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Abstract 

 

Chemotherapy-induced peripheral neuropathy (CIPN) is a common, dose-limiting side effect of several 

classes of anticancer agents, with complex pathophysiology that is distinct from other neuropathies, 

such as diabetic neuropathy. Here, we provide a comprehensive review of CIPN, linking clinical 

presentations and implicated anticancer therapeutics to their underlying molecular mechanisms. We 

discuss both conventional chemotherapy agents and emerging modalities, including antibody-drug 

conjugates. We also critically evaluate experimental models of CIPN, spanning in vivo, ex vivo, and both 

classical and emerging advanced in vitro human-derived models, alongside methodological advances 

capable of providing deeper mechanistic insight into CIPN. Importantly, we examine current and 

emerging strategies for CIPN prevention, emphasising the need to prioritise prevention over 

symptomatic management. By integrating clinical insights, established and emerging mechanistic 

understanding, and a comprehensive overview of experimental models and methodological advances 

alongside emerging preventive interventions, this review uniquely serves as both a clinical and biological 

guide to CIPN. It aims to bridge the gap between bench and bedside, supporting both researchers and 

clinicians in advancing effective prevention strategies to combat CIPN, a significant unmet need 

affecting patients during treatment and throughout cancer survivorship. 
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Introduction to CIPN  

Chemotherapy-induced peripheral neuropathy (CIPN) is a multifaceted, often chronic, and dose-

limiting severe side effect of chemotherapy treatment estimated to affect up to 19-85% of cancer 

patients. 1 Whilst the definition of CIPN varies due to the complexity of clinical presentation, CIPN is 

regarded as a common adverse effect of several antineoplastic drugs of multiple classes, and its 

severity often leads to dose reduction or treatment cessation, thus affecting prognosis and survival.  

 

Clinical Presentation and Assessment  

Typically, CIPN presents in a ‘glove and stocking’ distribution most commonly manifesting as sensory 

neuropathy, including both mechanical and thermal allodynia, numbness and paraesthesia. There is 

considerable symptom variation, including intense pain, burning, electric shock-like pain and impaired 

or loss of sensory perception and numbness. 2 Patients have also reported altered motor function, 

including gait and balance disturbances, and distal weakness. Albeit less common, reports have 

included changes to autonomic function, such as altered urinary and sexual function.  3 

CIPN can present months (or even years) after completion of chemotherapy treatment, a phenomenon 

referred to as ‘coasting’. This delayed onset is particularly associated with platinum-based therapies 

and presents a significant clinical challenge, as it limits the ability to reassess and modify treatment 

protocols in a timely manner to mitigate neuropathy severity. 4 The long-term burden of CIPN is 

substantial. Studies in childhood cancer survivors have reported symptoms of peripheral neuropathy in 

53% of patients assessed up to 29 years post-treatment. 5 Furthermore, a recent clinical study in 

patients receiving taxane or platinum therapy, reported that the odds of patients preferring to 

discontinue treatment due to CIPN increased 30-fold when informed that symptoms could be 

permanent. 6 The impact of CIPN on both patient quality-of-life and survivorship represents one of the 

greatest challenges in cancer care.   

A recent publication has identified several CIPN assessment tools including 3 clinician-based grading 

scales, 20 patient-reported outcome measures (PROMs) and 8 objective measurements. 7  Clinician-

based grading tools include the National Cancer Institute Common Terminology Criteria for Adverse 

Events (NCI-CTCAE), the most commonly used tool, which assesses sensory, motor, and autonomic 

symptoms alongside physical function. Other grading tools include the World Health Organization 

Chemotherapy-Induced Peripheral Neuropathy Criterion (WHO CIPN) and the Ajani Scale, which 

focuses on sensory and motor neuropathy, particularly walking ability. These tools employ direct clinical 

observations and interviews, including patient and family interviews. 7 Despite their clinical utility, 
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clinician-based grading tools may underestimate symptom severity compared with patient reports. 

Combining these assessments with patient-reported outcome measures (PROMs), such as the 

European Organisation for Research and Treatment of Cancer Quality of Life Questionnaire-CIPN20 

(EORTC QLQ-CIPN20), can therefore provide additional assessment of symptom presentation and 

burden, as well as the impact of CIPN on quality of life. 8 A study comparing NCI-CTCAE and EORTC 

QLQ-CIPN20 assessments reported poor correlation between the two methods at the individual-

patient level. Importantly, PROM assessment identified symptoms at lower cumulative chemotherapy 

doses than NCI-CTCAE assessment. 9  Given the subjective nature of pain, the use of quantitative tools 

to assess characteristics of CIPN including sensation, strength, pain, vibration, temperature and 

electrical activity are also being actively explored. 7  

 

Antineoplastic Therapeutic Agents Associated with CIPN  

Chemotherapy drugs 

CIPN is associated with several classes of systemically administered anticancer agents, including 

platinum, taxanes, vinca alkaloids, anti-metabolites, and proteasome inhibitors. 10  Figure 1 provides a 

schematic summary of the clinical presentation and hypothesised pathophysiology for the major 

chemotherapy drug classes discussed in this review.  

Among these, platinum-based agents (such as cisplatin, oxaliplatin, carboplatin) are consistently 

reported as being amongst the most prevalent agents in CIPN development. 11 Platinum agents target 

the genome in cancer cells by forming DNA-platinum adducts resulting in cell cycle arrest and 

apoptosis. In neuronal cells, altered nucleoli and decreased production of ribosomal RNA has been 

reported upon platinum exposure. Despite their post-mitotic state, neurons are highly metabolically 

active, rendering them particularly vulnerable to platinum-induced DNA damage. This results in multiple 

forms of cellular injury, including mitochondrial dysfunction, oxidative stress, and lipid peroxidation. 12  

Taxane chemotherapy drugs typically bind β-tubulin subunits promoting microtubule polymerisation 

and stabilisation by preventing depolymerisation and disrupting normal microtubule dynamics, thus 

resulting in inhibition of cell division and induction of apoptosis. In neuronal cells, taxane-induced 

neurotoxicity has been associated with disruption of microtubule-dependent axonal transport. 13, 14 By 

contrast, vinca alkaloids, such as vincristine, inhibit microtubule assembly and promote microtubule 

destabilisation. Despite these opposing effects on microtubule dynamics, both drug classes can disrupt 

anterograde (soma to distal axon) and retrograde (distal axon to soma) axonal transport, contributing to 

axonal degeneration. 14  
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Recent in vitro studies investigating the effects of taxanes (paclitaxel) and vinca alkaloids (vincristine) 

have lent support to these hypotheses. It was shown that exposure to paclitaxel induced morphological 

axon abnormalities, including axon retraction / thickening and formation of microtubule fragments. 

Moreover, alterations in drug efflux capacity were reported, with inhibition of efflux transporters 

associated with increased neurotoxicity following lengthy exposure to vincristine and paclitaxel. 15  

Anti-metabolite drugs such as cytarabine (Ara-C) exhibit toxicity by interfering with DNA synthesis; 

neurotoxicity is primarily associated with the central nervous system (CNS) due to the permeability of 

the blood-brain barrier (BBB) to these agents. 16 Despite such drug classes being associated with CIPN, 

the incidence of neurotoxicity triggered by anti-metabolites varies and is considered to be rare. 17 This 

variation may be due to the combination of chemotherapy agents administered, making it challenging to 

discern if the neurotoxic effect is attributed exclusively to the effect of the anti-metabolite drug, or it is 

the result of combinatorial administration with established CIPN-associated chemotherapy regimens. 

18 

Unlike the ability of some anti-metabolite drugs to permeate the BBB, proteasome inhibitors are 

documented to accumulate in the peripheral nervous system (PNS) due to their inability to permeate 

the BBB. Treatment with the first-generation proteasome inhibitor bortezomib has been associated with 

several effects on the PNS, including morphological abnormalities of cells in the dorsal root ganglion 

(DRG) excluding the soma of sensory neurons and axonal degeneration. It has been hypothesised that 

bortezomib causes increased tubulin polymerisation, accounting for similarities in the observed 

pathophysiology reported for tubulin targeting drugs taxanes and vinca alkaloids. 19, 20  

 

Antibody-Drug Conjugates (ADCs) 

Antibody-drug conjugates represent a novel class of anti-neoplastic biologics that have been developed 

to create a targeted, cancer cell-specific therapeutic approach, which aims to reduce off-target toxicity 

by combining the target specificity of monoclonal antibodies with the strong cytotoxicity of small 

chemotherapeutic agents. 21 The ADC structure consists of a monoclonal antibody designed to 

recognise a tumour-specific target antigen conjugated to a cytotoxic drug (payload) by a chemical linker. 

Upon binding to the target antigen, the ADC is internalised and the payload released. Despite the 

specificity of ADCs, neurotoxicity is increasingly reported as a common side effect of treatment. 

Proposed mechanisms of ADC-induced neurotoxicity include non-target uptake of the ADCs, 

premature release of their highly potent payloads into circulation and the extended half-life of ADCs in 

comparison to small molecule drugs. The high proportion of clinically used ADCs containing tubulin-
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inhibiting payloads is of concern in the context of neurotoxicity due to the tubulin-rich structure of 

neuronal cells. 22 Whilst traditional chemotherapy is primarily associated with sensory neuropathy, 

reports of neuropathy associated with ADC treatment also extend to peripheral motor neuropathy, 

demyelinating disorders and neuromuscular disorders. 23, 24 Despite the innovative development of 

targeted ADCs, neuropathy remains a prevalent side effect of treatment and, similarly to traditional 

chemotherapy, dose adjustment remains the main strategy in reducing ADC-mediated neurotoxicity. 25  

Collectively, these observations suggest that, despite the well-defined targets for these antineoplastic 

agent classes, subsequent neurotoxicity is a universal off-target side effect (Figure 1). Therefore, rather 

than causing CIPN via a common target mechanism, it is more likely that these different (based on target 

specificity) neurotoxic ‘insults’ mechanistically merge downstream of the initial target and thus utilise a 

common (universal) downstream effector(s) to drive the pathophysiology of CIPN. Table 1 provides a 

summary of the different classes of drugs used as cancer therapeutics in the clinic and their association 

with the pathophysiology of CIPN.  

