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Abstract  

Charcot–Marie–Tooth disease type 2A (CMT2A) is the most common axonal form of 

inherited peripheral neuropathy, caused by mutations in the mitofusin 2 (MFN2) gene that 

impair mitochondrial fusion and axonal transport, ultimately leading to progressive 

neurodegeneration. The identification of accessible molecular biomarkers may improve 

diagnostic accuracy, enable patient stratification, and support the development and 

monitoring of emerging therapies. 

We investigated serum levels of neurofilament light chain (NfL), neural cell adhesion 

molecule 1 (NCAM1), growth differentiation factor 15 (GDF15), and fibroblast growth factor 

21 (FGF21) in CMT2A patients (n = 15), healthy controls (n = 10), and neurological disease 

controls (n = 16; amyotrophic lateral sclerosis [ALS], n = 10, spinal muscular atrophy type 3 

[SMA3], n = 6), evaluating their utility as diagnostic and monitoring biomarkers. In parallel, 

serum NfL levels were assessed in transgenic Thy1-MFN2*R94Q mice, a validated 

preclinical model of CMT2A. 

Serum NfL levels were significantly elevated in CMT2A patients compared to healthy 

controls, a finding corroborated in transgenic mice. Notably, NfL levels in CMT2A patients 

were higher than in SMA3 but lower than in ALS patients, supporting the ability of this 

biomarker to discriminate between clinically overlapping neuromuscular conditions. Higher 

NfL levels were associated with younger age, earlier disease onset, and shorter disease 

duration, suggesting a role as a marker of early disease burden. However, no significant 

correlation was observed with clinical severity scores or electrophysiological measures. 

Serum FGF21 levels were also significantly elevated in CMT2A patients compared to 

controls, whereas NCAM1 and GDF15 levels did not differ significantly between groups. 

These findings support the role of serum NfL as a translational biomarker of axonal damage 

in CMT2A, capable of distinguishing affected individuals from both healthy and neurological 

disease controls. The concomitant elevation of FGF21 further underscores the contribution of 

mitochondrial dysfunction to CMT2A pathophysiology. Together, these results highlight the 

potential of serum biomarkers to refine diagnostic workflows and facilitate therapeutic 

development and future clinical trials for CMT2A. 

Keywords: CMT2A; serum biomarkers; NfL; NCAM1; GDF15; FGF2.      
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Introduction 

 

Charcot-Marie-Tooth disease type 2A (CMT2A) represents the most common axonal form of 

hereditary motor and sensory neuropathies, caused by mutations in the mitofusin 2 (MFN2) 

gene 1,2. Despite significant advances in genetic diagnosis and molecular understanding of the 

disease, major challenges remain in predicting disease progression, monitoring therapeutic 

efficacy, and establishing objective outcome measures for clinical trials
3
. The phenotypic 

heterogeneity observed among CMT2A patients, even within families carrying identical 

MFN2 mutations,1,4–8 underscores the urgent need for reliable biomarkers capable of capturing 

disease severity beyond genetic testing alone, refining diagnostic accuracy but also providing 

guidance for therapeutic decision-making and the ongoing monitoring of long-term 

outcomes.       

Currently, CMT2A management relies primarily on symptomatic treatment and supportive 

care, including physiotherapy, orthopedic interventions, and pain management.9 Although 

promising therapeutic approaches are under investigation, including gene therapy strategies 

10,11and compounds targeting mitochondrial dysfunction1213,14, no disease-modifying treatments 

have yet been approved. The development of effective therapies is hampered not only by the 

complexity of the underlying pathophysiology but also by the lack of validated biomarkers 

for patient stratification and treatment monitoring
3,15

. 

A significant challenge in CMT2A natural history studies and clinical trials is the slow 

disease progression in many patients, which requires prolonged observation periods in order 

to detect meaningful changes in clinical outcome measures. Traditional endpoints such as the 

Charcot-Marie-Tooth Neuropathy Score (CMTNS) and nerve conduction studies, while 

useful, may not capture subclinical disease activity or early treatment responses
16

. Therefore, 

the identification of sensitive molecular biomarkers that can provide objective measures of 

ongoing disease activity, complement clinical assessments, and potentially serve as surrogate 

endpoints in therapeutic trials represents a critical unmet need in the field
15

. Importantly, 

biomarkers detectable in peripheral blood offer substantial practical advantages over those 

measured in cerebrospinal fluid (CSF), as blood sampling is minimally invasive, more 

acceptable to patients, and better suited for repeated longitudinal assessments
15

. In contrast, 

CSF collection requires lumbar puncture, an invasive procedure associated with patient 
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discomfort and potential complications, limiting its feasibility for routine monitoring and 

large-scale clinical studies. Consequently, the identification of reliable serum biomarkers 

represents a particularly attractive and clinically applicable strategy for improving disease 

monitoring and facilitating therapeutic development in CMT2A. 

Advances in omics-based technologies in peripheral neuropathies have identified several 

candidate serum biomarkers that merit specific investigation in the context of CMT2A. 

