophages through PGE2 sug

gests a potential role for PGE2 in the induction of IL-6 in neuro

pathic pain. Studies have shown that reducing IL-6 expression 

can alleviate pain in animal models of neuropathy.

Tocilizumab, an IL-6 receptor inhibitor, has shown promise in 

treating sciatica and discogenic low back pain in clinical studies. 

However, elevated IL-6 levels have been observed in regions 

beyond the site of nerve injury, indicating that IL-6 may be a 

non-specific marker of neuroinflammation.33 In a study by Sai

noh et al., intradiscal injections of Tocilizumab with Bupivacaine 

were compared to Bupivacaine alone for discogenic back pain 

and found statistically significant short-term pain relief and 

improvement at 2 and 4 weeks, but not at 6 weeks.34 However, 

Dubový et al. demonstrated that elevated IL-6 levels were not 

only observed in the injured nerve but also on the opposite 

side and in cervical regions following unilateral lumbar CCI in 

rats.35 This suggests that IL-6 or other cytokines may serve as 

non-specific markers of neuroinflammation. Further research is 

needed to fully understand the role of IL-6 and cytokines in 

neuropathic pain and explore their potential as therapeutic 

targets.

Caspase 3 and p38MAPK

In DN, several inflammatory cytokines have been implicated in 

the development of neuropathic pain. An in vitro study has vali

dated Caspase 3, IL-6, IL-1, and p38MAPK as DN targets.36 In 

patients with T2DM, IL-6, TNF, and HMGB1 levels were found 

to be considerably higher than in controls. These results suggest 

that hyperglycemia elevated HMGB1 and nuclear factor kappa B 

(NF-κB) signaling, which boosted pro-inflammatory cytokines 

in vivo and in vitro. Further, experimental evidence has shown 

expression of HMGB1 in the sciatic nerves of diabetic rats.37

Active p38MAPK modulates stress and inflammatory signaling 

pathways, which causes DN.

CCL1 and IBA1

CCL1 has also been implicated in the development of neuropathic 

pain in STZ-induced diabetic rats. On day 7, an increase in CCL1 

(34%) and IBA1 (40%) was observed, which induced hypersensi

tivity and caused microglia to release IL-1 and IL-6, pronociceptive 

cytokines.38 Neutralizing CCL1 with antibodies reduced pain 

behavior on day 7 following STZ, confirming its role in neuropathic 

pain. CCR8, a receptor protein necessary for pronociceptive 

CCL1, did not increase in STZ-induced animals, implying that 

the turnover of CCR8 may be increased in neuropathy.38 The find

ings suggest that CCL1 changes neuroimmune interactions, and 

that CCL1/CCR8 signaling enhances DN pain.

In conclusion, IL-17, Caspase 3, IL-6, IL-1, p38MAPK, 

HMGB1, CCL1, and IBA1 have all been implicated in the onset 

and maintenance of neuropathic pain. While research on these 

targets is still ongoing, they hold promise as potential therapeutic 

targets for the treatment of neuropathic pain.

Anti-inflammatory cytokines

Neuropathy is often associated with chronic inflammation, which 

makes anti-inflammatory cytokines an attractive therapeutic 

target for managing the DN. Despite the promising results seen 

in animal models and in vitro studies, more research is needed 

to fully understand the role of anti-inflammatory cytokines in 

DN and related pain. Future studies should explore the potential 

benefits and risks of anti-inflammatory cytokine therapy in hu

mans and investigate the optimal dose and duration of treatment 

for maximum therapeutic effect.

Interleukin-4, interleukin-10, and transforming growth 

factor β
IL-4, a well-known anti-inflammatory cytokine, is an essential im

mune regulator that is released by various immune cells. Studies 

have shown that IL-4 intrathecal injections can decrease inflam

mation and pro-inflammatory cytokine levels in animals with CCI 

and reduce mechanical allodynia in rats with partial nerve liga

tion.39 Furthermore, the pain-relieving actions of Glatiramer ace

tate, a medication used for treating multiple sclerosis, are linked 

to an increase in two anti-inflammatory cytokines, IL-4 and IL-10, 

in the spinal cord.40

IL-10 is a cytokine that functions as an anti-inflammatory agent 

by inhibiting the production of pro-inflammatory cytokines 

through the decrease of nuclear factor-κB (NF-κB) activity. 