 

Current Biological Understanding of CIPN 

Barriers of the Nervous System   

The nervous system is histologically unique in that there are no clearly defined anatomical boundaries 

between the CNS and PNS systems. However, there are differences in their cell populations, allowing 

functionally distinct roles in the nervous system and a particular predisposition for damage in the 

peripheral system. 26 The increased off-target neurotoxicity observed in the PNS during chemotherapy 

treatment, in comparison to the CNS, may be attributed to the differences between the barriers of the 

nervous system, the blood-brain barrier (BBB) and blood-nerve barrier (BNB). The BBB is composed of 

multiple cell types including microvascular endothelial cells, astrocytes and mature pericytes forming 

the basement membrane and tight junctions. 27 The BBB is selectively permeable to some water-soluble 

small molecules and low molecular weight lipophilic chemotherapy drugs due to the presence of strong 

tight junctions inhibiting transcellular and paracellular transport; by contrast, larger molecules require 

transport to enter the CNS. 28 In comparison, the BNB is more permeable to chemotherapy drugs due to 

its weaker tight junctions, increased permeability and limited efflux capacity thus resulting in increased 

entry and subsequent accumulation of chemotherapy drugs. 1, 29 The capacity of the BBB and BNB to 

repair is also different; the presence of astrocytes in the BBB allows proximal repair and maintenance, 

whilst the BNB relies on immune cell activation 30 which is suppressed during chemotherapy treatment. 
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Research on the involvement of the BNB in this context has identified the contributing role of the BNB in 

CIPN pathogenesis31, accounting for the PNS-specific symptoms mostly associated with CIPN.  

 

Homeostatic Blood-Nerve Barrier Responses to Nerve Injury  

The permeability of the BNB is dynamic, facilitating injury responses and nerve repair. It has been shown 

to increase during acute neuroinflammation, allowing immune cell infiltration, and tissue recovery. 32 

Studies using rodents to investigate the effect of local nerve injury on BNB permeability and neuropathy 

symptoms reported that injection of healthy mice with serum from mice with nerve injuries induced 

mechanical allodynia and increased BNB permeability. 30 However, more recent research has indicated 

that changes to the BNB following Schwann cell activation are due to alterations in transport across the 

barrier, with enhanced transcytosis raising permeability. Despite the increased susceptibility to damage 

in BNB in comparison to the BBB, the presence of macrophages engulfing material entering the BNB 

affords an additional protective mechanism. 29 These hypotheses imply that both structural and 

functional changes may occur to the BNB during nerve injury, resulting in increased chemotherapy 

neurotoxicity.  

The homeostatic response to nerve injury may therefore present a paradox during chemotherapy 

treatment and CIPN development, whereby mechanisms that normally facilitate tissue repair may 

inadvertently increase susceptibility to further neurotoxicity. Studies investigating the role of BNB in 

post-surgical pain reported that homeostatic disruption of the BNB may last up to 7 days until normal 

tissue function is restored. 33 This prolonged increased susceptibility of the BNB may be particularly 

problematic considering the cyclic and repetitive delivery of chemotherapy agents. Chemotherapy is 

administered in cycles with infusion times lasting 1-3 hours and may be repeated over consecutive 

days, often with multiple chemotherapy agents administered throughout treatment. 34  The combined 

prolonged vulnerability of the BNB during repair and extended exposure to cytotoxic agents may further 

contribute to the pathogenesis of CIPN, due to increased transport and permeability of the BNB 

facilitating accumulation and cytotoxicity of these drugs. This is supported by studies reporting 

accumulation of oxaliplatin in the DRG of mice models after treatment, implicating drug accumulation 

as a contributing pathological mechanism. 35 Consideration of the biology of the PNS and the capacity 

of chemotherapy drugs to induce multiple cytotoxic effects may explain the pathogenesis of CIPN. 

Cancer chemotherapy treatment often involves intense treatment regimens resulting in repeated 

exposure to multiple drug classes and thus intense neurotoxicity, preventing effective neuroprotective 

responses and/or nerve regeneration.  
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Proposed Molecular Pathophysiology of CIPN 

Axon Degradation  

Whilst cells of the PNS are broadly considered to be non-proliferative targets of chemotherapy drugs, 

early research described some limited regenerative properties of Schwann cells to repair the PNS after 

nerve injury, which may be considered as a degree of proliferative activity. 36 However, the off-target 

toxicity caused by multiple chemotherapy agents may be attributed to the structural vulnerability of 

neuronal cells. This is particularly apparent during treatment with mitotic inhibitors (including vinca 

alkaloids and taxanes), whereby drugs exhibit anticancer effects by depolymerisation of microtubules37 

and stabilisation of microtubules resulting in cell cycle arrest. 38  

In neuronal cells, microtubules form important structural and dynamic cytoskeletal units maintaining 

morphology, transportation and signalling. Microtubule defects and axonopathies have been identified 

as a common pathology across multiple neurodegenerative diseases due to neurotoxin exposure. 39 The  

‘dying-back’ response, whereby distal axonal degradation occurs towards the cell body, resulting in 

dysfunction and cell death, has been shown to affect transport between the soma and synapse resulting 

in impaired signal transduction, accumulation of cellular by-products and reduced axonal regeneration 

capacity. 40 Research on paclitaxel treatment of post-mitotic neurons supports the hypothesis that 

neuronal structure vulnerability contributes to the observed cytotoxicity in peripheral nerves. It has been 

shown that paclitaxel induces persistent alterations in microtubule dynamics, and taxane-induced 

neuropathy is widely attributed to its microtubule-stabilising effects, which disrupt axonal transport and 

lead to axonopathy and myelin degeneration. 41 Investigations on both the surrounding environment and 

the cellular biology of neuronal cells identified several related hypotheses of CIPN pathogenesis, which 

ultimately converge on distal axonal degeneration. 42   

 

Axonal Transport  

Maintenance of intracellular transport is essential for neuronal function, enabling the movement of 

cargo across the morphologically complex neuronal architecture required for axonal growth, plasticity 

and neurotransmission. 43 Transport is facilitated by microtubule networks and ATPase motor proteins 

(dynein and kinesin) to allow efficient cargo transfer via anterograde (soma to axon) and retrograde 

(terminal ends to soma) transport, respectively. 43 Of particular importance is mitochondrial cycling, 

with impaired mitochondrial trafficking associated with peripheral nerve degeneration and cell death. 44  
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Whilst it is anticipated that microtubule targeting drugs directly affect axonal trafficking, work comparing 

paclitaxel and oxaliplatin (a DNA targeting agent with mitochondrial toxicity) demonstrated comparative 

axon length degradation (67.85% and 65.97%, respectively) despite their distinct mechanisms of 

action. 45 Beyond its direct microtubule effects, research has demonstrated paclitaxel-induced 

transcriptomic and proteomic changes associated with degradation of essential axonal proteins and 

scaffold proteins associated with impaired axonal transport. 44 These findings not only support the role 

of disrupted axonal transport as a contributing mechanisms in CIPN, but also suggest that transport 

dysfunction may extend beyond the direct structural effects of microtubule-targeting chemotherapies. 

  

Oxidative Stress  

The specific structural and functional properties of the PNS render it particularly susceptible to 

mitochondrial dysfunction and oxidative stress-mediated damage. These include high membrane 

phospholipid content, presence of mitochondrial axoplasm, limited antioxidant capabilities and 

ineffective mitochondrial DNA repair systems. 42, 46  The mitochondria have many essential roles in all 

cell types including formation of Adenosine Triphosphate (ATP), Tricarboxylic acid cycle (TCA), reactive 

oxygen species (ROS) formation and cell death (apoptosis) regulation. 47  Several characteristics of CIPN 

can be attributed to neuronal mitochondrial dysfunction including abnormal mitochondrial morphology, 

impairment of ATP production and oxidative stress induction. 48 Abnormal mitochondrial morphology 

and function have been reported following vinca alkaloid, taxane, and platinum treatments. 

Mitochondrial swelling, loss of critical structural components including crista, calcium homeostasis 

disruption and reduced antioxidant capacity have been documented following chemotherapy drug 

treatment. 49  Downstream consequences of mitochondrial damage include overproduction of ROS, 

changes in membrane excitability, protein and lipid peroxidation, demyelination and disruption of 

microtubule transport and ultimately axon degeneration. 42, 50 

Interestingly, in vitro investigations indicate that oxidative stress precedes overt axonal damage in 

vincristine-induced neurotoxicity, challenging the prevailing view that microtubule disruption is the 

primary initiating event. It was shown that low-dose vincristine treatment induces mitochondrial 

dysfunction by reducing basal respiration rates for up to 24 hours, reflecting both immediate and 

prolonged effects of vincristine on mitochondrial function, ultimately contributing to downstream axon 

damage. 51 These findings suggest that oxidative stress may have a primary role in the neurotoxicity of 

agents which are traditionally considered to mediate structural damage.   
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Whilst several characteristics of CIPN have been attributed to generic oxidative stress induction, 

emerging evidence highlights drug-specific and nervous system site-specific effects of ROS, resulting in 

sustained oxidative stress within the nervous system. In vivo studies reported PNS-specific oxidative 

stress induction by cisplatin that could not be attenuated by ROS scavengers, in comparison to the 

primarily CNS-specific paclitaxel-induced oxidative stress which was responsive to ROS blockade. 

Furthermore, ROS generated by different agents differentially activated CNS- and PNS-resident cell 

populations, thereby shaping distinct inflammatory responses. Together, these findings underscore not 

only the heterogeneity of chemotherapy-induced oxidative stress, but also the specificity of 

downstream molecular responses, supporting the need for drug- and ROS species-specific 

neuroprotective strategies. 52  The substantial molecular and structural consequences of ROS induction 

across multiple classes of chemotherapeutic agents further support oxidative stress as a central driver 

of CIPN pathogenesis, with the capacity to induce both acute neurotoxicity and persistent neuronal 

dysfunction and/or apoptosis. Importantly, oxidative stress may also propagate neuronal injury through 

downstream processes including lipid peroxidation, providing an additional mechanistic link to 

emerging pathways implicated in CIPN.  

