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Summary

Background—Muscle biopsy is the gold standard for diagnosis of mitochondrial disorders 

because of the lack of sensitive biomarkers in serum. Fibroblast growth factor 21 (FGF-21) is a 

growth factor with regulatory roles in lipid metabolism and the starvation response, and 

concentrations are raised in skeletal muscle and serum in mice with mitochondrial respiratory 

chain deficiencies. We investigated in a retrospective diagnostic study whether FGF-21 could be a 

biomarker for human mitochondrial disorders.

Methods—We assessed samples from adults and children with mitochondrial disorders or non-

mitochondrial neurological disorders (disease controls) from seven study centres in Europe and the 

USA, and recruited healthy volunteers (healthy controls), matched for age where possible, from 

the same centres. We used ELISA to measure FGF-21 concentrations in serum or plasma samples 

(abnormal values were defined as >200 pg/mL). We compared these concentrations with values for 

lactate, pyruvate, lactate-to-pyruvate ratio, and creatine kinase in serum or plasma and calculated 

sensitivity, specificity, and positive and negative predictive values for all biomarkers.

Findings—We analysed serum or plasma from 67 patients (41 adults and 26 children) with 

mitochondrial disorders, 34 disease controls (22 adults and 12 children), and 74 healthy controls. 

Mean FGF-21 concentrations in serum were 820 (SD 1151) pg/mL in adult and 1983 (1550) 

pg/mL in child patients with respiratory chain deficiencies and 76 (58) pg/mL in healthy controls. 

FGF-21 concentrations were high in patients with mitochondrial disorders affecting skeletal 

muscle but not in disease controls, including those with dystrophies. In patients with abnormal 

FGF-21 concentrations in serum, the odds ratio of having a muscle-manifesting mitochondrial 

disease was 132·0 (95% CI 38·7–450·3). For the identification of muscle-manifesting 

mitochondrial disease, the sensitivity was 92·3% (95% CI 81·5–97·9%) and specificity was 91·7% 

(84·8–96·1%). The positive and negative predictive values for FGF-21 were 84·2% (95% CI 72·1–

92·5%) and 96·1 (90·4–98·9%). The accuracy of FGF-21 to correctly identify muscle-manifesting 

respiratory chain disorders was better than that for all conventional biomarkers. The area under the 

receiver-operating-characteristic curve for FGF-21 was 0·95; by comparison, the values for other 

biomarkers were 0·83 lactate (p=0·037, 0·83 for pyruvate (p=0·015), 0·72 for the lactate-to-

pyruvate ratio (p=0·0002), and 0·77 for creatine kinase (p=0·013).

Interpretation—Measurement of FGF-21 concentrations in serum identified primary muscle-

manifesting respiratory chain deficiencies in adults and children and might be feasible as a first-

line diagnostic test for these disorders to reduce the need for muscle biopsy.

Funding—Sigrid Jusélius Foundation, Jane and Aatos Erkko Foundation, Molecular Medicine 

Institute of Finland, University of Helsinki, Helsinki University Central Hospital, Academy of 

Finland, Novo Nordisk, Arvo and Lea Ylppö Foundation.

Introduction

Mitochondrial diseases constitute a group of metabolic disorders that affect people of all 

ages. The estimated prevalence in England and Australia is around one per 5000 of the 

general population.1–3 The clinical features vary from one to multiple affected organs, and 

the disorders can occur with or without lactic acidosis, in neonates, children, and adults.4–6
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Serum biomarkers for mitochondrial disorders include lactate, pyruvate, aminoacids, 

creatine kinase, and possibly serum creatine.7,8 The ratio of lactate to pyruvate is sometimes 

raised, especially in children and in adults with encephalomyopathies, but is frequently 

normal in patients with progressive myopathies. Creatine kinase concentrations in serum are 

occasionally increased in people with mitochondrial diseases, mostly in the disorders that 

cause muscle damage. Nevertheless, histological, biochemical, and mitochondrial DNA 

analyses of muscle biopsy samples remain the gold standard diagnostic methods.7 Biopsy is 

invasive, prone to complications, and expensive; surgical biopsy in children requires general 

anaesthesia and, together with the operation and the analyses, costs can be thousands of 

euros per biopsy. Furthermore, biochemical analysis of the mitochondrial respiratory chain 