Several studies have reported lower levels of IL-10 in the CSF 

of patients affected by neuropathy compared with healthy con

trols, and a negative correlation between IL-10 levels and their 

pain ratings.41,42 Interestingly, Glatiramer acetate therapy has 

been shown to reverse neuropathic hypersensitivity and coin

cides with higher IL-10 expression levels in both T cells and other 

cells in the spinal cord.43 This suggests that manipulating the 

balance of Th1 and Th2 cells in the spinal cord, which stimulate 

the immune response, could be a potential approach to treat 

neuropathy, yet only from the pain management side.

In recent years, there has been increasing interest in the role of 

the TGF-β1 in diabetes complications. Interestingly, previous 

studies have shown that TGF-β infusion can alleviate pain 

induced by partial nerve ligation and CCI.44 Conversely, the in

jection of anti-TGF-β antibodies into the red nucleus promotes 

mechanical hypersensitivity in rats (Table 1).44 TGF-β1 therapy 

has been shown to sustain higher levels of tight junction proteins 

following nerve injury, thus maintaining the blood spinal cord 

barrier integrity in rats.45 In addition, the renal expression of 

TGF-β1 mRNA and protein is increased in patients with diabetes 

mellitus, and it enhances the synthesis and cross-linking of 

extracellular matrix (ECM). Flexibilide has been demonstrated 

to alleviate neuropathic pain in rats by preventing TGF-β 
decrease following CCI. Furthermore, infusion of bone marrow 

stromal cells into the spinal cord of rats has been used to boost 

TGF-β production, resulting in a reduction in CCI-induced neuro

pathic pain.46 These findings suggest that targeting TGF-β 
signaling may hold promise as a potential therapeutic strategy 

for the treatment of diabetic neuropathic pain.

Proteins in polyol metabolism

Polyol metabolism has been identified as a major cause of DN, 

which is characterized by a range of metabolic imbalances re

sulting from hyperactivity in the metabolic pathways that pro

cess and degrade polyols or sugars. This pathway involves the 

reduction of glucose to sorbitol by the enzyme aldose reductase 

(AR), and the subsequent conversion of sorbitol to fructose by 

sorbitol dehydrogenase. Under normal glucose levels, the polyol 
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pathway accounts for a small fraction of glucose metabolism. 