Notably, neurofilaments (Nfs) are highly specific key neuronal scaffolding proteins 

comprising 4 subunits: the triplet of light chain (NfL), medium chain and heavy chain (NfH), 

and α-internexin in the CNS or peripherin in the periphery 
17,18

. Acute or chronic neuronal 

damage, including traumatic brain injury, stroke, dementia, and multiple sclerosis, releases 

Nf fragments into the CSF and ultimately into the blood stream. Recent advances in the use 

of highly sensitive tests, i.e. single molecular array (Simoa), have improved the detection of 

NfL, particularly in peripheral blood, making it a promising and easily accessible biomarker 

for neuroaxonal damage. Plasma neurofilament light chain (pNFL) was shown to be 

increased in mouse models and patients with various genetic forms of CMT 
19–24

and to 

correlate with clinical severity
20

. Some studies also assessed the variation of NfL over time in 

CMT patients, with variable results
21–23. 

Aside from studies on plasma neurofilament, there has also been an effort to identify more 

specific biomarkers reflecting other pathologic processes involved in CMT, such as myelin 

pathology or muscle denervation, through candidate-based and unbiased approaches. 

Recently, multitargeted proteomic analysis on CMT patients and multiple mouse models 

showed elevated levels  of neural cell adhesion molecule 1 (NCAM1), of the growth 

differentiation factor 15 (GDF15),  and in proteins of the complement system 
25

. Their levels 

also reflected disease severity. The observed increase in NCAM1 may reflect muscle 

regeneration in response to denervation, whereas GDF15 is a recognized biomarker of 

mitochondrial dysfunction and has recently been reported to be elevated in models of tRNA-

synthetase-associated CMTs
26

. Previous studies, however, have reported heterogeneous 

findings: Kim and colleagues observed NCAM1 elevation in demyelinating but not axonal 

CMT subtypes, while Palu and colleagues reported no differences compared with controls 

24,27
. Pretkalnina et al. also reported an elevation in the levels of GDF15 in 44 CMT patients 

compared to controls, but they did not correlate with disease severity 
28

. 
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Fibroblast Growth Factor 21 (FGF21) is an important metabolic regulator which has emerged 

as a biomarker of mitochondrial stress 
29

. FGF21 was found to be significantly elevated in 

patients with mitochondrial disorders, particularly those affecting skeletal muscle, as shown 

in up to 22 studies with 1217 blood samples 
29

. Furthermore, FGF21 was shown to have 

neuroprotective effects on peripheral nerves in experimental models of peripheral nerve 

injury, by counteracting oxidative damage 
30

. Mitochondrial dysfunction plays a pivotal role 

in CMT disease, particularly in axonal forms like CMT2A , where mutations in MFN2 

disrupt mitochondrial fusion, fission, and transport along axons, leading to energy deficits in 

peripheral nerves
31–33 

. FGF21 was found to be elevated in the blood of mutant Gars mice, 

while findings in CMT patients varied among studies; Pretkalnina et al. reported a significant 

increase in demyelinating and axonal CMT patients compared to controls , while Spaulding et 

al. reported variable results in an axonal CMT patients cohort 
26,28

.  

The aim of our work is to assess serum levels of NfL, FGF21, NCAM1, and GDF15 in a 

cohort of CMT2A patients in order to evaluate their utility as diagnostic and prognostic 

biomarkers. Specifically, we aim to determine whether these biomarkers could discriminate 

CMT2A patients from healthy controls and patients affected by other neurodegenerative 

conditions, and whether they correlate with markers of clinical severity. Such validated 

biomarkers could significantly enhance our ability to stratify patients for clinical trials and 

evaluate therapeutic responses in this challenging disorder. 

 

Methods 

 

Ethical statement 

This study was approved by the local Institutional Review Board (Comitato Etico di Milano 

Area 2 – protocol number 898_2020bis) and conducted in accordance with the Declaration of 

Helsinki and international GLP and GCP guidelines. All subjects and the parents of minors 

provided written informed consent for the collection, storage and analysis of biological 

materials according to the disposition of the local ethics committees. 

 

Cohort definition      
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From June 2022 to October 2024, 15 patients with a diagnosis of CMT2A were recruited in 

the Neurology Unit of the Fondazione IRCCS Ca’ Granda Ospedale Maggiore Policlinico 

and Fondazione “La Nostra Famiglia”. All patients presented a confirmed genetic diagnosis     

. Healthy controls, including individuals without evidence of neurological disease (n=10) and 

neurological controls (n=16), including patients affected by spinal muscular atrophy type 3 

(SMA3, n=6), a potential mimicker of early-onset CMT,  and by Amyotrophic Lateral 

Sclerosis (ALS, n=10), a potential mimicker of late-onset CMT, were included in the study. 

Demographic characteristics of the cohorts are presented in Table 1.  Neurological evaluation 

and chart reviews were performed by neurologists experienced in neuromuscular diseases of 

the IRCCS Fondazione Ca’ Granda Ospedale Maggiore Policlinico and Fondazione “La 

Nostra Famiglia”.      Standard clinical information was obtained, including previous 

neurophysiologic studies, MRI and sural nerve or muscle biopsies. Muscle strength was 

assessed manually using the standard medical research council (MRC) scale. Sensory 

involvement was evaluated in terms of level and severity of pain, temperature, vibration and 

position sense impairment. Charcot-Marie-Tooth Examination Score (CMTES), a subscore of 

Charcot-Marie-Tooth Neuropathy Score version 2 (CMTNSv2), was used to estimate disease 

severity and clinical disability in adult patients 
34,35

.  