(comprising the ATP-producing enzyme complexes I–IV) is technically challenging and 

results vary between centres.9 The activities of complexes IV (cytochrome-c oxidase [COX]) 

and II (succinate dehydrogenase) can be analysed by histochemistry, but those of the other 

complexes cannot. Additional approaches for the diagnosis of mitochondrial respiratory 

chain deficiencies would, therefore, be useful.

We have reported increased expression of fibroblast growth factor 21 (FGF-21), a circulating 

hormone-like cytokine and an established regulator of lipid metabolism and starvation 

response,10–12 in the muscles of mice with mitochondrial myopathies.13 The increased 

expression correlated with the number of COX-negative fibres, which is associated with 

disease severity.13 Furthermore, the mice had raised concentrations of FGF-21 in serum and 

showed signs of a chronic starvation response, including mobilisation of lipids from adipose 

tissue and the liver, which is similar to that seen in mice overexpressing FGF-21.10 In this 

retrospective diagnostic study, we measured FGF-21 concentrations in serum of patients 

with metabolic and muscle disorders to assess whether it is a feasible biomarker for human 

respiratory chain deficiencies.

Methods

Participants

Patients who had been diagnosed by the researchers as having a mitochondrial disorder were 

enrolled from one of seven medical centres involved in mitochondrial disease diagnosis in 

Finland, Netherlands, Sweden, Norway, Estonia, and the USA, in 2002–11. Eligible patients 

had a mitochondrial disease diagnosed by DNA analysis. The control group consisted of 

retrospectively identified adult and child patients with non-mitochondrial neurological 

disorders, with an emphasis on muscle disorders (disease controls), and prospectively 

recruited healthy adult and child volunteers or children who had undergone investigation for 

disorders of non-mitochondrial origin (healthy controls) in the Helsinki, Nijmegen and 

Gothenburg centres. We matched all controls and patients for age whenever possible 

(webappendix p 1).

As patients with mitochondrial neurogastrointestinal encephalomyopathy (MNGIE) have 

exceptionally low body-mass index (BMI), we tested the effect of body composition on 

FGF-21 concentrations. We assessed serum samples provided by KHP from eight obese 

adults (BMI 35–49 kg/m2) and from five volunteer patients with anorexia nervosa (BMI 15–

17 kg/m2) from the clinic of AR, none of whom was in the study. As only FGF-21 
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concentrations in serum were measured in these individuals, they were not included in the 

control group.

The study was approved by the institutional ethics review boards of all centres (coordinator 

Helsinki University Central Hospital, #43/13/03/04/2008 and 74/13/03/00/09) and the 

participants gave written informed consent.

Procedures

We analysed serum or plasma samples that had previously been collected from patients and 

disease controls or that were specifically collected for this study in 2009–11, and those 

collected from controls at enrolment to assess metabolic phenotype and to measure 

mitochondrial biomarkers. Samples were stored at −80°C until analysis. We measured 

FGF-21 concentration in duplicate samples by ELISA (BioVendor, Brno, Czech Republic), 

according to the manufacturer’s instructions. The values from every assay were compared 

with reference FGF-21 concentrations, and results were extrapolated from a linear standard 

curve. Independent replication of measurements was done for all samples and the average of 

four values was reported.

To investigate whether FGF-21 concentrations would be stable over time, we tested samples 

from four randomly selected patients contacted before clinic visits (one with mitochondrial 

encephalomyopathy, lactic acidosis, and stroke-like episodes [MELAS], one with Alpers’ 

encephalopathy, and two with mitochondrial myopathy) taken 1·0–1·5 years after the initial 

serum samples were collected.

