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Abstract  

By combining  molecular, regenerative, and technological advancements, the treatment of diabetic peripheral 

neuropathy (DPN) is moving away from insufficient symptomatic pain rel ief  and towards disease -modifying 

approaches. Th is all-encompassing method critically investigates pharmacological agents such as novel ion 

channel modulators for selective pain control and Mitochondria-Targeted Antiox idants (MTAs) to fight metabolic 

stress. Along with individual ized lifestyle interventions like superv ised exercise to increase IENF density and AI-

driven precision nutrition, it also integrates state -of-the-art regenerative techniques, such as the paracrine effects 

of MSC-derived exosomes and the creation of smart biomaterial scaffolds for guided axonal repair. The rev iew 

creates a vital framework for multi-modal, neuroprotective, and regenerative approaches that are critical for 

greatly enhancing functional outcomes and quality of life for DPN patients by bridging these disparate fields.  

Keywords: Biomaterial scaffolds, Diabetic peripheral neuropathy (DPN), Mitochondrial  dysfunction, MSC 

exosomes, Neuro regeneration, Precision medicine 
 

INTRODUCTION  

Thirty to fifty percent of people have DPN, a common consequence of diabetes; poor glycaemic 

control and longer illness duration are linked to increased frequency  (1-3). Sensory loss, discomfort, and 

motor dysfunction characterize diabetic peripheral neuropathy  (DPN), a leading cause of non-traumatic 

lower-limb amputations globally (4, 5). Chronic pain affects up to 50% of persons with DPN, negatively 

compromising quality of life and boosting the risk of depression and sleep disturbances  (6, 7). 

One major risk factor for diabetic foot ulcers is DPN, which puts 15–34% of diabetics at risk at some 

point in their lives (8-10). Previous foot ulcers are linked to up to 85% of diabetes-related amputations; the 

loss of protective sensibility can result in infections, invisible lesions, and even amputations  (1). Peripheral 

artery disease, nephropathy, and retinopathy are examples of comorbidities that greatly increase the risk of 

amputation (11, 12). 

Despite significant advancements in our understanding of DPN, the majority of current clinical 

treatment is symptomatic and does not alter the underlying disease process  (13). Gabapentinoids, 

antidepressants, opioids, antioxidants, and vitamin supplements are examples of standard therapy that only 

temporarily and partially relieves pain, does not stop neurodegeneration, and is not very effective at 

repairing nerve structure or function. Additionally, integrated strategies that concurrently target the 

metabolic, mitochondrial, neuroimmune, vascular, and regenerative pathways now known to  propel DPN 

progression are absent from current guidelines (14). While a number of reviews address specific 

mechanisms or therapeutic classes, none offer a cohesive, interdisciplinary synthesis that links molecular 

pathogenesis with new developments in pharmacology, regeneration, technology, and lifestyle (15). 
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By providing a thorough, systems-level integration of cutting-edge mitochondrial therapies, 

neuroimmune modulators, advancements in growth factors and stem cells, sophisticated biomaterials, 

neuromodulation technologies, and customised metabolic interventions, this review closes that gap. This 

paper offers a fresh viewpoint that emphasises how multi-target, mechanism-informed strategies can move 

DPN management from symptomatic relief towards true disease modification by combining these quickly 

developing fields into a single translational framework—an angle not fully covered in the literature 

currently in publication (16). 

METHODOLOGY  
In order to integrate and critically assess therapeutic advancements in three different areas of DPN 

management molecular targets, regenerative therapies, and technological applications—this article is a 

thorough narrative review. 

When conducting a literature search for diabetic neuropathy, the following keyword combinations 

were used: "Diabetic Neuropathy", "Mitochondria-Targeted Antioxidants", "Exosomes", "Nerve Guidance 

Conduits", "IENF Density" and "Artificial Intelligence in Neuropathy", to methodically search the electronic 

databases PubMed, Scopus, and Web of Science.  

This search concentrated on original research, systematic reviews and meta -analyses, and 

publications from the past 5-7 years, when reviewing the treatment options for Diabetic Peripheral 

Neuropathy (DPN). Coming hotfooting into the picture, the studies we looked for were those that showed 

brand-new ideas, brand-new therapies for DPN, including preclinical work on drug targets, animal studies 

that mimic the disease and human trials of physical exercise and nutrition. 