However, in hyperglycemic conditions typical of diabetes, 

excess glucose enters the polyol pathway, leading to several 

detrimental effects. This process depletes NADPH, reducing 

the cell’s ability to counteract oxidative stress, and increases 

intracellular osmotic stress, leading to nerve damage. Moreover, 

the accumulation of sorbitol disrupts Na+/K+ ATPase activity, 

impairing nerve function, while also promoting oxidative stress 

and activating protein kinase C, further damaging nerves. Inhib

iting aldose reductase has been explored as a therapeutic 

approach but has shown limited clinical success.47 Overall, the 

promising potential of this pathway has been interpreted in 

various studies in different ways. While some AR inhibitors 

showed negative effects in the drug trials, where animal results 

could not be replicated in human studies,48 epalrestat has 

been shown to delay the progression of diabetic neuropathy 

and reduce the associated symptoms of the DN.49,50 In addition, 

advanced glycation end-products (AGEs) produced from the 

polyol pathway, such as glucoselysine, arise from the non-enzy

matic glycation of proteins and lipids due to elevated fructose 

levels. This process is heightened in hyperglycemic conditions, 

leading to increased oxidative stress and inflammation. AGEs 

such as glucoselysine have been associated with vascular com

plications in type 2 diabetes, serving as potential biomarkers for 

monitoring disease progression and therapeutic efficacy. Under

standing these AGEs is crucial for addressing diabetes-related 

complications and developing targeted interventions.51

Neuronal regeneration

Growth factors play a vital role in the development and mainte

nance of the nervous system, including nerve growth and regen

eration. Studies have shown that growth associated protein 43 

(GAP43) in immunoreactive nerve fibers is reduced in dia

betics.52 It has been suggested that the expression of GAP43 

may be linked to axon regeneration and remodeling, indicating 

that reduced expression in skin nerves may be an early indicator 

of diabetic neuropathy and a potential therapeutic target for the 

condition.52 Further studies are needed to determine the normal 

range for GAP43 immunoreactive intraepidermal nerve fibers 

and to expand the sample size to test this hypothesis. Axonal 

regeneration-inhibitory molecules, such as RhoA and PTEN, 

play a significant role in the development of DN by hindering 

nerve repair mechanisms. RhoA disrupts cytoskeletal dynamics, 

preventing axonal growth, while PTEN suppresses the PI3K/Akt 

pathway, which is essential for neuronal survival and regenera

tion. Both molecules, through distinct but overlapping mecha

nisms, create a regeneration-inhibitory environment that exacer

bates neuropathic symptoms in diabetes.53,54

Proteomics applications in diabetic neuropathy

Proteomics has emerged as a promising technology in clinical 

practice, offering a valuable strategy for exploring the pathogen

esis of various diseases, including diabetes mellitus and related 

complications.55 Proteomics is a rapidly advancing field that is 

expected to revolutionize drug development in the coming years. 

It enables the identification of potential drug targets by detecting 

differentially expressed proteins in healthy and diseased individ

uals, which can be tested against chemical compound libraries 

to identify lead compounds that could serve as new therapies.55

The development of better diagnostic tools and treatments using 

proteomics knowledge is the next opportunity (Figure 2).

Mass spectrometry (MS) technology has played a crucial role 

in enabling the precise identification and high-throughput anal

ysis of proteins on a large scale. This technology has contributed 

significantly to unraveling key protein-protein interactions, 

discovering signaling networks, and understanding disease 

mechanisms.56 Bottom-up proteomics, which involves the pro

teolytic digestion of proteins extracted from any biological sam

ple, followed by the liquid chromatography (LC) separation of the 

resulting peptides, is the most used approach. The peptides are 

then eluted and subjected to electrospray ionization (ESI), which 

allows for the precise identification of amino acid sequences of 

the peptides. The peptide sequences can then be mapped to 

infer the proteins using computational algorithms (Figure 3).

Bottom-up proteomics can also offer quantitative analysis, al

lowing for the assessment of relative changes in protein abun

dance.57 Label-free quantification (LFQ) is a popular method 

that uses ion signal intensities to quantify protein abundance. 

Although LFQ offers several advantages, including simple 

Figure 2. Applications of proteomics in clinical research, showcasing three types of proteomic approaches and their potential impact 

Systems biology approaches are used to study protein-protein interactions and signaling pathways, facilitating a better understanding of disease mechanisms 

and identification of potential drug targets. Regulatory network analysis enables the investigation of transcriptional and post-transcriptional regulation of protein 

expression, facilitating the discovery of disease-associated regulatory pathways and mechanisms.
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sample preparation, the ability to analyze a multitude of pep

tides, and unlimited conditions to be analyzed, challenges 

related to reproducibility and sample handling must be over

come. Strategies based on chemical labeling, such as isobaric 

tags, have gained attention due to their ease and speed of use. 

These methods allow for multiplexing, which has reduced tech

nical variability. Isobaric labels such as iTRAQ and TMT are 

widely utilized to quantify proteins reliably and answer diverse 

biological questions of clinical relevance. Targeted proteomics 

is another emerging technique that enables the detection and 

quantification of specific proteins of interest in a highly multi

plexed manner.58 (Figure 3).