All analyses were done by specifically trained scientists (JME and HT) who were unaware 

of group allocations. Values were matched to diagnoses after interpretation of the results.

Needle biopsy of muscle was done in two patients with MELAS and three with 

mitochondrial recessive ataxia syndrome (MIRAS) who volunteered to undergo a second 

biopsy for the study, and in six controls. Samples were snap-frozen in liquid nitrogen, and 

stored at −80°C. Total RNA was extracted in TRIzol reagent (Invitrogen, Carlsbad, CA, 

USA) according to the manufacturer’s instructions. Quantitative real-time PCR was done on 

complementary DNA generated from 1 μg total RNA with a DyNAmo Flash SYBR Green 

qPCR Kit (Thermo Fisher Scientific, Waltham, MA, USA) on an CFX96 system (Bio-Rad 

Hercules, CA, USA). Primers 5′-ACCTGGAGATCAGGGAGGAT-3′ and 5′-
AGTGGAGCGATCCATACAGG-3′ were used to analyse FGF-21, and 5′-
CCTGGCACCCAGCACAAT-3′ and 5′-GGGCCGGACTCGTCATAC-3′ were used to 

analyse β actin as a control gene. We calculated the proportion of all fibres in the muscle 

biopsy that were COX negative.

See Online for webappendix

Liver has been reported to be a major source of FGF-21.14,15 Therefore, we retrospectively 

collected results of liver function tests for all patients with available data and assessed 

whether FGF-21 values correlated with liver dysfunction.
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Statistical analysis

We used the Mann-Whitney U test to compare FGF-21 concentrations between patients and 

controls. Spearman’s rank correlation coefficient was applied to investigate the associations 

between FGF-21 and other biomarkers, BMI, and the proportion of COX-negative muscle 

fibres. We did multivariate regression analyses to test whether any biomarker was 

independently associated with FGF-21 concentrations. Data are expressed as mean (SD).

Biomarker concentrations were classified as being either normal or abnormal; for FGF-21 

the cutoff was based on the concentrations in 95% of controls, and for other markers cutoffs 

were based on the reference ranges of the study centres. The following cutoff values were 

used: FGF-21 200 pg/mL; lactate 2·4 mmol/L; pyruvate 70 μmol/L; lactate-to-pyruvate ratio 

30; and creatine kinase 270 U/L in children younger than 2 years, 220 U/L in children aged 

3–15 years, 270 U/L in boys aged 16–17 years, 150 U/L in girls aged 16–17 years, 400 U/L 

in men aged 18–49 years, 282 U/L for men aged 50 years or older, and 210 U/L for women 

older than 18 years (for liver cutoff values see webappendix p 5). For each cutoff we used 

logistic regression analysis to calculate odds ratios (ORs) for having a mitochondrial disease 

compared with controls.

We assessed the sensitivity, specificity, and positive and negative predictive values ofeach 

biomarker to distinguish correctly mitochondrial diseases from non-mitochondrial disease 

states. We also compared areas under receiver-operating-characteristic curves (AUC) for 

biomarkers to assess the diagnostic usefulness of FGF-21 against each of the other 

biomarkers in turn and to compare the diagnostic usefulness of all biomarkers in the same 

model, with FGF-21 as the reference.16 The data for sensitivity (true-positive rate) and 100% 

specificity (false-positive rate) were plotted against each other. For a more comprehensive 

comparison of the tests, we analysed AUC with the biomarkers on a continuous scale.

We did all statistical analyses with Stata (version 11.0) and PRISM 5. Two-sided p values 

were used with a significance level of 0·05.

Role of the funding source

The sponsors of this study had no role in the study design, data collection, data analysis, data 

interpretation, or writing of the report. The corresponding author had full access to all the 

data in the study and had final responsibility for the decision to submit for publication.