      

Mouse models and serum collection 

5-month-old male C57BL/6J-Tg(Thy1-MFN2*R94Q)44Balo/J (MFN2-R94Q; n=7) and 

wild-type C57BL/6J (WT; n=5) mice were used for this study. MFN2R94Q mice express 

flag-tagged (DDK tag) human MFN2, containing the R94Q mutation, under murine Thy1.2 

promoter, and the MFN2-R94Q transgene is integrated in the Y chromosome, mimicking the 

most common mutation found in CMT2A patients 36. To obtain MFN2-R94Q mice,      

C57BL/6J-Tg(Prnp-MFN1)1Balo-Tg(Thy1-MFN2*R94Q)44Balo/J (Jackson Laboratory 

stock 033391) were crossed with female WT C57BL/6J (Jackson Laboratory stock 000664). 

The genotype of the mice was confirmed using a PCR-based assay modified from Jackson 

Laboratory. All animals were maintained according to standard conditions, including ad 

libitum access to food and water and 12-hour dark/light cycle. Blood samples were obtained 

from 5-month-old WT (n=5) and MFN2-R94Qmale mice (n=7) from the retromandibular 

plexus using a needle puncture (21G). Blood was stored in MiniCollect® CAT serum 

separator tubes and it was left at 37° for 30 minutes to allow coagulation.  
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Animal study was approved by the Italian Ministry of Health review boards in compliance 

with U.S. National Institutes of Health Guide for the Care and Use of Laboratory Animals 

(708/2022). The study was conducted in accordance with ARRIVE guidelines.  

 

Serological analysis 

Sera samples from patients with CMT2A and controls were centrifuged at 3000 g for 5 min at 

room temperature after clotting for at least 2 hours at room temperature 37,38 and stored 

at − 80 °C until analysis. Human and mouse NfL levels were measured by Human Simple 

Plex assays (ProteinSimple, CA, USA) on Ella device (Bio-Techne, Minneapolis, MN, USA), 

allowing measurements in triplicates and the detection and quantification of low abundance 

proteins. Sera were diluted at a ratio of 1:2 and samples transferred in cartridge. 

           

Human GDF15, NCAM1 and FGF21 levels were measured with commercially available 

ELISA kit according to the manufacturers’ instructions (ELK Biotechnology, Wuhan). Sera 

samples were diluted at a ratio of 1:10 for GDF15 and left undiluted for NCAM1 and FGF21. 

All measurements were conducted in duplicate. Plates were read using a Varioskan™ LUX 

multimode microplate reader (Thermo Fisher Scientific, USA) and standard curves were 

fitted with four-parameter logistic regression using SkanIt data analysis software (Thermo 

Fisher Scientific, USA). For patients in whom biomarkers levels were above detection limit, 

the alto limit of quantification was set to the highest value of the plate.  

 

Statistical analysis 

Baseline characteristics were analyzed through descriptive statistics, continuous variables 

were reported as mean ± SD or median [IQR], as appropriate. Categorical variables were 

represented as numbers and percentages. Normality of distributions was formally assessed 

with the D'Agostino-Pearson's test, Anderson-Darling test, Shapiro-Wilk test and 

Kolmogorov-Smirnov test. Between-group comparisons were performed with the Mann-

Whitney test. Associations between variables were assessed with the nonparametric 

Spearman's correlation coefficient. To assess the independent contribution of a     ge at 

review, a     ge at onset, and d     isease duration to NfL levels, we performed multiple linear 

regression using log-transformed NfL as the dependent variable, with the three demographic 

variables entered simultaneously as predictors. Given the known collinearity among these 

variables, we additionally computed partial correlations to evaluate the association between 
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each predictor and NfL after removing the shared variance with the remaining variable. 

Statistically significant differences were assumed at 5% level of probability, and all statistical 

tests were two-tailed. All analyses were performed with GraphPad Prism version 10 

(GraphPad Software Inc). 

 

Data availability 

The data that support the findings of this study are available from the corresponding author, 

upon reasonable request. 

 

Results 

 

Patients’ characteristics and novel MFN2 point mutations in three patients      

A total of 15 patients (8      males, 7      females) from 12      different families, diagnosed with      

CMT2A with MFN2 missense variantswere included in the study. Demographic, clinical and 

genetic characteristics of the enrolled patients are presented in Table 2.      Among      patients, 

12      carried a known heterozygous missense MFN2 mutation already associated with 

CMT2A phenotype (p.Arg94Gln, p.Arg94Trp, p.Arg104Trp, p.Arg364Trp, p.Ala383Val). 

Three patients carried novel variants, namely p.Ile88Val, p.Lys243Met and p.Leu733Pro 

(Figure S1). Patient 01—1 carrying the variant p.Ile88Val had an adult-onset at 66 years with 

difficulty walking and bilateral foot drop. Notably, the patient presented a concomitant mild 

Parkinson’s Disease, with onset of anosmia at 42 and of REM sleep behavior disorder at 47. 