Synthesis and Integration: This approach didn’t stick to the usual review style. Instead, it pulled 

together insights from different fields, looking for where therapies overlap or work together —like spotting 

how exercise, nutrition, and MTAs all target mitochondrial health in their own ways. The real value comes 

from weaving these separate threads into a single, clear strategy for the futur e. 

MODERN UNDERSTANDING OF DPN PATHOGENESIS  

MITOCHONDRIAL DYSFUNCTION & METABOLIC STRESS 

Chronic hyperglycemia raises NADH/NAD⁺ ratios and causes excessive ROS production due to 

mitochondrial electron transport chain overload (17, 18). It starts to leak protons, which disrupts the 

membrane potential cripples ATP production, when a mitochondrial is subjected to stress. Moreover, it 

triggers mtDNA mutations that feed back to cause more oxidative stress  (19). This, as seen in Fig. 1, leads to 

abnormal mitochondrial dynamics. Mitochondrial fragmentation is caused by DRP1 and results in a 

reduction in MFN-2 dependent fusion, basically splitting the mitochondria into a network that is unable to 

pump out enough energy for the axon and ultimately contributes to neurodegeneration (19-21). 

  

Fig. 1. Schematic representation of the effects of long-term hyperglycemia, showing mitochondrial dysfunction, 

increased reactive oxygen species (ROS) production, and the progression of neurodegeneration 

Although MTAs like MitoQ, SkQ1, and Mito-TEMPO exhibit potent mechanistic activity  improving 

ETC electron flux, lowering lipid peroxidation, and restoring—their transfer from animal models to clinical 
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therapy is fraught with difficulties (22). Although their lipophilic triphenylphosphonium (TPP⁺) moiety 

improves mitochondrial targeting, it may limit systemic distribution and result in inconsistent absorption  

(23). Ironically, excessive mitochondrial accumulation, especially at higher clinical doses, may cause 

oxidative stress or reduce ETC activity (24). 

Concerns regarding off-target bioenergetic disruptions are raised by the possibility that long-term 

administration of TPP-conjugated antioxidants may impact cardiac and hepatic mitochondrial pools.(25) 

Most evidence remains preclinical; few controlled human trials exist for DPN, limiting regulatory 

progression.(26) 

IMPORTANCE OF DRUG SELECTIVITY IN MODERN CHANNEL MODULATION 

Older agents (e.g., carbamazepine, lamotrigine) lack specificity, interacting with multiple sodium 

channels and causing CNS adverse effects such as sedation or  dizziness  (27). New-generation modulators 

exhibit high isoform selectivity, improving safety and therapeutic precision: Targets Nav1.7 with far higher 

specificity than older sodium channel blockers. Spares Nav1.5 and Nav1.6  reduce cardiac and motor neuron 

adverse events.Its selectivity allows analgesia without global sensory suppression (28). 

Next-generation Cav2.2 and Cav3.2 inhibitors designed to avoid widespread calcium channel 

inhibition seen in pregabalin.  Lead to improved pain control with fewer CNS side effects (28). 

TRPA1/TRPV4 antagonists are highly targeted to peripheral sensory neurons, minimizing systemic 

exposure (29). Kv7 channel openers (e.g., SCR2682) compared to older K⁺ modulators, restore inhibitory M-

current with less interaction with cardiac Kv channels, increasing safety  (30). Therefore, the primary 

distinction between contemporary and traditional ion-channel analgesics is enhanced selectivity, indicating 

a move towards precision neuropharmacology in DPN  (31). 

Neurovascular unit dysfunction damage to the endothelium lowers blood flow and causes nerve 

ischaemia. Agents that promote angiogenesis and nitric oxide signalling show promise (32, 33). 

NEW PHARMACOLOGICAL TREATMENTS  

Restoring membrane integrity, enhancing ATP synthesis, and reducing mitochondrial ROS 

production are the goals of mitochondrial-targeted therapies, such as MitoQ, SkQ1, CoQ10 nano 

formulations, and PQQ. In  diabetic models, these substances improve mitochondrial respiration and restore 

axonal energy homeostasis (34-36). 