Results

We assessed samples from 67 patients (41 adults and 26 children) with confirmed 

mitochondrial disorder. 63 patients had diagnoses confirmed by DNA analysis; four children 

were included who had evidence of severe respiratory chain deficiency (residual acivity of 

≥1 respiratory chain complexes <25% of mean control values) on biochemical analysis or 

typical histological findings for muscle dystrophies and inclusion body myositis. Patients’ 

characteristics are summarised in table 1 and table 2. None of the patients was receiving a 

ketogenic diet at the time of sampling. To the disease control group we recruited 34 patients 

(22 adults—19 with a genetic diagnosis and three with typical clinical or histological muscle 

findings— and 12 children). To the healthy control group we recruited 74 individuals: 49 

Suomalainen et al. Page 6

Lancet Neurol. Author manuscript; available in PMC 2020 October 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adult and seven child volunteers, and 18 children who had undergone investigation for non-

mitochondrial disorders (type 1 diabetes mellitus [n=5], nephropathy [n=4], early puberty 

[n=3], delayed growth [n=4], suspected endocrinopathy [n=1], and narcolepsy [n=1]). We 

tested 164 serum and 11 plasma samples (table 1, table 2, and webappendix p 1).

FGF-21 antigen in serum or plasma samples was stable at room temperature over 2 days, at 

4°C over 2 days, and after repeated freeze–thaw cycles. Long-term storage and handling of 

serum and plasma samples also did not affect the stability of FGF-21, as concentrations were 

consistent in samples stored at −80°C for up to 9 years and in fresh samples.

The mean concentrations of FGF-21 in serum were 70 pg/mL (range 15–309 pg/mL) in 

healthy adults, 114 pg/mL (42–244 pg/mL) in healthy children, and 77 pg/mL (47–329 

pg/mL) in children with symptoms of non-mitochondrial origin, giving a mean FGF-21 

concentration of 76 pg/mL in the healthy control group. FGF-21 concentrations in serum did 

not differ by age, or sex, and the period of fasting before sampling did not seem to lead to 

differences, although these features were not tested statistically. The FGF-21 concentrations 

in plasma and in serum were similar in range in controls and similarly raised in patients.

Mean FGF-21 concentrations in serum were on average ten times higher in adult patients 

with all types of respiratory chain deficiencies affecting muscles than in healthy controls 

(820 [SD 1151] pg/mL vs 76 [58] pg/mL; p<0.0001; table 1, figure 1), but were up to 57 

times higher in one patient with MIRAS whose serum sample was taken during terminal 

status epilepticus (4374 pg/mL; table 1). FGF-21 concentrations in serum seemed to be 

associated with increased severity of symptoms. For example, oftwo siblings with MELAS, 

one with subclinical cardiomyopathy had moderate increases in FGF-21 concentration 

compared with the other, who had severe myopathy and cardiomyopathy (562 pg/mL vs 
1762 pg/mL). Except for the patient with terminal status epilepticus, patients with MIRAS, 

which mainly affects the nervous system, generally had lower FGF-21 concentrations in 

serum than patients who had disease manifesting in skeletal muscle. Moderate MNGIE was 

associated with lower FGF-21 concentrations in serum than was severe disease (table 1). The 

adult disease controls mainly had low FGF-21 concentrations in serum (table 1). Of patients 

with inclusion body myositis, who frequently also have COX-negative muscle fibres, four 

had normal and two had slightly increased FGF-21 concentrations (table 1).