At 66, he started complaining of difficulty walking and climbing stairs, and shortly after he 

reported reduced visual acuity. EMG was performed with diagnosis of sensori-motor axonal 

neuropathy. He performed visual-evoked potentials that revealed bilateral prolongation of 

p100 wave latency. Slit-lamp examination revealed an excavated papilla. He also reported 

hearing loss. Brain MRI was normal. Upon genetic testing, the variant 

NM_014874.4(MFN2): c.262A>G p.Ile88Val was detected . The variant is located on exon 

4, is absent from public databases and is deemed pathogenic by in-silico prediction tools. The 

p.Ile88Val, previously undescribed, interests the same codon as the variant p.Ile88Phe, 

observed in association      with peripheral neuropathy 
39

. 

Patient 08-1, carrying the p.Lys243Met, is a 63-year-old Chilean woman with symptom onset 

during childhood, with frequent trips and falls. At 12, she had bilateral surgery for pes cavus. 

In spite of that, she was able to practice sport (swimming) at competition level until the age 
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of 18. Around the age of 22, she started experiencing postural instability, while at the age of 

30 she developed progressive weakness with difficulty climbing stairs. She currently uses a 

walker and has moderate difficulties with hand movements (unable to cut her food, difficulty 

closing buttons). She also has dysphagia for liquids for which she uses liquid thickener and 

bladder retention with incomplete bladder emptying and secondary incontinence. Both her 

parents passed away; she reports that her father presented pes cavus and postural instability. 

Upon genetic testing, she was found to carry a NM_014874.4(MFN2): c.728A>T 

p.Lys243Met, located on the exon 8, which is absent from public databases and is reported to 

have a strong prediction of pathogenicity by in-silico tools.  

Patient 12-1 carries the p.Leu733Pro. She is a 56-year-old woman without known family 

history of CMT or neuromuscular symptoms. She had a slight delay in the acquisition of 

motor milestones, but an otherwise normal psychomotor development. Around the age of 35 

she started noticing imbalance while wearing high heels and dancing, and a progressive 

hypotrophy of the calves. Around the age of 47, she reports increasing difficulty climbing 

stairs. In addition, she reports progressive visual impairment in the past years. She now 

displays length-dependent impairment in strength at lower limbs. Pinprick sensation is 

preserved, while vibratory sensation is slightly reduced at ankle level. She is able to walk 

independently. She was found to carry the missense variant NM_014874.4(MFN2): 

c.2198T>C p.Leu733Pro on exon 18. The variant is absent from public databases and is 

reported to have a strong prediction of pathogenicity by in-silico tools. 

 

Assessment of serum NfL levels in CMT2A patients and mice 

We measured serum NfL levels in CMT2A patients and control groups. Demographic 

characteristics of the cohorts are presented in Table 1. Individuals with CMT2A had higher 

levels of NfL compared to controls (median values: 36.70 pg/ml vs. 1.94 pg/ml; P<0.0001; 

Figure 1A). Since NfL has also been investigated in other neuromuscular disorders, where 

elevated levels have been observed compared to healthy controls 
40,41

, we decided to test its 

usefulness in discriminating between mimicking conditions. Notably, serum NfL levels were 

significantly lower in CMT2A patients than in ALS patients (median: 36.70 vs. 92 pg/mL; P 

= 0.0187), but significantly higher than in SMA type 3 (median: 36.70 vs. 12.90 pg/mL; P = 

0.0136; Figure 1B–C), highlighting its potential value in differentiating CMT2A from 

clinically overlapping neuromuscular conditions. Given the wide age variability within our 

CMT2A cohort, we performed the comparison in subgroups divided by age, confronting ALS 
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patients with CMT2A patients above 50 years of age, with improved statistical significance 

(CMT2A > 50 ys vs. ALS; median: 30.15 vs. 92 pg/mL; P = 0.0042), and SMA patients with 

CMT2A patients below 50 years of age, with similar statistical significance (CMT2A < 50 ys 

vs. SMA; median: 43.75 vs. 12.90 pg/ml; P= 0.0293). 

In parallel, serum NfL levels were assessed in Tg(Thy1-MFN2*R94Q)44Balo/J transgenic 

mice, expressing the MFN2 R94Q mutation under the Thy1.2 promoter, compared wild-type 

ones (C57BL/6J) at 5 months of age. In agreement with human data, MFN2-R94Q mice 

showed significantly elevated serum NfL levels compared with wild-type controls (median 

values: 639 pg/mL vs. 138 pg/mL; P = 0.0025; Figure 2), supporting its translational 

relevance as a biomarker of axonal damage in CMT2A. 

 

Assessment of serum NCAM1, GDF15 and FGF21 levels in CMT2A patients 

No significant differences in the serum levels of NCAM1 and GDF15 were observed between 

CMT2A patients and healthy controls (NCAM1 median values: 13.69 ng/ml vs. 12.39 

ng/mlP=0.2950; GDF15 median values: 0.4265 ng/ml vs. 0.4217 ng/ml P=0.7438; Figure 

3A-B). Conversely, serum FGF21 levels were significantly elevated in CMT2A patients 

compared to controls (median values:  114.8 pg/ml vs. 46.99 pg/ml P  <0.0001; Figure 3C). 