 

Lipid Peroxidation  

Lipids are essential structural cellular components, required for energy storage, and function as 

signalling molecules. The high lipid content of neuronal cells membranes enriched with polyunsaturated 

fatty acid-containing lipids (PUFA), combined with prolonged exposure to reactive oxygen species 

results in formation of lipid hydroperoxides. These lipid hydroperoxides react with iron to form highly 

reactive lipid radicals, contributing to cellular damage including increased membrane tension, altered 

ion channel activity, loss of ionic homeostasis, the execution of ferroptosis, and membrane rupture. 53, 

54 Whilst the pathological link between chemotherapy-induced oxidative stress and CIPN development 

has been well established, the role of lipid peroxidation and ferroptosis is an emerging area of interest. 

A recent clinical study investigating lipid peroxidation in paclitaxel-induced CIPN reported decreased 

antioxidant capacity, characterised by reduced glutathione (GSH), alongside increased circulating lipid 

oxidation products in patients with breast cancer. Importantly the study reported that detection of these 

changes preceded symptom development, highlighting their potential as early biomarkers. 55  Whilst in 

vitro studies investigating lipid peroxidation in CIPN are limited, evidence from other neurodegenerative 

conditions provides mechanistic support for further investigation. Studies in Parkinson’s disease have 

reported increased intracellular lipid peroxidation products malondialdehyde56, iron accumulation, 

decreased GSH, and downregulation of glutathione peroxidase 4 (GPX4) in mouse models57.   
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Collectively, these emerging findings support further investigation of lipid peroxidation and ferroptosis 

as potential contributors to CIPN pathophysiology and as possible biomarkers for early neurotoxicity.  

 

Ferroptosis Induction 

Ferroptosis is a distinct form of regulated cell death, characterised by iron-dependent accumulation of 

lipid peroxides, resulting in extensive membrane lipid peroxidation and ultimately membrane rupture. 58  

Iron is essential for numerous metabolic processes and, consequently, its cellular uptake, storage and 

transport are tightly regulated. 59 Cellular defence against ferroptosis involves several antioxidant 

systems, including GSH, GPX4, and nicotinamide adenine dinucleotide phosphate (NADPH)-

ferroptosis suppressor protein 1 (FSP1) function. Together these systems limit lipid membrane 

peroxidation, inhibit ferroptosis, downstream altered ion flux, and biophysical membrane effects 

resulting in membrane rupture and cell death. 53 Cisplatin has been associated with disruption of iron 

homeostasis through induction of ferritinophagy which degrades the iron storage protein ferritin, 

increasing intracellular free iron, intracellular ROS via the Fenton reaction, and decreasing cellular 

antioxidant capacity by depleting GSH and reducing GPX4 expression. 60  Although the contribution of 

ferroptosis to CIPN in an emerging hypothesis, research investigating the role of ferroptosis in 

chemotherapy-treated neuronal models of peripheral neuropathy remains limited.  However, in mouse 

models of cisplatin-induced sensorineural hearing loss, treatment of spiral ganglion neurons (SGNs) 

was associated with increased expression of nuclear receptor coactivator 4 (NCOA4), promoting 

ferritinophagy and intracellular iron accumulation. This was accompanied by reduced GPX4 protein 

levels, providing evidence of increased iron availability and impaired antioxidant defence consistent 

with ferroptosis. 61  Therefore, further investigation of ferroptosis in CIPN may provide both mechanistic 

insight into chemotherapy-induced neurotoxicity and potential therapeutic opportunities. Emerging 

studies of GPX4-targeted approaches for pain modulation outside the context of CIPN further support 

the exploration of ferroptosis-associated pathways as potential targets for neuroprotection. 62 

 

Role of Accessory Cells 

Recent research is extending beyond the predominantly neuronal focus of CIPN to consider interactions 

between neurons and accessory cells as potential contributors to CIPN development and recovery. 

Existing evidence suggests that satellite glial cells (SGCs) in the dorsal root ganglia (DRG) sense and 

respond to peripheral nerve injury through intercellular signalling that can promote neuronal 

regeneration. Recent single-cell RNA-seq studies have further demonstrated injury-induced changes in 
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SGCs associated with regenerative growth in sensory neurons. 63 Beyond intercellular signalling, 

accumulating evidence highlights the importance of peripheral glial cells in providing metabolic support 

to neuronal cells. In mouse models, paclitaxel increased intercellular gaps and reduced the formation 

of tunnelling nanotubes (TNTs), which facilitate mitochondrial transfer between SGCs and neurons. 

These findings suggest that disruption of mitochondrial transfer, and consequently glial cell-mediated 

metabolic support, may contribute to CIPN pathophysiology. 64 Similarly, Schwann cells65 may also 

protect injured axons through metabolic adaptation. Following axonal injury, SCs undergo a metabolic 

shift towards glycolysis that coincides with the axonal energy deficit preceding degeneration. SCs can 

also provide pyruvate and lactate to metabolically stressed axons, potentially mitigating the 

bioenergetic failure associated with axonal degeneration. 66 Collectively, these emerging observations 

support a view of CIPN pathophysiology that extends beyond direct neuronal cell injury and highlight the 

importance of considering neurons and peripheral glial cells as functional units. Greater understanding 

of these intercellular interactions may reveal previously unrecognised mechanisms of chemotherapy-

induced neurotoxicity and identify novel opportunities for neuroprotective strategies.  

 

Ion Channel Dysfunction 

Chemotherapy can disrupt neuronal functionality by altering membrane excitability, resulting in 

aberrant action potential generation and spontaneous neuronal firing. Studies using rodent DRGs 

reported paclitaxel-induced elevation of sodium channels activity (NaV1.7 and NaV1.8) at distal nerve 

endings in a dose-dependent manner, resulting in increased neuronal activity and spontaneous firing. 67 

In addition to voltage-gated sodium channels, chemotherapy dysregulates the transient receptor 

potential (TRP) family of ion channels, which are a specialised group of cation channels that  are 

considered sensory detectors of chemical, thermal, and mechanical stimuli68.  Of particular relevance 

to CIPN is transient receptor potential vanilloid 1 (TRPV1), due to its role in the detection of noxious 

stimuli. Using healthy donor-derived iPSC sensory neurons, paclitaxel and vincristine treatment has 

been shown to increase TRPV1 mRNA expression, associated with enhanced sensitivity to noxious 

stimuli. 15 These findings are consistent with the clinical (sensory) manifestations of CIPN observed in 

patients treated with these chemotherapy agents. 69 More recently, prolonged exposure to bortezomib 

has been shown to induce long-lasting TRPV1 sensitisation in primary sensory neurons. TRPV1 

knockout mice were protected from bortezomib-induced epidermal nerve fibre loss and loss of sensory 

discrimination, further supporting TRPV1 sensitisation as a contributor to bortezomib-induced 

neuropathy. 70  Ion channel specific sensitivities have also been implicated in drug-specific clinical 

presentations. For example, acute (24-hour) in vitro oxaliplatin treatment resulted in functional 
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upregulation of the heat sensitive transient receptor potential cation channel subfamily M member 3 

(TRPM3), while genetic deletion or pharmacological inhibition of TRPM3 reduced oxaliplatin-induced 

cold and mechanical hypersensitivity in vivo.71 In addition to the direct sensitising effects of 

chemotherapy on ion channels, cellular byproducts of chemotherapy toxicity impact ion channel 

activity. Transient receptor potential ankyrin 1 (TRPA1) demonstrates particular sensitivity to reactive 

products of oxidative stress, with TRPA1 dysfunction also considered a main contributing mechanism 

in symptom progression from acute to chronic mechanical and cold hypersensitivity; evidence 

supporting its involvement in oxaliplatin-induced peripheral neuropathy has been reported in both in 

vivo and clinical studies.72, 73 Collectively, these findings highlight ion channel dysfunction as an 

important mechanistic link between chemotherapy-induced neuronal toxicity, altered excitability and 

the sensory manifestations of CIPN.   

 

Experimental Models for the Study of CIPN 

Despite the identification of physical (structural) targets for the major drug classes associated with 

CIPN, and growing evidence of their downstream physiological effects (particularly the induction of ROS 

and oxidative stress), the precise molecular mechanisms of CIPN remain incompletely defined. To 

address this, a range of experimental models has been developed to study disease pathophysiology. 

The following sections critically evaluate these models, highlighting their respective strengths and 

limitations.   

 

In Vivo (Animal) Models 

Early CIPN research relied heavily on rodent models incorporating relatively simple behavioural assays 

to investigate disease pathophysiology. Protocols for pre-clinical assessments of CIPN using rodents 

include treatment of animals with relevant chemotherapy drugs administered using intravenous, 

intraperitoneal or subcutaneous injection and behavioural investigations of the effect of these drugs1. 

To unravel the effects of chemotherapy drugs, animal studies aim to observe and characterise 

nociception, commonly defined as the response of the PNS to stimuli which may be mechanical, 

chemical, thermal or electrical. 74 Quantitative assessment of the effects of these drugs often relies on 

the observation of ‘pain-like behaviours’ in response to stimuli, and include shaking, licking the affected 

area and paw withdrawal.  
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To address the limitations of pain behaviour assessment, quantitative assessments including the Von 

Frey test have been developed to quantify mechanical thresholds75 and hot-and-cold plate testing to 

record thermal threshold testing 74. More recently, approaches such as the Mouse Grimace Scale (MGS) 

have been introduced to provide additional assessment of spontaneous pain-related behaviour. The 

MGS employs periodic surveillance to generate images and videos for  manual scoring to  quantify 

changes across five facial action units – orbital tightening, nose bulge, cheek bulge, ear position, and 

whisker movement in response to stimuli. 76 To reduce reliance on manual scoring, semi-automated 

approaches such as PainFace have been developed. PainFace uses machine-learning algorithms to 

analyse video recordings and detect facial action units, generating an overall grimace score. 77 Despite 

reduction in manual scoring bias, cage-side assessment is also believed to affect rodent behaviour due 

to the innate prey animal response to hide pain behaviour. More recently, GrimACE has combined 

automated image acquisition with automated MGS analysis in a multimodal cage-side pain-

assessment system. Although automated MGS approaches still require initial training against manually 

scored data, GrimACE enables image and video acquisition within a more naturalistic environment, 

reducing observer interference while permitting automated analysis. The system demonstrated 

improved automated detection and assessment of postoperative pain compared with conventional 

cage-side assessment. 78 Whilst the principles underlying these assays have informed the development 

of nerve conduction studies for CIPN assessment, their clinical utility remains limited79 due to 

underlying reliance on investigator experience and subjective behavioural assessment, innate (e.g. 

grooming and exploration) and learned (e.g. avoidance) behavioural interference during testing and the 

requirement of acclimation to test equipment. 74 Furthermore, the lack of standardisation in 

chemotherapy dosing and routes of administration across CIPN studies limits comparability and clinical 

translatability. 80, 81, 82 Additionally, in vivo studies are typically limited to monotherapies83, with cisplatin, 

paclitaxel, and oxaliplatin among the most frequently studied agents despite the use of combination 

therapies since 1958 to combat drug resistance84. Whilst more recent studies have incorporated 

tumour bearing models85, earlier work largely excluded malignant model incorporation which is 

problematic as altered baseline nociceptive thresholds have been reported in tumour bearing mice86. 