While immunoassays have been widely used for the quantita

tive analysis of plasma proteins in clinical diagnostics, they have 

inherent limitations in terms of multiplexing, specificity is not 

optimal, particularly for protein isoforms, and compatibility with 

hypothesis-free investigations. In contrast, mass spectrometry 

(MS)-based proteomics has the potential to overcome these lim

itations, where isoforms are detected through tandem mass 

spectrometry and omics-based profiling is not limited to a tar

geted approach with a limited number of proteins. Hence, omics 

application could be the optimal tool to identify protein targets in 

tissue biopsies as well as easily accessible body fluids such as 

blood.59

Advance in proteomics in relation to diabetic 

neuropathy

Most of the research in this proteomic literature review focuses 

on changes in protein localization in the DRG, Sciatic Nerve 

(SN), and Trigeminal Ganglion (TG). A total of 683 of 2,356 pro

teins (28.9%) in the SN showed significant changes in diabetes, 

with Ingenuity Pathway Analysis (IPA) discovering dysregulation 

in oxidative phosphorylation, LXR/RXR activation, and glycol

ysis, while increasing glucose levels had little effect on total pro

tein expression. A recent study reported 85 (5.2%) of the 1,649 

DRG proteins and 60 (3.4%) of the 1,734 TG proteins were 

differentially expressed.60 Proteomics can also be utilized to bet

ter understand disease-related mechanisms and discover 

Figure 3. Schematic representation of various clinical blood sample-based proteomics approaches for the quantification and character

ization of protein biomarkers 

The figure outlines four different proteomics protocols, including label-free quantification, iTRAQ/TMT labeling, targeted proteomics, and two commercially 

available platforms, SomaScan and Olink, for high-throughput protein analysis. The label-free quantification approach involves the direct comparison of protein 

abundance between two or more samples based on their spectral intensity. The iTRAQ/TMT labeling protocol involves labeling of peptides with isotopic tags, 

allowing for the relative quantification of proteins. The targeted proteomics approach involves the selective identification and quantification of specific protein 

targets using mass spectrometry. The SomaScan and Olink platforms are both based on multiplexed immunoassays, allowing for the simultaneous analysis of 

many protein targets in a single sample. SomaScan uses aptamer-based technology, while Olink employs proximity extension assay (PEA) technology. In 

summary, these proteomics approaches offer powerful tools for the discovery and validation of protein biomarkers in clinical blood samples, with potential 

applications in disease diagnosis, prognosis, and monitoring.
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biomarkers, utilizing model systems, animal models, and human 

samples that may act as diagnostic markers or therapeutic tar

gets, which could improve DN treatment (Figure 4).

Sciatic nerve, dorsal root, and Schwann cells

In recent years, there has been increasing interest in the role of 

lipid metabolism in neuropathy, and it has been suggested that 

dysfunctional lipid metabolism may be one of the causes of neu

ropathy in the SN.

Peripheral sensory neurons that conduct pain have cell 

bodies in the DRG, making it a useful tool for studying molecular 

pathways and medications in Schwann cell (SC) growth and 

myelination. The link between DRG and DN has been estab

lished, with DN characterized by DRG nociceptor hyperexcit

ability, neuropathic pain, calcium overload, axonal deteriora

tion, and cutaneous innervation loss, although the underlying 

molecular pathways remain unknown. Studies have shown 

that DPN elevates immune-related gene expression while 

Figure 4. Clinical applications of proteomics in clinical research, showcasing four steps of biomarker discovery and implementation in 

clinical settings for a comprehensive and nuanced understanding of disease processes, paving the way for personalized medicine and 

targeted therapies
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lowering neuronal gene expression in human DRG. Proteomic 

changes in high-fat diet (HFD) diabetic rodent DRG suggest 

altered energy metabolism and mitochondrial function, 

including increased DRG nociceptor calcium signaling, the 

phosphorylation of RNA-binding proteins, and structural alter

ations of extracellular matrix proteins.60

In a study involving neurons generated from DRG of diabetic 

rats maintained in culture with high and normal glucose condi

tions, proteins associated with oxidative phosphorylation and 

the tricarboxylic cycle were downregulated in the sural nerve 

and spinal nucleus but not in the DRG in diabetes.60 Proteome 

analysis of lumbar DRG extracts from regular-fed or HFD-fed 

mice for 10 weeks identified 5249 proteins in 8 biological rep

licates from each group. A longitudinal proteomic study identi

fied 247 proteins out of the 6186 in the DRG as differentially ex

pressed using mass spectrometry.61 Another 10-week study 

identified 1121 differentially expressed proteins between regu

lar diet (RD) and HFD fed mice, including numerous pathways, 

but did not mention the total number of proteins expressed. 

However, larger cohorts with longitudinal changes are neces

sary to identify differentially expressed proteins to dissect the 

complexity of the disease.