 

Correlation of serum NfL and FGF21 levels with demographic parameters and outcome 

measures 

In order to assess the potential of Nfl and FGF21 in predicting severity of disease, we 

evaluated whether they  varied according to different demographic and clinical characteristics 

of CMT2A patients.We found significant negative univariate correlations between serum NfL 

levels and age at review (ρ = - 0.7989, P = 0.00016; Figure 4A), age at onset (ρ = - 0.6768, P 

= 0.0069; Figure 4B), and disease duration (ρ = - 0.6932; P=0.0052; Figure 4C). However, 

as these three variables were themselves highly inter-correlated (age vs disease duration: ρ = 

0.872, P< 0.001; age vs age at onset: ρ = 0.764, P < 0.001), we performed multiple linear 

regression to determine which variables had an independent relationship with NfL levels. In 

the full model (log-NfL ~ age + age at onset + disease duration), only age at review retained a 

statistically significant independent association with NfL (β = −0.011, P= 0.001), while age 

at onset (P= 0.193) and disease duration (P = 0.275) did not (Table 3). A model containing 

age alone explained the same proportion of variance as models additionally including age at 

onset or disease duration (Adj. R² = 0.614 vs. 0.584). Partial correlation analysis confirmed 
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that the association between NfL and age at onset was no longer significant after controlling 

for age (partial r = −0.076, P= 0.789), though it remained significant when controlling for 

disease duration alone (partial r = −0.610, P= 0.016). These findings indicate that age at 

review is the primary independent predictor of NfL levels in this cohort, and that the 

univariate correlations with age at onset and disease duration likely reflect their shared 

variance with age.   

 

Conversely, we did not retrieve a correlation between NfL values and measures of disease 

severity, namely CMTESv2 (ρ = 0.4357, P = 0.1199; Figure 5A) and ulnar nerve compound 

muscle action potential (CMAP) amplitude (ρ =  -0.05438; P = 0.9078; Figure 5B), in 

patients for whom neurophysiological testing was available. 

 

We did not observe significant correlations between serum FGF21 levels and demographic 

variables, including age (ρ = - 0.4021; P = 0.1377; Figure 6A), age at onset (ρ = - 0.4013; P 

= 0.1378; Figure 6B) and disease duration (ρ = - 0.3864; P = 0.1545; Figure 6C). Similarly, 

we did not find a significant association between FGF21 levels and established measures of 

disease severity,  such as CMTESv2 (ρ = 0.3659; P = 0.1967; Figure 6D) and CMAP 

amplitude (ρ = - 0.1429; P = 0.7825; Figure 6E). 

 

Discussion 

 

CMT2A, the most common axonal CMT, is caused by mutations in the MFN2 gene, which 

encodes a key regulator of mitochondrial fusion, trafficking, and bioenergetic homeostasis. 

CMT2A mainly gives rise to severe phenotypes with onset in early childhood 
42

. Our study 

reports three novel MFN2 variants (p.Ile88Val, p.Lys243Met and p.Leu733Pro) in CMT2A 

patients. These findings expand the mutational spectrum of MFN2-related CMT2A and 

highlight the genetic heterogeneity of this disorder.  

       

The lack of reliable biomarkers for disease progression remains a significant challenge in 

both clinical management and therapeutic development for all CMT subtypes. The majority 

of available studies so far mainly focus on demyelinating subtypes; our study is the first-of-

its-kind to specifically evaluate serum biomarkers in a cohort of CMT2A patients and mice. 

In patients, we have found   significantly elevated serum NfL levels in CMT2A patients 
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compared to healthy controls. . Importantly, we found that, in our cohort, serum NfL levels 

could effectively differentiate CMT2A from two clinically relevant mimicking conditions: 

SMA type 3 and ALS. SMA3 is a hereditary motor neuron disorder (MND) characterized by 

muscular atrophy and weakness in the four limbs, walking impairment and skeletal 

deformities such as scoliosis
43

. The typical onset of SMA3 occurs in late childhood and may 

thus mimic early-onset CMT. Since a subset of CMT2A patients only reports symptoms in 

adult years, we also selected a sample of patients affected by ALS, a degenerative MND      

which causes progressive muscle weakness and atrophy and whose onset typically occurs in 

later adulthood. Late-onset axonal CMT2A may be initially mistaken for ALS, especially 

when the denervation process is severe. In addition, mutations within the MFN2 gene  have 

been associated with both ALS and CMT2A, thereby suggesting that the pathogenic process 

may involve, at least in part, common pathways 
44,45

. NfL elevation in ALS has been 

extensively investigated and it has already proved useful in clinical trials 
46,47

; therefore, 

distinguishing the range of values between ALS and mimicking conditions could prove useful 

with the aim of using it as a future diagnostic test. The distinct NfL profiles we observed 

(CMT2A > controls, CMT2A < ALS, CMT2A > SMA3) suggest that serum NfL could serve 

as a valuable diagnostic biomarker to aid in differential diagnosis. 