Critically, regardless of the method used to identify and quantify behaviours, a sustained criticism of 

these models is the reliance on immediate, short-term pain responses to model a pathology which is 

characteristically defined by long-term neuropathic pain. 87  

 

Ex Vivo Models and Examination of Skin Biopsies 
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Whilst in vivo models can recapitulate some aspects of the clinical presentation associated with 

chemotherapy treatment, they do not permit identification of the detailed biological mechanisms of 

disease development. To address this limitation, in vivo studies can be complemented by ex vivo 

examination of tissues obtained from experimental animals, providing an important link between 

behavioural phenotypes and underlying pathology. 85 These approaches involve analysis of tissues 

extracted from model organisms under conditions designed to preserve, as far as possible, their 

biological state at the point of collection. In-depth dissection of the brain, spinal cord and paw skin of 

chemotherapy-treated and euthanized mice allows a more comprehensive analysis of disease 

pathology in vivo for the comparison between disease presentation in the CNS and PNS. 88  This 

combinatorial in vivo and ex vivo approach allows the findings of mouse behavioural studies to be 

associated with potential biological mechanisms of CIPN development. Yet, the translatability of such 

findings from animal models to human disease clearly poses its own caveats.  

Skin biopsies have been used in monitoring diabetic neuropathy, with reduced intraepidermal nerve fibre 

density (IENFD) before symptom onset, representing a potential biomarker for subclinical diabetic 

neuropathy. However, when this was explored in the context of oxaliplatin-induced peripheral 

neuropathy no significant reduction in IENFD was reported until 6 months post treatment. 89  Whilst this 

delayed loss of IENFD may reflect the ‘coasting’ phenomenon associated with platinum agents, these 

findings suggest limitations in the use of IENFD as an early diagnostic biomarker of CIPN.  

 

In Vitro Cell Models  

Whilst in vivo and ex vivo models have advanced our understanding of chemotherapy-associated 

symptoms, they provide limited resolution for dissecting the underlying molecular mechanisms of CIPN. 

By contrast, in vitro cell models offer a complementary and more controllable platform, enabling high-

throughput investigation of neuronal cytotoxicity and the precise cellular pathways involved, although 

their suitability for CIPN research ultimately depends on the specific biological question being 

addressed. These models are discussed below and summarised in Table 2, which provides a 

comparative overview of such models used to study CIPN pathophysiology, alongside their respective 

advantages and limitations.  

 

PC12  

Isolated from a rat adrenal tumour in 1976, the PC12 pheochromocytoma is one of the most frequently 

used cell lines in neurological research. 90 A review addressing the strengths and limitations of in vitro 
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models of CIPN reported that 25% of the studies analysed utilised PC12 as a cell model.  91 PC12 cells 

are often selected for their ability to differentiate into sympathetic ganglion neurons when treated in 

culture with nerve growth factor (NGF) with extended processes reported in  80% of cells after 2 weeks 

of NGF treatment. 90 Differentiated cells are reported to secrete and respond to neurotransmitters, form 

functional synapses and can be co-cultured with other neuronal cells including microglia and 

astrocytes. 92   

The methods employed for the differentiation of PC12 cells vary within the literature, with differentiation 

period durations ranging from 3 days to 14+ days. 93  Notably, literature characterising cells from 

multiple laboratories reported large experimental variability between PC12 variants, including loss of 

responsiveness to NGF to induce differentiation. Comparison of PC12 cell lines across 4 independent 

laboratories identified morphological, functional and molecular differences. 90 Furthermore, 

differentiation efficiency is reliant on vessel coating, as PC12 cells are cultured as non-adherent cell 

aggregates but require adherence to substrate to initiate differentiation. To address this, the adherent 

PC12 (PC12 Adh) sub-line is often used; however, differentiation efficiency in this variant is markedly 

reduced (<2%), limiting its utility in studies requiring mature neuronal phenotypes.  92 Collectively, 

despite the practical advantages conferred by their immortalised nature, these limitations – together 

with their non-human origin and tumour-derived phenotype – restrict the physiological relevance and 

applicability of PC12 cells as models of CIPN.   

 

SH-SY5Y   

The SH-SY5Y line, derived from a human metastatic neuroblastoma, exhibits genetic alterations due to 

its malignant nature94 and demonstrates inherent genomic instability. 95 It is widely used in 

neurodegenerative research and is often considered comparable to embryonic stem cell-derived neural 

progenitors96, with applications spanning disorders such as Parkinson’s and Alzheimer’s disease in both 

undifferentiated and differentiated states97. SH-SH5Y cells can undergo differentiation into a neuron-

like phenotype upon exposure to retinoic acid, resulting in neurite outgrowth, increased electrical 

excitability, synapse formation, and neurotransmitter activity. 98 However, several factors should be 

considered when using this model, including variability between adherent and suspension sublines, the 

presence of morphologically distinct neuroblast-like and epithelial-like populations, and the 

implications of its tumour-derived origin. 99 Notably also, tumour-derived cells have adapted to promote 

cell survival affecting cell signalling responses, immune escape mechanism and altered response to 

drugs. 100 Although SH-SY5Y cells overcome species-related limitations associated with PC12, their 

malignant origin presents a challenge when modelling non-cancerous disease processes. In addition, 
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transcriptomic comparisons between SH-SY5Y cells and murine DRG neurons have revealed reduced 

expression of key receptors involved in neuroinflammation and neuropathic pain, including transient 

receptor potential vanilloid 1 (TRPV1), which is associated with nociceptive hypersensitivity101, 

suggesting SHSY-5Y may not be an adequately suitable or representative model for the study of CIPN.   

 

NTERA-2 (NT2) 

Human pluripotent embryonal NTERA-2 cells (referred to as NT2) represent an experimentally valuable 

cell line to bridge the gap between in vivo and tumour cell-derived neuronal in vitro models, whilst 

addressing inherent limitations of pluripotent stem cells. Despite their original derivation from a primary 

testicular embryonal carcinoma, NT2 cells are committed neural progenitors with strikingly strong 

capacity to differentiate into a heterogenous population of neurons (NT2-N) and glial cells, thus 

providing an unlimited and scalable source of differentiation material. 102    

Cancer-derived cell lines such as rat PC12 and human SH-SY5Y are widely used due to their relative 

homogeneity, low cost, and ease of maintenance. However, these models are limited by inherent 

genomic alterations, progressive instability (‘drift’) with passage, and phenotypic characteristics that 

more closely reflect their tumour origin than the biological processes under investigation.  103 By contrast, 

despite possessing an abnormal karyotype, NT2 cells possess properties which allow them to be 

considered in the same class as human pluripotent stem cells. In fact, early characterisation of cells 

derived from the rare human teratocarcinoma origin of NT2 cells, identified the presence of embryonic 

stem cell-like populations. 104 Upon treatment with retinoic acid (RA), NT2 cells undergo stable and 

irreversible differentiation into neuronal and glial lineages, expressing cytoskeletal proteins, surface 

markers, and synaptic/secretory components characteristic of mature neuronal cells. 102, 105   

Comparative studies have demonstrated that NT2-derived neurons (NT2-N) closely resemble human 

foetal neurons (HFNs) in both molecular marker expression and functional properties, including 

neurotransmitter activity and the generation of action potentials. 102 The physiological relevance of NT2-

derived neuronal cells is supported by their use as in vitro system for developmental neurotoxicity 

testing. 106  Importantly also, the normality of NT2-N neurons has been demonstrated by FDA approved 

trials using NT2-N grafts as cell transplants for stroke patients, reporting feasibility, safety and 

tolerability in patients. 107 Moreover, it has been shown that such early grafts implanted into nude mice 

did not revert to undifferentiated neoplastic states108, 109, further attesting to the stability of NT2 cells.   

Collectively, the ability of NT2 cells to undergo stable differentiation into terminal neuronal populations 

exhibiting molecular, structural, and functional characteristics comparable to HFNs positions this 



Etheridge et al     Page 18 of 59 
 

model as a robust and physiologically relevant platform for in vitro studies. These biological attributes, 

combined with their scalability and capacity to generate heterogeneous neural populations, render NT2 

cells particularly well suited for high-throughput and mechanistic investigations of CIPN. Consequently, 

NT2-N cells may provide a physiologically relevant platform for modelling of disease pathophysiology. 

 

Human Embryonic Stem Cells (hESCs) 

Originating from the inner mass of the blastocyst during mammalian embryonic development, human 

embryonic stem cells (hESCs) have been widely utilised as human disease models, notably mostly for 

neurological diseases due to their pluripotency to differentiate into numerous relevant cell types. Whilst 

hESCs have therapeutic applications such as spinal cord transplants, their use in neurodegenerative 

research has been relatively limited110 and has progressively declined in favour of induced pluripotent 

stem cells (iPSCs), a shift largely driven by ethical considerations associated with their embryonic 

origin. 111 

 

Induced Pluripotent Stem Cells (iPSCs)  

Research using induced pluripotent stem cells (iPSCs) aims to address the limitations of existing in vivo 

and in vitro cellular models of neuropathy by enabling the development of tissue-relevant human 

systems. The establishment of iPSCs provides an alternative to hESCs by addressing the ethical and 

safety concerns associated with hESC-based research. 112 iPSCs are generated through the 

reprogramming of somatic cells into pluripotent lines capable of differentiating into a wide range of cell 

types, including both monocultures and complex three-dimensional cultures that can be transplanted 

in vivo. 113  The use of iPSCs has enabled development of multicellular neural organoids, providing 

valuable insights into neurodegenerative disorders such as Parkinson’s and Alzheimer’s disease. 114 

They can be commercially available or derived from donor patients, each presenting distinct 

experimental considerations.  