Recent research has focused on understanding mitochon

drial dysfunction in the development of diabetic neuropathy. 

Studies have shown that in mice on HFD, there is an upregula

tion of mitochondrial proteins associated with fission, such as 

Fission 1 protein (Fis1), Dynamin-1-like protein (Drp1), and 

Mff, in the lumbar DRGs.61 Morphological studies have re

vealed fragmented mitochondrial structures in HFD DRGs 

before the onset of neuropathic symptoms. Calcium dysregula

tion is also observed, with HFD DRG nociceptors displaying 

larger calcium transients in response to mechanical stimuli. 

The mitochondrial calcium uniporter (MCU) has been identified 

as a potential therapeutic target for DPN treatment, as blocking 

calcium entry through MCU can restore normal mitochondrial 

function and alleviate neuropathic symptoms. Additionally, cal

cium signaling plays a role in regulating Drp1 phosphorylation 

and mitochondrial dynamics. Reduced respiratory chain pro

teins and activity have been observed in DRG neurons of 

mice with type 2 diabetes, indicating an influence of DPN on 

mitochondrial structure and location.60 In DPN, blocking the 

MCU can decrease mitochondrial fission and protect against 

ischemia/reperfusion damage, which can be induced by 

atherosclerosis in diabetic neuropathy. Tenascin-R (TNR), a 

protein associated with DRG neuron degeneration, has been 

found to impede axonal regeneration. Patients with DPN exhibit 

higher levels of TNR surrounding DRG neurons compared to 

control subjects, suggesting its potential role in the develop

ment of PDN. Targeting the TNR pathway may be considered 

in future treatments for PDN.61

A study by Chong et al. showed that short-term exposure of 

human Schwann cells (HSC) to varying glucose concentrations 

did not show significant effects on SC proliferation, cytotoxicity, 

apoptosis, and sPLA2 expression. However, long-term expo

sure to high glucose levels resulted in reduced expression of 

mitogen-activated protein kinase 1 (MAPK1) and cysteine and 

glycine-rich protein 1 (CSRP1), which have been associated 

with SC myelination and spinal cord regeneration, respectively. 

This downregulation of MAPK1 may contribute to high 

glucose-induced demyelination, suggesting its involvement in 

diabetic neuropathy (DN) (Table 1).

It has been demonstrated that newborn rat derived SCs 

grown in high glucose conditions exhibited increased oxida

tive phosphorylation and tricarboxylic acid cycle, which are 

associated with metabolic and mitochondrial abnormalities 

in DN.60 Excess glucose can lead to metabolic dysfunction 

in SCs, compromising neuronal functioning and causing 

neuropathy.

Paeoniflorin (PF) has been found to upregulate the mito

chondrial protein thioredoxin 2 (Trx2) in SCs exposed to a 

high glucose environment.62 PF was observed to improve 

myelin sheath and peripheral nerve function in diabetic neu

ropathy (DN) rats by enhancing mechanical pain threshold, 

sensory and motor nerve conduction velocity, and reducing 

thermal pain threshold. PF achieved this by improving the pro

tein processing of Trx2 in mitochondria and affecting various 

metabolic pathways.62 In addition, Bönhof et al. discovered 

a positive correlation between ficolin-3, a protein involved in 

the lectin pathway of the complement system, and diabetic 

demyelinating neuropathy. This finding suggests the potential 

involvement of the complement system in the development 

of DN.

Furthermore, George et al. found that the direct stimulation of 

DRG neurons with intrathecal insulin increased sensory nerve 

conduction velocity and protected against distal axonal atrophy 

and intraepidermal nerve fiber loss in diabetic mice.60 Their study 

also revealed metabolic regulation differences between the cell 

bodies of the lumbar DRG and the axonal/Schwann cell-rich 

SN, providing insights into the distribution patterns of peripheral 

neuropathies. While further research is needed to confirm these 

findings, these studies highlight the potential for new treatments 

targeting peripheral nervous system metabolism to alleviate the 

symptoms of DN.