Despite encouraging results in preclinical research, a number of significant obstacles prevent their 

clinical use in DPN. Due to variations in TPP accumulation kinetics, MitoQ and SkQ1 exhibit uneven plasma 

mitochondrial distribution among patients (37). Their antioxidant benefit may be undermined by high 

concentrations that disrupt electron flow or uncouple oxidative phosphorylation (38). Human data are 

restricted to safety or general antioxidant trials rather than DPN-specific RCTs; the majority of studies use 

animal neuropathy models (39). There is still not enough research on off-target accumulation in the 

mitochondria of the liver, kidney, and heart  (40). Approval procedures are complicated by their designation 

as "mitochondria-active nutraceuticals". Therefore, careful optimisation and thorough clinical trials are 

required before incorporating MTAs into DPN management guidelines, even though they are still a high-

potential therapeutic class (41). Table I depicted echanism-based pharmacological agents targeting 

mitochondrial dysfunction in DPN. 

Table I. Summary of echanism-based pharmacological agents targeting mitochondrial dysfunction in DPN 

Drug/Class Mechanism of action Key effects on Mmitochondria and cells References 

MitoQ 

(mitoquinone) 

Mitochondria-targeted 

antioxidant; accumulates in 

mitochondria, scavenges ROS 

Reduces oxidative biomarkers, protects ETC 

complexes, improves neuronal function, delays 

neurodegeneration 

(42, 43) 

SkQ1 TPP-conjugated plastoquinone; 

targets mitochondrial 

membranes, reduces ROS 

Protects mitochondrial membranes, reduces 

oxidative injury, potential neuroprotection 

(44) 

CoQ10 

nanoformulations 

Enhanced delivery 

(nanoparticles, liposomes, 

Improves mitochondrial respiration, ATP 

production, reduces oxidative damage, protects 

(44-46) 
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phytosomes) for mitochondrial 

uptake 

against I/R injury 

PQQ 

(pyrroloquinoline 

quinone) 

Stimulates mitochondrial 

biogenesis via SIRT1/PGC 1α 

and AMPK pathways; 

antioxidant 

Promotes mitochondrial synthesis, enhances 

ATP, reduces oxidative stress, supports 

neuronal survival 

(47, 48) 

Nav1.7 inhibitors (Vixotrigine and analogs) exhibit strong isoform selectivity for Nav1.7 vs. Nav1.5 

(cardiac) or Nav1.6 (motor).Avoid the sedation and psychomotor impairment associated with older sodium 

channel blockers by providing analgesia through targeted suppression of nociceptor firing (27, 49). Cav2 

and Cav3 modulators designed for subtype-selective inhibition, reducing the CNS adverse profile of 

pregabalin. Potential to modulate pain transmission with minimal cognitive effects  (50). TRP channel 

antagonists (TRPA1, TRPV4) target mechano-cold transduction pathways implicated in allodynia. High 

peripheral specificity reduces systemic toxicity  (51). 

Kv7 channel openers restore the suppression of M-current brought on by inflammatory and diabetic 

signalling. Enhanced subtype selectivity avoids interference with the cardiac potassium channel.  When 

taken as a whole, these advancements show a significant change from broad-spectrum ion-channel 

modulation to precisely targeted, subtype-specific analgesics that are consistent with contemporary 

neuropathic pain pharmacology (30). Anti-inflammatory neuroimmune modulators minocycline decreases 

microglial activation (52). TNF-α inhibitors are being tested for severe neuropathic pain (52). Natural NF-κB 

blockers – curcumin, baicalein, rosmarinic acid (53). Growth factor based therapeutics neurotrophic factors 

are crucial for nerve repair. Mimetics of BDNF IGF-1 therapy increases neurone sprouting (54). Thymosin β4 

analogues encourage axonal regeneration (54). NGF-loaded nanoparticles (55). 

Novel analgesics with dual mechanisms metformin activates AMPK and reduces neuropathic pain 

(56, 57). DHA and omega-3 derivatives: enhance opioid receptor sensitivity.(58, 59). Apigenin and quercetin: 

modulate microglial activation and synaptic morphology  (60, 61). 