Whilst iPSCs are often considered as the most representative model of human disease, studies 

comparing the use of donor-derived iPSCs identified considerable donor-to-donor variability of iPSCs 

used in CIPN in response to chemotherapy drug treatment, with reported differences in half-maximal 

inhibitory concentrations for the same drug. 115, 116 Whilst donor-specific iPSC derivatives may be 

advantageous in exploring personalised susceptibility to CIPN, caution should be exercised upon 

generalising interpretation of experimental findings. As a result, many studies utilise commercially 
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available iPSC-derived neuronal models (e.g. iCell and Peri.4U neurons) to improve experimental 

consistency.  

Yet, a key limitation of both donor-derived and commercially available iPSCs is the immature phenotype 

of iPSC-derived cells. This immaturity restricts formation of structural neuronal networks required to 

recapitulate a more representative neuronal environment, thus limiting the applicability of using iPSCs 

as a cellular model for investigating unique disease characteristics, in particular chronic chemotherapy 

exposure and ‘coasting’ effects. 113 Finally, additional significant practical constraints include the high 

cost and the technical demands associated with maintaining iPSC cultures, including challenges in cell 

viability and scalability. 117 Consequently, many investigators opt to using established, immortalised cell 

lines as more accessible and reliable alternatives.  

 

Organoid Cultures  

Organoid culture systems are increasingly utilised to overcome limitations of traditional 2D models by 

incorporating 3D cellular structures enabling interactions between multiple cellular populations, 

creating a more physiologically relevant representation. 118 Recently, human iPSC-derived DRG-

organoids (iDRGOs), incorporating sensory neurons, satellite glial, and Schwann cells have been 

generated to compare the response of 3D and 2D systems to evaluate neurotoxicity of bortezomib, 

vincristine and paclitaxel. Exposure of iDRGOs to these agents induced characteristic features 

associated with CIPN, including impaired neurite outgrowth, supporting their potential utility for 

modelling chemotherapy-induced neurotoxicity within a multicellular, physiologically relevant system. 

However, despite the increased cellular complexity of the 3D model, impairment of neurite outgrowth 

was less pronounced in iDRGOs than in 2D cultures. This highlights an important consideration: 

increased physiological complexity does not necessarily enhance the sensitivity of individual 

quantitative toxicity readouts, hence conventional 2D systems may remain advantageous for measuring 

specific endpoints such as neurite outgrowth119 Nevertheless, organoid models offer advantages for 

investigating multicellular interactions that cannot readily be recapitulated in simpler, more reductive, 

systems, providing opportunities to explore the contribution of neuronal-glial interactions and other 

multicellular processes to CIPN pathophysiology.  

 

Lab-on-a-Chip and Microfluidics Platforms 

To address limitations of conventional cellular models for investigating CIPN, lab-on-a-chip (LoC) 

systems represent an emerging class of miniaturised technologies that integrate microfluidic platforms 
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to model biological processes within defined and controlled microenvironments. These technologies 

have facilitated the development of micro-physiological and nerve-on-a-chip models with improved 

physiological relevance. 120 Their application to CIPN research has demonstrated the capacity to 

reproduce multiple features of chemotherapy-induced neurotoxicity. A rat nerve-on-a-chip (RNoaC) 

model enabled assessment of CIPN-relevant functional and structural endpoints, including alterations 

in mitochondrial membrane potential and histopathological measurements such as nerve diameter, 

respectively. 121 More recently, this technology has been applied to assess and distinguish somatic and 

axonal toxicity induced by oxaliplatin, paclitaxel and vincristine. Primary rat DRG neurons were cultured 

within spatially separated compartments, enabling regional assessment of chemotherapy-induced 

toxicity. Distinct patterns of toxicity were observed, with somatic toxicity associated with paclitaxel and 

oxaliplatin, and axonal toxicity associated with vincristine and paclitaxel. Automated AI-assisted image 

analysis was additionally applied to individual cellular compartments, enabling high-throughput 

morphological assessment and demonstrating the potential for scalable analysis of chemotherapy-

induced toxicity. 122 Collectively, LoC and microfluidic platforms represent an important methodological 

advance in CIPN modelling, providing greater spatial control and enabling compartment-specific 

assessment of neurotoxicity within physiologically relevant experimental systems.  

 

Methodological Advances – Individual, Integrative and Spatial ‘Omics’ Approaches 

The use of omics approaches has facilitated the comprehensive characterisation of biological systems 

and their interactions in disease through the analysis of multiple classes of biomolecules, including 

transcriptomics, proteomics, lipidomics and metabolomics. 105 Transcriptomic approaches have been 

used to characterise chemotherapy-induced toxicity, with bulk RNA expression analysis of the DRG 

identifying drug-specific transcriptional signatures, including vincristine-induced upregulation of genes 

associated with neuroinflammation. 123 Methodological advances in single-cell RNA sequencing 

(scRNAseq) or single-nuclei RNA sequencing (snRNAseq) enable transcriptional changes to be 

resolved across individual cell populations, providing insights into cell-type-specific responses. For 

example, investigation of sensory neuron–glia interactions identified oxaliplatin-induced modulation of 

inflammatory processes across neuronal and glial cell populations, highlighting cellular heterogeneity 

within complex tissues and experimental systems. 123  

Beyond transcriptomics, proteomic approaches assess changes in protein expression, providing insight 

into the downstream cellular consequences of chemotherapy-induced toxicity. Proteomic analysis of 

blood samples from patients with breast cancer receiving paclitaxel-based chemotherapy identified 

upregulation of ADH4, associated with oxidative stress, and downregulation of VOPP1, associated with 
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mitochondrial dysfunction. 124  Such findings demonstrate the potential of proteomic profiling to identify 

patient-associated molecular processes underlying CIPN and pathways of potential therapeutic 

relevance.  

Lipidomics provides complementary insight into alterations in cellular lipid composition and 

metabolism, which are increasingly implicated in CIPN pathophysiology. 44  Studies using human iPSC-

derived sensory neurons have demonstrated that paclitaxel exposure is associated with 

downregulation of lipid metabolism and alterations in membrane lipid composition. 44 The potential 

clinical utility of lipidomics has also been demonstrated through analysis of plasma samples from 

patients receiving paclitaxel therapy. Using mass spectrometry-based lipidomic profiling, increased 

sphinganine-1-phosphate (SA1P), associated with TRPV1 and SA1P receptor signalling, was detected 

in patients reporting neuropathy, identifying a potential mechanistic pathway and therapeutic target 

identified via lipidomics. 125  

Metabolomics enables comprehensive analysis of metabolites within biological systems and has been 

applied both to investigate mechanisms underlying CIPN and to explore potential diagnostic and 

prognostic biomarkers. Metabolomic profiling of patients with breast cancer has identified significant 

differences associated with CIPN, including alterations in metabolites linked to opioid and CREB 

signalling. Differences in metabolomic profiles between patients with and without CIPN were 

detectable within one month, with differences persisting at the 12-month timepoint. 126 Therefore, in 

addition to providing biological insight into metabolic changes associated with CIPN, metabolomic 

approaches may facilitate identification of potential clinical biomarkers of CIPN. 127 

Beyond individual omics approaches, integration of multiple datasets can provide a more holistic 

understanding of CIPN pathophysiology by linking molecular changes across different biological levels. 

Using human iPSC-derived sensory neurons as a model of paclitaxel-induced CIPN, integration of 

transcriptomic, proteomic and lipidomic analyses demonstrated concordance between transcriptomic 

changes and downstream alterations identified through proteomic and lipidomic profiling. 44 Such 

approaches can therefore connect changes in gene expression with downstream molecular and 

functional consequences, providing greater mechanistic resolution than individual datasets alone.   

More recently, spatial omics approaches have provided an additional dimension by preserving 

information on the spatial organisation of molecular changes within tissues and cellular systems. These 

approaches have considerable potential to resolve cell-type-specific responses, intercellular 

interactions and spatial patterns of toxicity. However, despite their increasing application in areas such 

as cancer biology, direct application of spatial omics to CIPN remains limited. 128 Collectively, the 

integration of single-cell, multi-omics and spatial approaches may therefore provide opportunities to 
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define the cellular and molecular heterogeneity of CIPN and inform the development of increasingly 

physiologically relevant experimental models.  

 

Current and Emerging Strategies for CIPN Prevention 

Due to the severity and often chronic nature of CIPN, there is a rapidly increasing interest in identifying 

prevention approaches to combat CIPN. As discussed in the previous sections, irreversible 

chemotherapy-induced neuronal injury, including mitochondrial dysfunction, oxidative stress, axonal 

degeneration, and neuroinflammation can precede and underpin clinical symptom presentation. This 

temporal relationship between subclinical neuronal damage and subsequent symptom onset has 

important implications for intervention strategy. By the time CIPN symptoms manifest, substantial and 

often permanent neuronal injury will have already occurred, limiting the potential for therapeutic 

reversal. Accordingly, this review prioritises prevention over symptomatic management as the most 

impactful clinical strategy.  

A range of candidate interventions has been explored as prevention or treatment strategies for CIPN, 

including ion channel-targeted therapies, anti-inflammatory drugs, antioxidants, cannabinoids, 

antidepressants and antiseizure medication. 129, 130 However, consistent with the evidence discussed 

below, current international clinical guidelines conclude that no pharmacological agents can be 

recommended for routine prevention of CIPN. The American Society of Clinical Oncology Clinical 

Practice guideline update highlights the modest benefit of Duloxetine for symptomatic management, 

but not prevention, and emphasises dose reduction or discontinuation of chemotherapy as the most 

effective strategy to avoid development of severe neuropathy 131. Similarly, guidance from the European 

Society for Medical Oncology and position statements from the Multinational Association of Supportive 

Care in Cancer emphasise supportive care, early detection, and enrolment in clinical trials for 

prevention strategies. 132 These conclusions reflect the heterogeneity of trial designs, the diversity of 

agent- and regimen-specific mechanisms of neurotoxicity, and the limited availability of high-quality 

phase III evidence, underscoring a significant unmet need for mechanism-based prevention strategies.  