In addition, Kalteniece et al. identified 12 protein markers that 

had lower levels in DSPN than in T2D, while the other 5 were 

higher. The deficiency of growth hormones supporting nerve 

regeneration and angiogenesis, as well as a complicated inter

action between innate and adaptive immunity, may influence 

the development of DSPN in T2D. In a study, elevated levels of 

plasma ceruloplasmin, nephropathy, and tear proteins were 

found in patients with DN, indicating a link to oxidative stress.63

Additionally, a decreased expression of von Willebrand protein 

and complement C3 was observed. While corneal nerve injury 

was detected, there were no significant variations in previously 

associated neurotrophins and growth factors.

The nuclear factor erythroid 2 2-related factor 2 (Nrf2) is a 

molecule involved in regulating the progression of diabetic reti

nopathy. Chronic hyperglycemia was found to decrease Nrf2 

expression, while acute hyperglycemia increased it. The down

regulation of Nrf2 is associated with various microvascular 

changes that contribute to the development of DN. Therefore, 

the use of Nrf2 activators as a treatment strategy for DN has 

been suggested.64 Furthermore, lower levels of substance P in 

the tear film have been linked to both corneal changes and pain

ful in T1D with patients with DN, suggesting a potential avenue 

for future research.
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LIMITATIONS OF THE STUDY

Despite the significant insights gained from recent proteomic an

alyses in DN, several limitations constrain the translational value 

and broader applicability of the current findings. First, there re

mains a major gap between animal models of DN and the clinical 

phenotypes observed in human patients. While animal models 

offer valuable insights into molecular mechanisms, their physio

logical and pathological differences limit direct translation to 

clinical settings. Second, the proteomic studies reviewed often 

involve small sample sizes and focus on a limited range of tissues 

such as DRG, SN, and TG. Although these regions are relevant to 

DN, the restricted scope may overlook important changes in 

other components of the peripheral nervous system. Third, 

although numerous differentially expressed proteins have been 

identified, their potential as drug target and functional signifi

cance remain largely unvalidated in larger human cohorts.

FUTURE OUTLOOK AND CONCLUSIONS

DN is a serious and common complication of diabetes that can 

cause significant morbidity and mortality. While current pharma

cotherapeutic therapies for DN are limited and only reduce pain, 

the discovery of novel targets is crucial. Several methods for tar

geting proteins as a treatment for diabetic neuropathy are 

currently being investigated. One strategy is using cytokines 

that can influence the activity of specific proteins, such as pros

taglandins implicated in the development of neuropathy. In 

recent years, researchers and diabetic organizations have iden

tified several potential targets, but none have been applied in 

clinical practice. Hence, larger joint studies with standardized 

sample collection, processing, and data collection are required 

for research and validation. Future research should combine 

an aging population and targets from proteomics, metabolo

mics, and genomics to generate targets for DN. Collaborative 

research is required to characterize new targets to develop 

feasible treatments, standardize methodologies, and estimate 

costs. To prevent adverse outcomes and improve patient satis

faction, many targets identified in this study need to be validated 

and analyzed for applicability in clinical practice.

Search strategy and selection criteria

The objective of this literature review was to identify differentially 

expressed proteins in diabetic neuropathy and assess their po

tential as intervention targets or biomarkers. The review 

searched the Embase (Ovid) database using the keyword com

binations ‘‘diabetic neuropathy’’ AND ‘‘protein*’’ and returned 

254 results. To ensure only the most recent and relevant sources 

were included, 137 sources were excluded based on exclusion 

criteria that included only primary sources and sources pub

lished from 2012 to 2022. From the remaining 110 sources, 61 

were irrelevant and 5 were duplicates, leaving 44 sources for 

the protein component of the review. The search was also 

completed on Embase (Ovid) using the search terms ‘‘diabetic 

neuropathy AND proteomics,’’ which yielded an initial 45 results. 

After applying the same exclusion criteria, 21 primary sources 

were included in the proteome area of the literature review, 

with 5 added by free search. In addition, the review focused on 

cytokines, locating sources using search engines such as Goo

gle Scholar, PubMed, and citation searching to confirm original 

findings with more recent studies. Interestingly, the review found 

only one out of 1284 studies completed a pharmacological inter

vention clinical study on DN, which reached phase 4, but has not 

announced its results since completion in 2018. This illustrates 

the challenge of discovering pharmaceutical therapies for DN.
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