Children with respiratory chain deficiencies affecting muscles (eg, deficiencies in complexes 

I, III, or IV, Alpers’ hepatoencephalopathy, or infantile COX deficiency) had very high 

FGF-21 concentrations in serum and plasma, with the average increase being 26 times the 

control value (mean 1983 [SD 1550] pg/mL vs 76 [58] pg/mL, p<0·0001); the greatest 

increase was 57 times the mean control value in a patient with Alpers-Huttenlocher 

syndrome (4358 pg/ml; table 2, figure 1). Patients with long-chain 3 hydroxyacyl CoA 

dehydrogenase deficiency had FGF-21 concentrations in the lower range of normal, 

although one untreated patient with this disorder who was in crisis had very high 

concentrations (3314 pg/mL). Most children with other non-mitochondrial muscle disorders 

had normal FGF-21 concentrations (table 2).
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Six patients had hepatopathy (two of 23 adults and four of 13 children with mitochondrial 

disease in whom liver function was assessed). Among these patients, the adults had 

moderately increased FGF-21 concentrations in serum. By contrast, among the adults whose 

liver function was assessed, those with the highest FGF-21 concentrations in serum showed 

no signs of liver involvement. Three children with long-chain 3 hydroxyacyl CoA 

dehydrogenase deficiency had liver dysfunction, but only the child in crisis had a high 

FGF-21 concentration. A patient with Alpers’ hepatoencephalopathy had the highest 

FGF-21 concentration in serum of child patients and also had liver dysfunction, but most of 

the child patients with high FGF-21 values who were tested had no liver involvement. The 

difference in mean concentration between patients with and without liver dysfunction was 

not significant (893 [SD 1486] pg/mL vs 659 [1062] pg/mL, p=0·94; webappendix p 2). 

Several patients with high creatine kinase concentrations also had raised values for alanine 

aminotransferase and aspartate aminotransferase, which is indicative of muscle degeneration 

and not liver disease if other liver tests are normal. Thus, the raised concentrations of 

FGF-21 in serum were not explained by liver damage.

In the assessment of effects of body composition, four of the five patients with anorexia 

nervosa (BMI 15–17 kg/m2) had very low FGF-21 concentrations (0, 1, 3, and 7 pg/mL) and 

one had a slightly raised concentration (267 pg/mL). In general, FGF-21 concentrations in 

serum correlated negatively with BMI in patients with respiratory chain deficiencies, 

whereas in healthy controls the correlation was generally positive (figure 2). In the eight 

very obese patients (BMI 35–49 kg/m2), FGF-21 concentrations in serum were within the 

normal range (9–147 pg/mL, figure 1).

FGF-21 messenger RNA was almost undetectable in the six healthy controls from whom 

muscle biopsy samples were tested. In the two MELAS retested patients, who had high 

FGF-21 concentrations in serum, muscle expression levels were 27 times higher than in the 

controls (figure 1). The three MIRAS patients who were retested, who had low FGF-21 

concentrations in serum, had only slightly increased muscle expression levels for FGF-21.

In the 28 patients with COX-negative fibres, the proportion of affected fibres correlated 

significantly with FGF-21 concentrations in serum (figure 1), whereas no correlation was 

found between other biomarkers and COX-negative fibres.

In patients with respiratory chain deficiencies, the mean concentrations of biomarkers in 

serum or plasma were higher than those in healthy and disease controls: 13·5 times higher 

for FGF-21, 3·3 for lactate, 2·0 for pyruvate, 1·9 for the lactate-to-pyruvate ratio, and 1·7 for 

creatine kinase. Lactate concentration and the ratio of lactate to pyruvate correlated 

significantly with FGF-21 concentration in serum in patients (figure 2) but not in disease 

controls. Creatine kinase and pyruvate showed no correlation in any group. This result was 

confirmed for lactate in a multiple regression analysis with all biomarkers included 

simultaneously in the same model (p<0·0001), but not for lactate-to-pyruvate ratio. FGF-21 

concentrations remained the same or increased with disease progression in the four patients 

for whom follow-up serum samples were tested (table 3).
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FGF-21 concentrations in serum were useful to differentiate patients with muscle-

manifesting mitochondrial diseases from healthy and disease controls. If FGF-21 

concentrations were abnormal, the odds ratio for having a muscle-manifesting respiratory 