In parallel with pharmacological approaches, there has been increasing interest in non-pharmacological 

strategies for CIPN prevention, particularly those that aim to modulate the biological response of 

peripheral nerves to neurotoxic agents. Interventions such as limb cryotherapy, cryocompression, 

compression therapy, structured exercise programmes, and neuromodulatory techniques have 

emerged as promising candidates, supported by favourable safety profiles, biological plausibility, and 

growing clinical evidence, particularly in taxane-associated CIPN. 131, 132 These approaches are likely to 
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act through a combination of mechanisms, including modulation of local tissue physiology, metabolic 

activity, and cellular stress responses. In addition, reduced drug delivery (hence drug exposure) may 

contribute to their protective effects, as suggested by cooling-related studies in other tissue systems. 
133 Importantly, these modalities represent a shift toward interventions that can complement systemic 

chemotherapy while minimising risks of tumour protection or pharmacokinetic interference.  

Collectively, this evolving landscape reframes CIPN prevention from a predominantly pharmacological 

challenge to a broader, multidisciplinary paradigm integrating physical modulation, rehabilitation 

science, and supportive care innovation. Given the scale of the unmet need, both pharmacological and 

non-pharmacological approaches remain under active investigation. Below, we highlight the most 

promising strategies, summarise the current evidence, and identify key gaps and research priorities. 

 

Pharmacological strategies  

Antidepressants   

Antidepressants modulate central pain processing through serotonergic and noradrenergic pathways 

and are effective in several neuropathic pain syndromes, providing a theoretical basis for CIPN symptom 

control. 134, 135  Such agents, including duloxetine, venlafaxine and tricyclic antidepressants, have been 

extensively evaluated in the context of CIPN, primarily for the management of established neuropathic 

pain rather than prevention. 136, 137  Across clinical guidelines, these agents are not recommended for 

preventive use, as randomised trials have failed to demonstrate consistent reductions in the incidence 

or severity of CIPN when administered prophylactically. 131, 132 Duloxetine, in particular, previously held 

a unique position in guideline recommendations as the only agent endorsed for treatment of painful 

CIPN. However, a recent randomized phase II trial demonstrated that prophylactic duloxetine did not 

reduce the incidence or severity of oxaliplatin-induced peripheral neuropathy compared with placebo. 
138 Thus, despite the potential role of Duloxetine in managing established painful CIPN, the current 

evidence does not support the use of antidepressants as a preventive strategy. 137, 139 

 

Anticonvulsants   

Anticonvulsants such as gabapentin and pregabalin have also been investigated as preventive strategies 

based on their efficacy in other neuropathic pain syndromes. 134 These agents reduce neuronal 

excitability by modulating calcium channel activity and synaptic neurotransmitter release, supporting 

their use in neuropathic pain conditions. 140 However, randomized studies have not demonstrated 
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consistent and clinically meaningful evidence supporting the use of anticonvulsants in CIPN. 141, 142, 143 A 

small randomized, placebo-controlled trial evaluating gabapentin for the prevention of paclitaxel-

induced peripheral neuropathy reported a statistically significant reduction in neuropathy incidence or 

severity in the gabapentin arm; however, the small sample size limits the generalizability of these 

findings. 141 Another pilot trial of pregabalin for prevention of paclitaxel-associated neuropathy failed to 

demonstrate a protective effect, with sensory neuropathy scores not differing significantly between 

groups. 143 Consequently, clinical guidelines uniformly advise against the routine prophylactic use of 

anticonvulsants for CIPN prevention. 131   

 

Antioxidants and putative neuroprotective agents  

Antioxidants and putative neuroprotective agents, including glutathione, vitamin E, alpha-lipoic acid, 

acetyl-L-carnitine and manganese-based compounds (such as calmangafodipir) have been among the 

most intensively studied pharmacological approaches for CIPN prevention. 144, 145  These agents aim to 

mitigate oxidative stress, mitochondrial dysfunction and inflammatory signalling implicated in 

chemotherapy-induced neuronal injury, particularly in platinum-based regimens. 46, 146 While early-

phase and small randomised trials suggested potential benefit for some agents (vitamin E in cisplatin-

treated patients reported reduced neurotoxicity incidence) 145, subsequent larger and more rigorous 

studies have yielded inconsistent or negative results, and in some cases evidence of harm, most notably 

with acetyl-L-carnitine. 147 Most notably, a randomised, placebo-controlled trial for the prevention of 

taxane-induced neuropathy reported that acetyl-L-carnitine not only failed to prevent CIPN but was 

associated with worse functional outcomes, with significantly increased CIPN symptoms at 24 weeks 

compared to placebo, providing direct evidence of harm. 148 Similarly, trials of glutathione, alpha-lipoic 

acid, and calmangafodipir have not demonstrated consistent protective effects in large studies.  131 As a 

result, clinical guidelines do not recommend antioxidant or neuroprotective agents for routine 

prevention, highlighting the need for greater mechanistic understanding and caution regarding drug–drug 

interactions with chemotherapy. 

 

Calcium and magnesium infusions 

Calcium and magnesium were hypothesised to stabilise neuronal membranes and reduce oxaliplatin-

induced hyperexcitability and acute neurotoxicity. 149 Calcium and magnesium infusions were widely 

explored for the prevention of oxaliplatin-induced peripheral neuropathy following early observational 

reports of benefit. However, subsequent randomised controlled trials failed to confirm a consistent 
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protective effect, and concerns were raised regarding potential interference with antitumor efficacy, 

although these remain controversial. 150, 151 In light of the lack of reproducible benefit and unresolved 

safety considerations, guidelines advise against the routine use of calcium and magnesium infusions for 

CIPN prevention. 

 

Non-pharmacological approaches  

Compression therapy (tight gloves/surgical-glove technique) 

Compression therapy alone, often implemented pragmatically using tight or undersized gloves, has 

been proposed as a method to reduce distal limb perfusion during chemotherapy administration152.  

Small studies, including self-controlled trials and observational reports, suggest potential benefit in 

reducing sensory symptoms. 153 In clinical practice, compression protocols typically involve wearing 

gloves one size smaller than usual before, during, and after chemotherapy infusion; however, these 

approaches remain largely empirical and are not underpinned by robust biological evidence. 

Importantly, it remains unclear whether compression meaningfully alters drug delivery or availability in 

peripheral tissues, or how the timing and duration of compression influence potential protective effects. 

Consistent with this uncertainty, the literature reports mixed findings, with some studies demonstrating 

no statistically significant reduction in CIPN incidence between experimental and control groups.  154 

Furthermore, although compression is generally well tolerated and not associated with significant 

adverse effects, there remains a lack of definitive evidence supporting its efficacy as a standalone 

preventive strategy. 155 Overall, clinical evidence remains limited, with substantial variability in applied 

pressure, duration, and safety monitoring. 156 The absence of standardised protocols and objective 

pharmacokinetic data has hindered broader adoption. Future studies should prioritise well-powered 

randomised controlled trials to define optimal pressure thresholds, assess vascular safety, and quantify 

local chemotherapy exposure under compression conditions. In particular, dose-response 

relationships for applied pressure and pharmacokinetic measurements under compression are required 

to clarify underlying mechanisms and improve translational relevance. 

 

Structured exercise and physiotherapy (multimodal rehabilitation) 

Structured exercise and physiotherapy programmes have gained increasing attention as preventive and 

mitigating strategies for CIPN, based on their systemic effects (improved microvascular perfusion, anti-

inflammatory signalling, mitochondrial function and preservation of neuromuscular integrity). 157 

Randomised trials and meta-analyses indicate that peri-chemotherapy structured exercise 
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programmes (aerobic, resistance, and sensorimotor training) improve CIPN symptom scores, balance 

and quality of life. 158, 159 A landmark randomised clinical trial demonstrated that a structured 

sensorimotor and resistance training programme initiated during chemotherapy significantly reduced 

the incidence and severity of CIPN compared to usual care, with clinically meaningful improvements in 

EORTC QLQ-CIPN20 sensory scores. 158 Furthermore, a randomised controlled trial comparing 

sensorimotor exercise and resistance training to usual care in patients receiving neurotoxic 

chemotherapy reported significantly reduced CIPN symptom burden in the exercise groups, with the 

sensorimotor exercise arm also demonstrating improvements in postural stability and balance.  160 While 

exercise is unlikely to prevent neuronal drug exposure directly, it may enhance neural resilience and 

provide functional compensation. 161 Evidence for true prevention remains evolving, and heterogeneity 

in exercise prescription and outcome measures limits cross-study comparisons; nevertheless, the 

favourable safety profile and broad survivorship benefits support continued investigation in adequately 

powered, standardised prevention trials. 160 Large randomized trials with standardised exercise 

protocols and objective functional endpoints are warranted, whilst identification of biological mediators 

(inflammatory cytokines, mitochondrial markers) will support causality in CIPN prevention. 

 

Acupuncture / electroacupuncture and neuromodulatory therapies 

Acupuncture and neuromodulatory interventions, including electroacupuncture and transcutaneous 

electrical nerve stimulation (TENS), represent additional non-pharmacological approaches with 

growing interest. These modalities are thought to modulate nociceptive processing, local blood flow and 

neuroimmune signalling, providing analgesic and possibly neuroprotective effects. 162 Several small 

studies and systematic reviews suggest improvements in sensory symptoms and patient-reported 

outcomes. However, most studies have focused on treatment rather than prevention of established 

CIPN, and methodological challenges such as blinding and use of sham controls remain significant. 163, 

164  Larger, rigorously designed trials incorporating objective neurophysiological endpoints and long-term 

follow-up are required before these approaches can be considered for preventive use. In parallel, 

mechanistic studies (particularly those assessing neuroimmune biomarkers and local perfusion) will be 

important to enhance biological interpretability. 