 

A notable finding of our study is the strong negative correlation between serum NfL levels 

and age at review, which emerged as the primary independent predictor of NfL concentration 

in the multivariate analysis (β = −0.011, P= 0.001). Higher NfL levels were observed in 

younger patients, potentially reflecting more aggressive axonal injury in early-onset CMT2A 

cases. This finding stands in contrast to the well-established positive age-NfL relationship 

observed in the general population and in most CMT cohorts: Sandelius et al. reported a 

significant positive correlation between plasma NfL and age in both healthy controls (r = 

0.70, P< 0.0001) and, albeit less pronounced, in a mixed CMT cohort (r = 0.28,  = 0.012). 

The inverse relationship observed in our cohort may reflect a disease-specific biological 

dynamic of CMT2A: early-onset cases, which are typically the most severe 
8,48

, may 

experience a burst of axonal damage during childhood and early adolescence, with 

consequent high NfL release at younger ages, followed by a plateau or partial normalization 

as the acute phase of axonal injury subsides. This hypothesis is biologically supported by the 

GARS^P278KY^ transgenic mouse model, in which plasma NfL was highest at 5 weeks of 

age before falling to near-normal levels 
21

, suggesting that the rate of axonal degeneration in 

CMT is not constant but may be highest early in the disease course. Age at onset and disease 
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duration showed significant univariate correlations with NfL, but these were not retained in 

the multivariate model, likely reflecting their strong co-linearity with age at review 

(Spearman ρ = 0.764 and 0.872, respectively). The apparent independence of age at review as 

a predictor therefore subsumes the effect of the other demographic variables. These findings 

are hypothesis-generating and require confirmation in larger, longitudinal studies. We did not 

find significant correlations between NfL levels and established measures of disease severity 

(CMTESv2 scores and ulnar nerve CMAP amplitude). Previous studies on CMT patients 

report varied results to this regard, with some authors retrieving no or weak correlation with 

disease severity 
21,23

 and others reporting a statistically significant correlation 
19,20,28

. These 

inconsistencies might be due to the relatively small sample sizes, to individual differences in 

NfL values and also to pathogenetic differences due to different genotypes. To better 

determine this aspect, longitudinal studies of NfL values with greater sample sizes and meta-

analyses of published evidence could be useful.  

 

Analysis of serum NfL levels in the MFN2-R94Q transgenic mouse model reflects findings 

in human patients, with significantly increased values in affected mice versus WT ones, 

providing additional support for NfL as a biomarker in CMT, particularly in the MFN2-

related forms. Previous studies evaluated NfL in CMT mice with different genetic 

backgrounds     . In addition to the aforementioned study by Rossor and colleagues on mutant 

GARS mice 
21

, Kagiava and colleagues found that plasma NfL levels were increased in 

untreated 10-month old Gjb1-null mice  compared to age-matched wild-type mice, and that 

this increase was ameliorated by treatment 
49

. Biomarker testing in mouse models is useful 

because it allows for a better characterization of animal models, an easier comparison with 

functional and pathological findings and for repeated measurements, ultimately facilitating 

the translation of therapeutic findings from the bench to the bedside. A notable limitation, 

however, is represented by the reduced amount of blood that could be drawn from each 

mouse, thus making it difficult to test multiple markers using the same sample.  

 

Our investigation of additional potential biomarkers revealed elevated levels of FGF21 in 

CMT patients compared to controls, while NCAM1 and GDF15 levels showed no significant 

differences. This is an interesting finding given FGF21's role as a biomarker of mitochondrial 

stress. Since mitochondrial dysfunction is implicated in various CMT subtypes, particularly 

CMT2A where MFN2 mutations directly affect mitochondrial function, elevated FGF21 

might reflect the underlying mitochondrial pathology in these patients 
11,29,50

. However, the 
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lack of correlation between FGF21 levels and clinical parameters suggests it may not be as 

useful for monitoring disease progression . 

The absence of significant differences in NCAM1 and GDF15 levels contrasts with previous 

studies that reported elevated levels in other CMT subtypes 
25

. This discrepancy could      be 

due to methodological differences or to our relatively small sample size, or it might reflect 

differences in underlying pathogenic mechanisms between CMT subtypes, given the different 

genetic composition of patient cohorts. Indeed, Kim and colleagues found an elevation of 

NCAM1 only in CMT patients with demyelinating subtypes, and they observed a correlation 

with pathological Schwann cell status 
27

. In the work by Jennings and colleagues, more than 

half of patients within the study cohort (23/41) were affected by demyelinating CMT and 

axonal subtypes mostly belonged to tRNA synthetase family mutants 
25

. This hypothesis is 

also supported by the fact that NCAM1 appears to be expressed in Schwann cells 
51,52

.  