chain deficiency in adults and children combined was 132·0 (95% CI 38·7–450·3). The risk 

was also significant but was lower for lactate (21·8, 7·3–64·9) and pyruvate (19·4, 5·5–68·6), 

but not for creatine kinase (2·2, 0·9–5·2; p=0·078). Among patients who had mitochondrial 

diseases with muscle involvement, measurement of FGF-21 concentrations in serum would 

have missed only 3% of the correct diagnoses, whereas lactate and pyruvate would have 

missed 38%, lactate-to-pyruvate ratio 54%, and creatine kinase 61%.

The distributions of normal and abnormal values for all biomarkers are shown in table 4. 

FGF-21 concentrations showed higher sensitivity than and similar specificity to lactate, 

pyruvate, and lactate-to-pyruvate ratio, and showed higher sensitivity and specificity than 

creatine kinase (table 5). The AUC showed that sensitivity and specificity were significantly 

better for FGF-21 than for lactate (p<0·0001), pyruvate (p=0·003), lactate-to-pyruvate ratio 

(p<0·0001), and creatine kinase (p<0·0001), separately and when FGF-21 concentrations in 

serum were analysed against all the other biomarkers simultaneously (AUC: FGF-21 0·95; 

lactate 0·83, p=0·037; pyruvate 0·83, p=0·015; lactate-to-pyruvate ratio 0·72, p=0·0002; and 

creatine kinase 0·77, p=0·013). These values suggest a 95% chance that FGF-21 

concentrations in serum will correctly distinguish patients with a muscle-manifesting 

mitochondrial disease from those with non-mitochondrial disease, compared with 83% for 

lactate and pyruvate, 72% for lactate-to-pyruvate ratio, and 77% for creatine kinase. The 

AUC for continuous biomarker values (figure 3) indicated similar results to those for 

dichotomised variables.

For the detection of MIRAS, pyruvate showed the highest sensitivity (table 5) and odds ratio 

(23·9, 95% CI 4·0–143·2), followed by FGF-21 (7·9, 2·1–29·9), lactate (1·3, 0·1–12·1), and 

creatine kinase (0·3, 0·03–2·1). However, when the biomarkers were compared pairwise 

against pyruvate, the AUC for FGF-21 was similar (p=0·15), whereas the AUC for lactate 

and creatine kinase were worse (p=0·0019 and p=0·0014, respectively).

Discussion

FGF-21 in serum seems to be a sensitive and specific quantitative biomarker for muscle 

pathology in a wide range of mitochondrial disorders in adults and children, including 

deficiencies in one or more of the respiratory chain enzyme complexes in the skeletal 

muscle. Lactate and lactate-to-pyruvate ratio were specific biomarkers for muscle-

manifesting respiratory chain deficiencies but pyruvate was sensitive only for MIRAS. 

Pyruvate has not, however, been previously reported to be a good biomarker for MIRAS, and 

large-scale analyses are needed to confirm this finding.

Our multicentre approach enabled the testing of serum samples from patients with diagnoses 

confirmed by DNA analysis. The control range of FGF-21 in serum was also in accordance 

with ranges in previous publications (webappendix p 6).14,17–21 AUC values suggested that 

FGF-21 concentrations in serum could be used to detect most adult mitochondrial 

myopathies, which typically showed normal values for lactate and ratio of lactate to 
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pyruvate. Concentrations were highest in severe infantile disorders, such as Alpers’ 

hepatoencephalopathy or severe infantile COX deficiency, in which lactate concentrations 

and lactate-to-pyruvate ratios were normal. However, if lactate concentrations in children 

were even slightly raised, FGF-21 concentrations in serum increased by more than ten times. 