ADVANCEMENTS IN NATURAL & NUTRACEUTICAL THERAPIES  

Natural polyphenols and innovative delivery techniques are becoming effective treatments for 

diabetic peripheral neuropathy (DPN) by focussing on oxidative stress, inflammation, and 

neurodegeneration. Polyphenol Rich botanicals: Mechanisms and efficacy, Salvianolic acid A (SalA) by 

reducing reactive oxygen species (ROS), improving mitochondrial function, and triggering Nrf2 signaling 

which is essential for cellular defence against oxidative stress Salianolic Acid A (SalA) exhibits notable 

antioxidative and anti-inflammatory effects in diabetic peripheral neuropathy (DPN) models. In animal 

experiments, SalA also reduces neuroinflammation and enhances neuronal conduction (62). 

Naringenin citrus flavonoid alleviates nitrosative and oxidative stress, lowers inflammatory 

cytokines, and inhibits MMP-9, increasing nerve function and lowering neuropathic pain in diabetic rats  (63, 

64). Deguelin, in diabetic neuropathy models, a natural rotenoid improves Nrf2 signalling, decreases 

oxidative stress, lowers plasma glucose levels, and reduces neuroinflammation, all of which improve nerve 

conduction and reduce pain (65). Black turmeric (Curcuma caesia) targets inflammation and neuronal 

damage (66). Herbal nanoformulations increase bioavailability  of natural compounds. Nano-curcumin in 

diabetic peripheral neuropathy (DPN), curcumin's limited bioavailability is successfully addressed, allowing 

for tailored distribution and improved nerve tissue penetration, which significantly lowers oxidative and 

inflammatory indicators (66). The neuroprotective and metabolic functions of a number of functional 

nutrients are supported by current research, with differing degrees of evidence supporting each pathway. 

Functional nutrients: mechanisms and outcomes are depicted in Table II. 

REGENERATIVE MEDICINE & TISSUE ENGINEERING  

Mesenchymal stem cell (MSC)-derived exosomes have emerged as a core regenerative strategy in 

DPN because they deliver bioactive miRNAs, neurotrophic factors, and immunomodulatory molecules that 

directly restore nerve integrity can also see in Fig. 2 (75, 76). 
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Table II. Summary of mechanisms and neuro-protective effects of key functional nutrients 

Nutrient Mechanism/Effect Key outcomes/benefits References 

Vitamin D Modulates neuroimmune function, 

reduces inflammation 

Neuroprotection, improved brain health (67, 68) 

Alpha-lipoic 

acid 

Mitochondrial antioxidant, redox 

balance 

Reduced oxidative stress, neuroprotection (69, 70) 

Acetyl-L-

carnitine 

Fatty acid metabolism, axonal repair Enhanced energy, axonal/myelin repair (71, 72) 

Folic acid + 

B12 

Regulate homocysteine, nerve 

conduction 

Lower homocysteine, improved nerve 

function 

(73, 74) 

 
Fig. 2. Illustration of the regenerative mechanism of an MSC-derived exosome, showing the release of its cargo, 

including microRNAs (miRNAs) and growth factors such as VEGF, and their effects on recipient neurons and Schwann 

cells during nerve repair 

GROWTH FACTORS DELIVERED BY MSC EXOSOMES 

MSC exosomes carry a rich profile of regenerative growth factors, including; VEGF (Vascular 

Endothelial Growth Factor), a potent angiogenic mediator restoring endoneurial blood flow  (77); PDGF- D 

(Platelet-Derived Growth Factor-D) enhances fibroblast activation, extracellular matrix repair, and Schwann 

cell survival (78); NGF (Nerve Growth Factor) stimulates sensory axon regeneration and neuronal survival; 

IGF-1 (Insulin-like Growth Factor-1) promotes myelin repair, axonal metabolism, and glucose utilization in 

neurons (79); GDNF (Glial Cell–Derived Neurotrophic Factor) supports dopaminergic and sensory neuron 

survival and function (80). 

Exosomes derived from MSCs facilitate regeneration via these mechanisms PI3K/AKT and ERK 

signalling activation for neuronal survival.Suppression of inflammatory cascades (NF-κB, NLRP3 

inflammasome) Enhancement of angiogenesis via VEGF and PDGF- D. Schwann cell myelination restoration 

and oxidative damage reversal via miRNA-mediated ROS regulation.Engineered exosomes integrated with 

hydrogels or nanoparticles further improve targeted delivery, retention at injury sites, and sustained release 

of functional cargo (81, 82). 