GDF15 is a circulating cytokine and a biomarker of mitochondrial disorders, which appears 

to be secreted by Schwann cells in response to peripheral nerve damage 
25,53

. Variability in 

literature results might be due to methodological differences, small sample sizes or 

differences in pathogenic mechanisms still to uncover.  A further methodological 

consideration concerns the choice of ELISA kits used for the measurement of GDF15, 

NCAM1, and FGF21. In the present study, serum levels of these biomarkers were quantified 

using commercially available ELISA kits (ELK Biotechnology), which differ from the 

immunoassays employed in previous studies in the literature, such as those used by Jennings 

and colleagues. Since different ELISA platforms may vary in terms of the antibodies 

employed, the epitopic regions recognized, and the analytical sensitivity thresholds, it is 

possible that these assays selectively detect distinct protein forms or fragments of the same 

analytes, with potential implications for the biomarker characteristics captured. This 

methodological heterogeneity represents a limitation in the direct comparability of absolute 

values across studies, and may partly contribute to the discrepancies observed in NCAM1 and 

GDF15 levels relative to previously published data. Standardization of the immunoassays 

used for the evaluation of these biomarkers in CMT therefore represents an important priority 

for future multicentric studies. 

 

An additional concern is related to the potential confounding effect of age on biomarker 

levels. GDF15 is a stress-inducible cytokine whose circulating levels are known to increase 

progressively across the adult lifespan, with one of the strongest age-associated effects 

reported among all plasma proteins 
54

. This increase follows a non-linear trajectory, with 
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particularly steep rises after the sixth and seventh decades of life and with sex-specific 

differences in older individuals 
55

. In our study, GDF15 was compared only between CMT2A 

patients and healthy controls, and the median age at review differed between these two 

groups (CMT2A: 50 years, IQR 20–61; healthy controls: 29 years, IQR 25–53). This 

discrepancy might act as a confounding factor, given the known effects of age on GDF15 

levels. Further studies on wider CMT2A populations are warranted in order to better evaluate 

the role of GDF15 as a disease biomarker.  

 

More broadly, the demographic imbalance across study groups represents a general limitation 

of the present work. The age at review differed considerably between cohorts (CMT2A 

median 50 years; healthy controls median 29 years; ALS median 58 years; SMA3 median 

24.5 years), and this lack of age-matching may have influenced biomarker comparisons 

beyond GDF15, particularly for markers whose physiological levels vary with age. This 

limitation is inherent to the real-world, observational nature of the study and is further 

compounded by the small sample sizes. Future multicentric studies with larger, age-matched 

cohorts will be essential to robustly characterize the diagnostic and prognostic utility of these 

serum biomarkers in CMT2A.  

 

Other limitations of our study include the relatively small patient cohort, which is inherent to 

rare disease research      and its cross-sectional nature.       In addition, -      a longitudinal 

follow-up would have allowed      to fully evaluate the potential of NfL and FGF21 as 

biomarkers of disease progression. Further studies with larger cohorts stratified by specific 

genetic forms could       investigate the possible use of      these biomarkers           as 

pharmacodynamic markers in therapeutic trials .                      

In conclusion, our findings suggest that serum NfL could be elevated in CMT2A patients, 

with a distinct range compared to both healthy and neurological controls, , while increased                 

serum FGF21 levels provide new insights into the systemic effects of mitochondrial 

dysfunction in CMT2A. Though larger longitudinal studies are needed to fully validate their 

utility, such preliminary findings suggest their potential usefulness in clinical management 

and therapeutic development. 
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Figure Legend.  

 

Figure 1. Serum NfL levels in CMT2A patients and controls.                                                    

A–C Serum NfL levels (pg/ml) in CMT2A compared to healthy individuals (controls) and patients affected by ALS and SMA3. Statistical 

significance was determined by Mann-Whitney U-test. ****P < 0.0001, *P < 0.05. 

 

Figure 2. Serum NfL levels in CMT2A and wild-type mice . A) Serum NfL levels (pg/ml) in 5-month-old Thy1-MFN2*R94Q (MFN2-R94Q) 

compared to wild-type (WT). Statistical significance was determined by Mann-Whitney U-test. **P < 0.01.       

 

Figure 3. Serum NCAM1, GDF15 and FGF21 levels in CMT2A patients and controls.  A-C Serum NCAM1 (ng/ml), GDF15 (ng/ml) and 

FGF21 levels (pg/ml) in CMT2A compared to healthy individuals (controls). Statistical significance was determined by Mann-Whitney U-test. 

****P < 0.0001.      

 

Figure 4. Correlation between NfL and clinical variables.                                              

A-C Correlation analyses of serum NfL levels with age at review (A, Spearman r test; ρ = - 0.6884, P < 0.01)), age at onset (B, Spearman r test; ρ = 

- 0.5905, P < 0.05)), and disease duration (C, Spearman r test; ρ = 0.5496, P < 0.05).  

 

Figure 5. Correlation between NfL and neurophysiological indicators of disease severity.       

A-B Correlation analyses of serum NfL levels with CMTESv2 (A, Spearman r test; ρ = 0.4357, P = 0.1199) and CMAP amplitude (A, Spearman r 

test; ρ =  -0.05438; P = 0.9078).  
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Figure 6. Correlation between FGF21 and clinical variables.       A-E Correlation analyses of serum FGF21 with age at review (Spearman r test; 

ρ = - 0.4021; P = 0.1377)), age at onset (B, (Spearman r test; ρ = - 0.4013; P = 0.1378)), disease duration (C, Spearman r test; ρ = - 0.3864; P = 

0.1545), CMTESv2 (D, Spearman r test; ρ = 0.3659; P = 0.1967) and ulnar CMAP amplitude (E, Spearman r test; ρ = - 0.1429; P = 0.7825).  