Our approach overestimated the specificity and sensitivity of lactate and took even marginal 

increases to be pathological (eg, 2·5 mmol/L compared with the cutoff of 2·4 mmol/L). In 

practice, small rises in lactate concentrations are rarely deemed diagnostic because they 

fluctuate and results are prone to artifacts (eg, from stasis or a struggling child). FGF-21 

concentrations seemed to remain raised, albeit in four patients.

FGF-21 concentrations in serum seemed to increase with increasing clinical severity of the 

mitochondrial disease and muscle pathology. A correlation was seen with the proportion of 

COX-negative fibres, and the retesting of samples from four patients suggested that 

concentrations of FGF-21 increased as disease progressed. A role of FGF-21 in disease 

monitoring, however, needs further study. In patients with long-chain 3 hydroxyacyl CoA 

dehydrogenase deficiency, measurement of FGF-21 concentrations in serum might be useful 

in the assessment of treatment response after crisis. The concentration was very high in one 

patient in crisis, but levels were low in patients in remission and being treated by dietary 

modification.22

Respiratory chain deficiencies of single or multiple complexes resulted in high 

concentrations of FGF-21 in serum, including complex I deficiency, which is the most 

common form.23 Reliable diagnosis ofcomplex I deficiency is challenging for routine 

laboratories because this complex cannot be assessed by histology, it is prone to inactivation 

during handling ofsamples, and measurement of its activity is technically challenging.9 

Thus, the use of a low-cost test would be useful (an ELISA done in a diagnòstic laboratory 

typically costs €100–200, compared with thousands of euros for surgical muscle biopsy, 

when salaries, surgery and analysis costs are summed).

FGF-21 regulates lipid metabolism and starvation response in mice10–12 and is produced by 

the liver, adipose tissue, and muscle.10,13,24,25 After 12 h of fasting, secretion increases by 

28 times in mouse liver,11 although in human beings expression is notably altered only after 

7 days of fasting.26 Respiratory chain defects induce FGF-21 expression in mouse skeletal 

muscle, which leads to raised concentrations in serum.13 We show here that the response is 

similar in human beings. We cannot exclude the contribution of liver or adipose tissue to 

abnormal serum concentrations ofFGF-21, but found no correlation with liver dysfunction in 

tested participants.

Previous studies have reported positive17,27,28 or no26,29,30 correlation between FGF-21 

concentrations in serum and BMI in healthy populations. A study in healthy twins strongly 

suggested that increased liver fat, which frequently co-occurs with obesity, is a crucial factor 

in raising FGF-21 concentrations rather than overall adiposity.30 Widespread metabolic 

alterations, especially cachexia or leanness,31 are frequently associated with mitochondrial 

disorders, yet we found significant negative correlations between raised FGF-21 

concentrations in serum and BMI, which is consistent with lipid-recruiting function of 
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FGF-21. Whether the tissue-of-origin dictates the lipid metabolic effects or FGF-21 response 

is dependent on the amount of liver fat needs further study.

Reports of increased concentrations in serum of patients with non-alcoholic fatty liver 

disease support the view that liver fat and raised FGF-21 concentrations in serum are related.
14,20,28 By contrast with populations in those studies, however, our patients had confirmed 

diagnoses of mitochondrial disorders. Nevertheless, concomitant disorders, such as non-

alcoholic fatty liver disease, cannot be genetically diagnosed and represent a heterogeneous 

group of diseases in which mitochondrial contribution cannot be excluded. The increased 

FGF-21 concentrations in serum in adults with non-alcoholic fatty liver disease overlap with 

the lower range of concentrations in our adult patients with myopathy (webappendix p 6), 

but the symptoms of non-alcoholic fatty liver disease do not overlap with muscle-

manifesting mitochondrial disease.

Confounding factors might affect the use of FGF-21 concentrations in serum as a diagnostic 

marker. However, we found no correlation between serum concentrations and age, liver 

dysfunction, non-mitochondrial muscle disease, chronic or acute fasting, or obesity. 