 

Limb Cryotherapy 

Limb cryotherapy, with or without compression, has emerged as one of the most extensively studied 

non-pharmacological strategy for CIPN prevention, particularly in patients receiving taxane-based 
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chemotherapy. 139, 165 By reducing peripheral blood flow and tissue metabolism during infusion, cooling 

is hypothesized to limit local drug delivery to distal nerves, thereby attenuating neurotoxicity. 

Cryotherapy delivery methods have evolved considerably, from frozen gloves and socks to advanced 

continuous-flow cryotherapy systems, with earlier approaches yielding variable outcomes and limited 

effects on standard neuropathy scales despite modest improvements in patient-reported symptoms. 
166, 167 Continuous-flow systems have demonstrated superior tolerability and consistent cooling over 

extended durations, with clinical studies confirming reduced paclitaxel-induced neurotoxicity. Further 

refinement through cryocompression, which combines controlled cooling with dynamic pressure, has 

enabled delivery of lower temperatures while maintaining tolerability168-170 notably, one study reported 

CIPN prevention in 65% of patients, with no cases of severe neuropathy observed. 171 In a subsequent 

feasibility study of concomitant scalp cooling and limb cryocompression, the approach demonstrated 

an acceptable safety profile with no treatment discontinuations due to cryocompression-related 

adverse events. 168 The strongest clinical evidence supports prevention of taxane-associated CIPN, 

while findings for oxaliplatin remain less consistent yet emerging. 172, 173, 153 A multicentre randomized 

controlled trial reported modest improvements in patient-reported sensory symptoms in the 

intervention arm compared with the control, although differences in EORTC QLQ-CIPN20 scores did 

not reach statistical significance. 172 Ongoing investigation includes the Phase III randomised trial of the 

Paxman Limb Cryocompression System (NCT05642611), which is expected to provide important 

insights into optimal cooling and compression parameters. 

Despite these encouraging advances, several challenges constrain definitive conclusions, including 

heterogeneity in device type, temperature, duration, and timing, as well as tolerability concerns such as 

cold intolerance and limited follow-up durations. 131 Mechanistic studies directly linking cooling to 

reduced nerve drug exposure also remain limited. 162, 174 Limb cryotherapy closely mirrors the 

established paradigm of scalp cooling for chemotherapy-induced alopecia175, and whilst cytoprotective 

mechanisms, including attenuation of drug uptake, suppression of oxidative stress, and modulation of 

cellular metabolism, have been well characterised in non-neuronal systems such as keratinocytes and 

hair follicle models133, 176, 177 equivalent evidence in neuronal systems is currently lacking. Rather than 

representing a fundamental limitation, this gap identifies a critical and tractable opportunity for 

translational research.  Appropriately designed in vitro and human-relevant neuronal model systems 

could define the mechanistic basis of cooling-mediated neuroprotection, while future progress will 

require standardisation of treatment protocols and large multi-centre Phase III trials with extended 

follow-up to assess persistent neuropathy and confirm clinical efficacy (NCT05642611, 

NCT07064798). 
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Translational Bridging in CIPN Prevention: Aligning Mechanisms, 

Models and Clinical Strategy 

A central challenge in CIPN research lies in bridging mechanistic insights with clinically effective 

prevention strategies. While increasingly complex in vivo, ex vivo, and in vitro models have advanced 

understanding of disease pathology, their translational value is often constrained by variability, limited 

mechanistic resolution, and difficulty in isolating specific biological processes. Conversely, more 

reductive experimental systems, although arguably lacking full physiological complexity, offer the ability 

to interrogate discrete cellular and molecular mechanisms with high precision. 

Importantly, these approaches should be viewed as complementary rather than competing. The 

selection of an appropriate model should be guided by the biological question under investigation. In 

this context, simplified human-relevant systems can provide critical mechanistic insights that are not 

readily accessible in more complex models. For example, in human in vitro keratinocyte and hair follicle 

models, cooling has been shown to attenuate chemotherapy-induced cytotoxicity through modulation 

of drug uptake, oxidative stress, and cellular metabolism. 177  These findings highlight that protective 

effects may arise not solely from reduced tissue exposure, but also from intracellular and stress-

response mechanisms that influence cellular susceptibility to chemotherapy drug-induced injury. This 

paradigm is highly relevant to CIPN, where convergent molecular mechanisms (including mitochondrial 

dysfunction, oxidative stress, and axonal degeneration) are shared across multiple chemotherapeutic 

agents. The ability to isolate and interrogate these processes in controlled systems provides a powerful 

framework for identifying and optimising protective strategies.  

Bridging clinical practice with effective CIPN prevention therefore requires experimental models that 

capture key features of chemotherapy-induced nerve injury, including mechanistic diversity and 

temporal progression. To date, many pharmacological strategies have focused on downstream 

symptom modulation or broad neuroprotection, while preclinical models have often relied on systems 

that do not fully reflect the complexity of human disease. 178 However, rather than prioritising increasing 

model complexity alone, progress will depend on aligning model selection with the mechanisms under 

investigation. This may include the use of more representative in vivo systems, alongside human-

relevant, robust and high-throughput in vitro approaches such as multicellular neuronal co-cultures and 

micro-physiological platforms85, as well as emerging neuronal models, including stem cell- and cell 

line-based systems and advanced microfluidic platforms179. Such approaches could enable targeted 

investigation of processes including axonal integrity, mitochondrial function, neuroinflammation, and 

barrier dynamics, thereby improving translational relevance while maintaining experimental tractability. 
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Within this context, non-pharmacological interventions, such as limb cooling, can be understood not 

simply as empirical approaches, but as biologically informed strategies that modulate key determinants 

of neurotoxicity. By influencing local tissue physiology, metabolic demand, and cellular stress 

responses (and potentially altering drug delivery or uptake), controlled cryotherapy represents a 

multifaceted intervention aligned with the underlying mechanisms of CIPN. Accordingly, among other 

emerging strategies, limb cooling currently represents the most clinically advanced approach for CIPN 

prevention, providing a strong foundation for the further development of biology-guided interventions. 

Collectively, advancing CIPN prevention will require the integration of mechanistic understanding with 

appropriately selected experimental models. A translationally effective strategy depends on the 

deliberate alignment of biological insight, experimental design, and subsequent clinical application. 

 

Conclusions and future perspectives  

CIPN remains a significant unmet clinical challenge with a huge impact on cancer patient survivorship, 

with limited effective strategies for prevention despite substantial advances in understanding its 

underlying biology. In light of the limited success of existing pharmacological interventions in alleviating 

established CIPN symptoms, with duloxetine representing the only agent with modest guideline-level 

support for symptomatic management,  and given that irreversible molecular neuronal injury precedes 

clinical presentation 180, it is increasingly evident that prevention (rather than symptom management) 

represents the most effective strategy for combating CIPN.  

Despite these advances, a disconnect remains between mechanistic understanding, experimental 

model systems and clinical translation. The increasingly recognised complexity of CIPN, encompassing 

oxidative stress, mitochondrial dysfunction, lipid peroxidation, ion-channel dysfunction, impaired 

axonal transport and degeneration, together with interactions between neuronal and non-neuronal 

cells, reinforces the need for preventive strategies aligned with the biological processes driving 

chemotherapy-induced neurotoxicity.  

Emerging experimental and methodological approaches provide important opportunities to address this 

translational gap. Human-derived neuronal models, multicellular organoid and micro-physiological 

systems, together with single-cell, integrative and spatial omics approaches, offer increasing capacity 

to resolve cell-specific mechanisms, intercellular interactions and spatial patterns of toxicity. 

Integration of these approaches with clinically relevant biomarkers may enable earlier identification of 

neuronal injury and provide a stronger biological basis for the development and evaluation of targeted 

preventive interventions. 
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In this context, non-pharmacological approaches such as limb cryotherapy represent a promising 

direction, offering the potential to modulate key determinants of neuronal susceptibility without 

interfering with systemic anticancer regimen efficacy. Among emerging strategies, limb cooling is 

supported by an expanding body of clinical evidence demonstrating favourable tolerability and efficacy. 

While mechanistic understanding in neuronal systems remains to be fully established, insights from 

biologically relevant models in other tissues provide a strong foundation for its translational potential. 

Future progress will depend on the integration of mechanistic insights with appropriately selected 

experimental models and well-designed clinical studies. This includes the development of standardised 

protocols, incorporation of objective biomarkers, and generation of high-quality clinical evidence 

through adequately powered trials with long-term follow-up. In parallel, advancing our mechanistic 

understanding, particularly through human-relevant in vitro and translational model systems, will be 

essential to optimise intervention strategies and define their biological basis. 

Collectively, these considerations support a shift toward biology-guided, mechanism-driven prevention 

strategies for CIPN, reinforcing the view that, when aligned with underlying disease mechanisms, CIPN 

should not be regarded as an inevitable consequence of chemotherapy treatment, but rather as a 

clinically actionable target for prevention.  
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Figure captions  

 

Figure 1. Mechanisms and Clinical Presentation of Chemotherapy-Induced Peripheral 
Neuropathy (CIPN) by Drug Class   

Schematic illustration of the clinical features and currently hypothesised pathophysiological 
mechanisms underlying CIPN emergence across all major treatment regimens. Drug categories include 
taxanes, platinum compounds, vinca alkaloids, antibody-drug conjugates, and immunomodulatory 
agents. Common clinical manifestations (such as paraesthesia, dysesthesia and motor impairment) are 
mapped to distinct neuronal cell alterations, including microtubule disruption, oxidative stress 
induction, axonal transport defects and sensory fibre degeneration to contextualize site-specific drug 
effects. Central and peripheral nervous system structures are depicted appropriately. Created using 
BioRender (https://BioRender.com).  
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Table 1. Chemotherapy drug classes and their association with CIPN pathophysiology  

Chemotherapy 
Class 

 

Drug CIPN Presentation Hypothesised 
Pathophysiology  

Duration  References 

Platinum Cisplatin, 
Oxaliplatin, 
Carboplatin  

Sensory: Paraesthesia in 
extremities including cold 
sensitive paraesthesia 
(particularly oxaliplatin), allodynia, 
sensory ataxia   
 
Motor: Lower limb movement 
disorders, fasciculation and 
cramps   
 

Nerve excitability due to 
altered ion channel 
activity   
 
Adducts in nuclear and 
mitochondrial DNA   
 
Oxaliplatin chelating 
calcium triggering axonal 
hyperexcitability.  