MSC exosomes can promote nerve regeneration, repair bone and cartilage, and speed up wound 

healing. They can transport neurotrophins, lower inflammation in neural and retinal tissues, and pass -

through biological barriers like the blood-brain barrierTargeted delivery and therapeutic efficacy are 

improved by the use of engineered exosomes and biomaterial combinations like hydrogels  (83, 84).   

Conventional nerve scaffolds served mainly as passive conduits that provided structural support 

and physical alignment to direct axonal growth. nerve guidance conduit/scaffold (e.g., electrospun 

nanofibers or a hydrogel) implanted into an injured peripheral nerve to guide axonal growth (Fig. 3 ). 

Modern scaffold engineering has shifted toward active, smart biomaterials that interact dynamically with 

the microenvironment and deliver regenerative cues (85). 

Zahid pc
Typewritten text
811



 
Pak Euro Journal of Medical and Life Sciences. Vol. 8 No. 4 

 

 

Copyright © 2025 Authors. This is an open access article distributed under the Creative Commons Attribution License, which permits 

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.  

 

 
Fig. 3. Illustration of a nerve guidance conduit or scaffold, such as electrospun nanofibers or a hydrogel, implanted at 

the site  of peripheral nerve injury to support and guide axonal regeneration 

Smart, bioactive scaffolds provide biochemical + mechanical cues customized to DPN pathology. 

Support long-term presence of growth factors without rapid degradation. Improve axon alignment, 

remyelination, and vascularization better than passive conduits. Serve as platforms to integrate exosomes, 

nanoparticles, and gene therapies (86). 

This paradigm shift significantly enhances the therapeutic potential of regenerative medicine in 

DPN by combining structural support with targeted molecular therapy (87). 

Table III. Comparison of scaffold types, additives, and regenerative effects and Scaffold types and key Innovation 

Scaffold type Key features & additives Effects on nerve regeneration References 

Electrospun nanofibers Aligned fibers, conductive 

additives, plant extracts 

Guide axonal growth, enhance 

myelination, improve function 

(88-90) 

Collagen/gelatin hybrids Collagen, gelatin, chitosan, 

growth factors 

Support cell adhesion, angiogenesis, 

axonal elongation 

(91-93) 

Hydrogels with growth 

factors 

VEGF, NGF, GDNF, CNTF, 

IGF-1, bioactive peptides 

Sustained release, promote neurite  

outgrowth, vascularization 

(94-96) 

GENE MODULATION THERAPY 

Silencing miR-21 has shown promise in reducing fibrosis and inflammation in chronic Chagas 

disease, diabetic nephropathy, spinal cord injury, and myocardial infarction models, with inhibition 

achieved through antisense oligonucleotides or nanoparticle delivery. Meanwhile, miR-155 is overexpressed 

in autoimmune and inflammatory diseases, and its silencing can modulate immune cell  activity, reducing 

inflammation. Preclinical studies indicate that inhibiting miR-155 may alleviate symptoms in multiple 

sclerosis and other autoimmune diseases (97-99), upregulation of miR-146a reduces neuropathic pain (100). 

CRISPR-based editing for correcting ion channel abnormalities (future approach). miRNA silencing (miR-21, 

miR-155), upregulation of miR-146a, and CRISPR-based modulation of voltage-gated ion channels remain 

future-focused strategies with potential synergy when combined with exosome or scaffold-based delivery 

systems (101). 

INNOVATIVE NON-PHARMACOLOGICAL APPROACHES 

Next-Generation acupuncture techniques such as Electro-acupuncture modulates: ER stress 

pathways, GRP78 signaling and caspase-12–mediated apoptosis. Leading to functional nerve recovery (102-

104). Gua Sha, a traditional East Asian skin scraping therapy, is being examined for its physiological effects 

and potential benefits in conditions such as diabetic peripheral neuropathy (DPN). Recent studies focus on 

its influence on microcirculation, immune modulation, and inflammation, which offer a mechanistic 

understanding of its clinical effects (105-107). 