                                                                                                                                                                                                                                                                                                                                                                        
                                                                                                                                                                                                                                                                                             
                                        Table 1. Demographic characteristics of study participants. 

 

  CMT2A 

 (n=15) 

Healthy controls 

(n=10) 
ALS  

(n=10) 

SMA type 3 

(n=6) 

Females, n (%) 7  

(47%) 

5 

 (50%) 

4 

 (40%) 

2  

(33%) 

Age at review, median (IQR) 50  

(20–61) 

29  

(25–53) 

58  

(53.5–63) 

24.5 (10.5–

35.75) 

CMT2A = Charcot-Marie-Tooth disease type 2A; ALS = Amyotrophic Lateral Sclerosis; SMA = Spinal Muscular Atrophy; IQR = Interquartile Range. 

 

 

 

Table 2. Phenotype and clinical severity of patients with MFN2 mutations. 

 

Patient # Age at 

onset 

(years) 

Age 

at last 

revie

w 

(years

) 

Sex Familiari

ty 

CMTE

Sv2 

CMTNSv2 Disease 

duration 

(years) 

Symptoms at onset  Ambulation Moto

r 

sympt

oms 

Sensory 

sympto

ms  

Ulnar 

CMAP 

amplitud

e (mV) 

01     -1 42 71 M No 8 / 29 At 42 hyposmia, at 47 REM 

sleep behavior disorder and at 

66 difficulty walking and 

Ambulatory + - / 
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climbing stairs 

02     -1 3      26      M No 13 / 23      Frequent falls 

and feet dorsi-flexion deficit   

Ambulatory (bilateral 

supports with 

Codiville-spring) 

 

+ + 0.4 

03     -1  2      40      M Yes 11 13 38      Delayed walking with 

frequent falls 

 

Non-ambulatory 

(wheelchair-bound)  

+ - 3.9 

03     -2 2      78      F Yes 8 / 76 Delayed walking with 

frequent falls 

 

Non-ambulatory 

(wheelchair-bound)  

+ - / 

04     -1      2      13      M      No 16 / 11      Delayed walking with 

frequent falls 

Non-ambulatory 

(wheelchair-bound) 

+ + / 

0     5-1 5      59      F No 11 17 54      Frequent falls 

 

Autonomous + + 2 

06     -1 1       7       M  No 14 / 6      Psychomotor delay 

 

Ambulatory (AFOs) + + / 

07     -1 

 

4      20      M Yes 18 / 16      Psychomotor delay Non-ambulatory 

(wheelchair-bound) 

 

+ + / 

07     -2 2      24      M Yes 16 / 22      Psychomotor delay Non-ambulatory 

(wheelchair-bound) 

+ - / 

07     -3 14      56      M Yes 18 / 42      Delayed walking with 

frequent falls 

 

Ambulatory (bilateral 

support)  

+ + / 

08     -1 30      63      F No 23 24 33      Feet dorsi-flexion deficit   Non-ambulatory 

(wheelchair-bound) 

+ + 7.3 

9     -1 17      50      F Yes 7 / 33      Bilateral clubfoot, 

neuropathic pain 

Ambulatory + - 9 

10     -1 1      14      F      No 21 / 13      Frequent falls and gait 

impairment 

Wheelchair-bound + - / 

11     -1 12y 61y F Yes 11 16 49      Difficulties in running 

 

Ambulatory (bilateral 

plantars without 

Codivilla-spring) 

 

+ + 2.5 

12     -1 34y 57y F No  6 6 23      Foot drop, frequent falls Autonomous  + - 12 

AFO ankle–foot orthosis, CMTESv2 Charcot–Marie–Tooth Examination Score version 2 , CMTNSv2 Charcot–Marie–Tooth Neuropathy Score version 2 .  
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Table 3. Univariate and multivariate linear regression analysis: association of demographic variables with serum NfL) levels in CMT2A 

patients (n = 15). 

Variable Univariate analysis Multivariate analysis 

  β (95% CI) p β (95% CI) p 

Age at review (years) −0.016  

(−0.023 to −0.009) 

0.001
* 

−0.011  

(−0.016 to −0.005) 

0.001
* 

Age at onset (years) −0.020  

(−0.038 to −0.001) 

0.043
* 

−0.006  

(−0.017 to +0.004) 

0.193 

Disease duration (years) −0.015 (−0.024 to 

−0.006) 

0.004
* −0.004 (−0.012 to 

+0.004) 

0.275 

β, unstandardized regression coefficient (dependent variable: log-transformed NfL, pg/mL). Multivariate model: Age at review, Age at onset, and Disease duration entered 

simultaneously (Adjusted R² = 0.558). CI, confidence interval. Bold red: P     < 0.05. * P      < 0.05. 
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