Transient, acute, 
coasting, chronic   

181, 182, 183, 16, 

180, 184-188 

 

Taxanes Paclitaxel, 
Docetaxel  

Sensory: Paraesthesia in the 
extremities, hypoesthesia, 
dysesthesia, hyperalgesia    
 
Motor: Deficits in fine motor skills 
and walking; reductions 
in/absence of ankle reflexes; 
motor deficits primarily 
associated with lower extremities   

Retrograde axonopathy   
 
Axonal transport 
disruption  

Transient, acute 
and coasting   

180, 181, 183, 185, 

189 
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Vinca Alkaloids Vincristine 
Sulphate Salt, 
Vinblastine, 
Vindesine   

Sensory: paraesthesia in 
extremities, allodynia, 
hyperalgesia; length dependent 
neuropathy  
 
Motor: Walking impairment, fine 
motor impairment;  
paediatric-specific motor 
presentations; distal weakness 
and functional mobility  
 
 

Axonal transport 
disruption 
 
Impaired mitochondrial 
function   

Acute, transient, 
coasting, chronic   

180, 181, 186, 16, 

183, 185, 187 

 
 

Anti-metabolites 
 

Cytarabine, 
Fluorouracil (%-
FU), Cytosine 
arabinoside 
Methotrexate*  
 
*CIPN is 
infrequent 

Sensory: allodynia, paraesthesia. 
 
Motor: weakness  
 

Genetic predisposition 
 
Interference with DNA 
synthesis    

Transient  17, 190-192 
 
 

Proteasome 
Inhibitors 

Bortezomib Sensory: paraesthesia, vibration 
sensitivity, hyperalgesia, 
proprioception changes   
 

Endoplasmic reticulum 
stress in peripheral 
nerve fibres 
 

Acute, reversible, 
chronic     

181-183, 185, 11, 16, 

180, 20, 70, 186-188 
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Motor: Ankle hyporeflexia, distal 
impairment, muscle weakness, 
atrophy, impaired reflexes   
 
 

Deterioration of sensory 
nerve fibres (Aβ, Aδ & C)  
 
Increased tubulin 
polymerisation, 
microtubule stability  
 
Altered axonal transport 
  
TRPV1 sensitisation  

Alkylating Agents * 
 
* Generally, not 
associated with 
CIPN, exclusively 
Ifosfamide 

 

Ifosfamide  
 

Sensory: Paraesthesia in the 
lower extremities   
 
 

Activation of 
proinflammatory 
cytokines and 
neuroinflammation 
 
Oxidative stress   

Transient 181 

Immunomodulatory  Thalidomide, 
lenalidomide, 
pomalidomide 

Sensory: Paraesthesia and 
allodynia of lower extremities   
 
Motor: Less common   
 
 

Deterioration of sensory 
nerve fibres (Aβ, Aδ, C)  
 
Anti-angiogenic effects 
affecting nerve 
vasculature   

Acute, transient 
and irreversible 
(Thalidomide)   

183, 185 
 

Antibody-drug 
conjugates (ADCs) 

Brentuximab 
vendotin (BV), T-
DM1, 
Polatuzumab 
vedotin 
Enfortumab 
vedotin 
Trastuzumab 
emtansine, 
Gemtuzumab 

Sensory: Paraesthesia, 
hyperesthesia    
 
Motor: Mild distal weakness, 
walking deficits   
 
 

Inhibition of microtubule 
dependent axon 
transport 
 
Length-dependent 
axonopathy fitting ‘dying 
back’   
 
Sensory large nerve fibre 
neuropathy   

Acute, transient 
and long term   

25, 182, 185, 187, 

193, 194 
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ozogamicin, Ado-
trastuzumab 
Emtansine, 
Famtrastuzumab   
deruxtecan 
Sacituzumab 
govitecan  



Etheridge et al     Page 38 of 59 
 

 

Table 2. Experimental models for the study of CIPN and its mechanisms  

Cell Line Origin Advantages Disadvantages Application in CIPN-
related studies 

References 

PC12 Clonal cell line from an 
induced, transplantable 
rat pheochromocytoma  

Differentiate into sympathetic 
ganglion neurons  
 
Adherent variant available  
 
Immortalised - unlimited 
differentiation material   
 
Can be co-cultured with other 
neuronal cells   

Rodent origin   
 
Malignant properties   
 
NGF required - expensive 
inducer  
 
Varied in NGF 
responsiveness  
Significant clonal variation   
 
Low differentiation response 
in adherent clone  
 
Differentiation dependent on 
vessel (substratum) coating  
 

Rodent origin, less 
representative of human 
disease 

90, 92, 93 
 

 

SHSY-5Y Human metastatic 
neuroblastoma   

Human origin  
 
Comparable to embryonic 
stem cell derived neurons  
  

Existence of both 
neuroblast-like and 
epithelial-like cells   
 
Malignant origin   
 

Limited application in 
diseases other than 
Parkinson’s   
 
Limited characterisation of 
differentiation processes 

96, 97, 195, 196, 94, 

101, 197 
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Differentiate into neurons 
dopaminergic neurons, 
adrenergic or cholinergic 
neurons depending on 
differentiation protocol used   
Immortalised - unlimited 
differentiation material   
 
Responsive to multiple 
differentiation inducers (RA, 
phenol esters, neurotrophins, 
BDNF) 

Genetic instability and drift  
 

 
Variation in differentiation 
inducer combinations, 
protocol, and 
differentiation times 

LUHMES Human adapted 
mesencephalic cell line, 
neuronal precursor cells   

Human origin  
 
Immortalised - unlimited 
differentiation material   
 
Tetracycline-controlled model 
without oncogene expression   
 
Differentiate into 
dopaminergic neurons   
 
Differentiable with 
tetracycline, cAMP, and GDNF 
exposure  
 

Generates only 
dopaminergic neuron 
accounting for less than 1% 
of brain neuronal population   
 

Generates only 
dopaminergic neuron of the 
CNS, limited in study CIPN 
due to heterogeneity of the 
PNS    

95, 198-201 
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Compatible with 3D cell 
models   
 

hESC-derived 
neurons 

 

Pluripotent cells derived 
from inner cell mass of 
the blastocyst 

Human origin  
 
Karyotypically normal   
 
Multilineage potential   
 
Unlimited proliferation 
potential   
 
Generate neural stem cells 
and functional neurons   

Ethical and regulatory 
considerations, legislation 
limiting use of hESC 
research in many countries   
Costly cell culture reagents   
 
Co-culture with mouse 
embryonic fibroblast cells 
(concerns of transmission or 
animal-derived pathogens)   
 
Human feeder layers 
introduce variation    
 
Limited success in high-
throughput assays  

Dissection to isolate cells 
has poor success rate  
 

 

202-206 
 
 

Ex-vivo culture 
of rodent DRG 

Rodent derived DRGs 
containing sensory 
neuron cell bodies 

Heterogenous cell population   
 
Cultures of adult DRGs do not 
require the addition of 
neurotrophic factors   

Requires use of animals  
 
Rodent origin  
Post-mitotic, cannot be 
passaged or expanded   
 
Embryonic and neonatal 
cultures still require NGF   
 

Limitations of animal 
chemotherapy treatment 
prior to dissection  
 
Not suitable for high-
throughput screening  
 

207, 208, 209 
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Human Donor 
iPSCs 

Pluripotent stem cells 
derived from human 
patients  

Human origin 
 
Replicates disease pathology  
 
Overcome ethical limitations 
of hECS  
  
Can be co-cultured to study 
cell interactions   
 
Capacity to self-organise and 
form 3D organoids    
 
Contain disease-relevant 
genetic information  
 
Allow patient-specific 
treatments  / studies 

Genetic instability   
 
Extensive culture times 
requiring induction   
 
iPSC-derived cell immaturity   
 
High associated costs   
 
Donors’ genetic information 
- donor variation   
 

Donor specificity limits 
generalisation of findings 

113, 210-213 
 

Commercially 
available iPSCs 

(iCell, Peri4U) 

Pluripotent stem cells Rapid cell recovery and 
establishment of neuronal 
cultures   
 
Negate lengthy culture of 
neural progenitors and 
additional differentiation of 
human donor iPSCs   
 

Costly to culture, requiring 
expertise  
 
Finite growth   
 
Variation between 
commercially available 
iPSCs   
 

Chemotherapy drug 
response variation 
observed between 
commercially available 
lines   
 
Require co-culture to 
reflect heterogeneity and 
complexity of disease   
 

214, 215, 216-218 
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Maintain neuronal populations 
for longer timescales than 
hECS/donor-derived (>28 
days) 
 
High degree of purity in 
neuronal culture 

Genotypic variation between 
iPSCs caused by 
differentiation process    
 
Homogeneity less 
informative in disease 
modelling, require co-
culture   

NT2 Human embryonal 
carcinoma   

Human origin and pluripotent 
properties  
 
Differentiate along 
neuroectodermal lineages 
(precursors) and subsequently 
into neurons 
 
Terminal differentiation, 
characteristically like human 
foetal neurons   
 
Respond to both RA and 
alternatively AraC 
 
Heterogenous neuronal 
population (neurons, 
astrocytes, radial glial)   
 

Differentiation process 4-6 
weeks when using RA with 
low rate of differentiation 
RA differentiation variability: 
exposure time, 
concentration, addition of 
mitotic inhibitors, media 
change frequency   
 
Unstable RA cultures: 
instability in aqueous 
solution, unstable in cell 
culture media, unstable 
when exposed to air, light 
and temperature.  
Adsorption of RA by glass 
and plasticware in culture.    
 
Mitotic, derived from a 
metastasis of primary 

Used to assess sodium 
azide and amifostine 
mitigation of cisplatin 
induced oxidative stress of 
NT2N cells differentiated 
by RA   
 
Limited reports on 
application as a model for 
CIPN 
 

15, 102, 105, 219-

222 
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Further differentiate into motor 
neurons   
 
Express neurotransmitters 
and high voltage activated 
calcium channels  
 
Express receptors associated 
with neuroinflammation and 
neuropathic pain (such as 
TRPV1)  
 

testicular embryonal 
carcinoma 
 
Karyotypically abnormal   
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