Wearable neurostimulation technologies, including high-frequency TENS and transcutaneous 

magnetic nerve stimulation (TMNS), are increasingly crucial for home-based pain management (107). While 

closed-loop and AI-driven systems are promising but yet in development, high-frequency TENS has 

moderate data supporting its efficacy in relieving chronic pain (108, 109). 
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Mobile and internet-based CBT therapies substantially reduce pain perception and catastrophising 

in chronic pain populations, as indicated by randomised controlled trials that report significant 

improvements in pain acceptance and functioning, with persistent effects for several months  (110). These 

treatments can be used for a number of illnesses, such as musculoskeletal ailments and fibromyalgia  (111, 

112). 

LIFESTYLE AND METABOLIC INTERVENTIONS 

Short-term (10 weeks) and long-term (up to one year) exercise enhances nerve plasticity and 

regeneration, which correlates with a reduction in neuropathic sy mptoms and pain(113) the difference in 

Intraepidermal Nerve Fiber (IENF) density between a healthy control and a DPN patient as shown in Fig. 4. 

 
Fig. 4.  Diagram illustrating differences in intraepidermal nerve fiber (IENF) density between a healthy control and a 

patient with diabetic peripheral neuropathy (DPN), and the subsequent increase in IENF density following exercise 

intervention (114) 

Plant-based and Mediterranean diets, which are high in antioxidants and good fats, successfully 

reduce oxidative stress and systemic inflammation. They act by modifying inflammatory pathways, 

improving lipid profiles, and promoting insulin sensitivity, which helps to stabilise blood glucose and 

dramatically reduce metabolic load on nerves as shown in Fig. 5. 

 
Fig. 5. The mediterranean diet pyramid/wheel: A personalized nutrition strategy 

Up to 93% of patients recover completely after bariatric surgery, which dramatically lowers 

neuropathic pain.(115) However, a small percentage of patients may have chronic or recurrent pain, which 

may have an impact on long-term weight loss results (116). Small nerve fibre function is most consistently 

improved by bariatric surgery, with obvious regeneration (117); large fibre changes are negligible, with the 

exception of disorders like as carpal tunnel syndrome (118). Following surgery, there is also a noticeable 

improvement in autonomic nerve function, including sudomotor and cardiac C-fiber activity (119). 

Bariatric surgery effectively decreases systemic inflammatory indicat ors such as CRP, IL-6, and 

TNF-α within months, with effects lasting up to four years, contributing to improved metabolic outcomes 

independent of the surgical approach used (120, 121). 
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DISCUSSION 

This review highlights the shift in the treatment of diabetic peripheral neuropathy (DPN) from 

symptom relief to disease-modifying strategies. The main causes of nerve damage are listed as oxidative 

stress, neuroimmune activation, ion channel dysregulation, and mitochondrial dysfunction. The review 

emphasises how challenging it is to translate new therapies, like antioxidants that target mitochondria and 

selective ion-channel modulators. Two examples of regenerative technologies that are being investigated as 

potential methods for nerve repair are exosomes made from MSCs and smart biomaterial scaffolds. Exercise 

and a tailored diet are examples of evidence-based non-pharmacological strategies that are highlighted. The 

review concludes that customised, multimodal therapies are necessary for both successful DPN 

management and enhanced patient quality of life.  

CONCLUSION  

Diabetic Peripheral Neuropathy (DPN) treatment is about to change in a big way. Instead of just 

easing symptoms, the focus is shifting to actually protecting nerves and helping them heal. A whole wave of 

new therapies is pushing this forward. We’re talking about everything from targeting problems inside 

cells—like fixing mitochondrial issues or tweaking ion channels—to using the healing power of MSC-

derived exosomes and advanced biomaterials. What really makes the difference, though, is when experts 

from different fields  work together. Combine precise molecular science, regenerative engineering, and 

personalized tech, and you get treatments that help people actually recover function, not just manage pain. 

In the end, this approach offers real hope for a better future and a much higher quality of life for people 

living with DPN around the world. 

Future directions: 

If we want to bring these new ideas into real treatment for Diabetic Peripheral Neuropathy, we need to 

focus on four key areas. First up are clinical validation and delivery. That means creating delivery systems 

that actually get through the blood-nerve barrier, and running solid, multi-center randomized controlled 

trials for new treatments like MitoQ and MSC-derived exosomes. 
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