Additionally, the serum and plasma samples were collected from patients who originated 

from seven different centres in Europe and the USA, which suggests no link to specific 

European populations.

Only one of 22 children with mitochondrial disease had normal FGF-21 concentrations in 

serum. She carried a mutation typically causing Leber’s hereditary optic neuropathy. The 

lactate concentration and muscle histology were normal in this child, but complex I activity 

in muscle was low. Other patients with isolated complex I deficiency had high FGF-21 

concentrations in serum, and the reason for this one patient’s low concentration is unclear. 

FGF-21 expression was induced in a wide selection of respiratory chain deficiencies, but 

because most cases directly or indirectly involved mitochondrial DNA, we cannot exclude 

the possibility that increased FGF-21 concentrations in serum are typical for mitochondrial 

DNA involvement. Among patients with non-mitochondrial disorders, we found moderate 

increases in the concentrations of FGF-21 in serum in a cachexic child with progeria, and 

further samples need to be analysed to establish whether abnormal concentrations are a 

feature of this rare disease group. Most patients with inclusion body myositis, with or 

without COX-negative muscle fibres, had normal FGF-21 concentrations in serum, which 

suggests that induction is triggered by primary respiratory chain deficiency. An inherited 

form of inclusion body myositis has been associated with defective autophagy,32,33 which is 

a crucial component of the starvation response. Further studies are required to clarify 

whether autophagy induction is linked to FGF-21 secretion.

Although the multicentre approach enabled us to collect a representative number of serum 

samples of various disease groups of interest, the retrospective nature of the study meant that 

sampling protocols were not predetermined and patients’ fasting and the timing of sample 

collection were not standardised. Additionally, whether FGF-21 secretion is induced in other 

diseases not included in this study remains to be tested.
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Our results for the sensitivity of FGF-21 to identify mitochondrial disorders with muscle 

involvement compared with those for lactate, pyruvate, lactate-to-pyruvate ratio, and 

creatine kinase suggest that measurement of FGF-21 in serum by ELISA would be a useful 

first-line test in patients with suspected respiratory chain deficiencies to prioritise patients 

for muscle biopsy (panel). Analysis of FGF-21 concentrations in serum might make the 

diagnosis ofrespiratory chain deficiencies possible in non-specialist hospital laboratories and 

reduce the need for invasive biopsy procedures in children and adults.
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Refer to Web version on PubMed Central for supplementary material.
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Panel: Research in context

Systematic review

We searched PubMed with the term “FGF21” for any published articles. In 2005 this 

cytokine was associated with lowered lipid and glucose concentrations when 

overexpressed in mice, and in 2007 was deemed a major regulator of starvation response.
10–12 Of 161 articles on FGF-21 identified, none described studies of human patients with 

mitochondrial disorders, or with FGF-21 as a neurological disease biomarker. We limited 

our discussion to studies in which FGF-21 was measured in human samples for any 

disorder and those of approaches for diagnosis of mitochondrial disorders.

Interpretation

We found in a mouse model of late-onset mitochondrial myopathy that FGF-21 was 

induced in skeletal muscle when respiratory chain deficiency manifested.13 Our results in 

human beings are consistent with those in mice: combined or isolated mitochondrial 

respiratory chain deficiencies in muscle were associated with raised concentrations of 

FGF-21 in serum. Histological and biochemical analysis of skeletal muscle biopsy 

samples is the gold standard for diagnosis of mitochondrial disorders in adults and 

children but is invasive and expensive, and the conventional serum biomarkers lactate, 

pyruvate, ratio of lactate to pyruvate, and creatine kinase have poor sensitivity, specificity, 

or both. We found that FGF-21 had good sensitivity and specificity for detection of 

primary respiratory chain deficiencies with muscle manifestation in adults and children. 

Concentrations of FGF-21 in serum correlated with the number of respiratory chain 

deficient muscle fibres and was highest in the most disabling disorders. We suggest that 

measurement of FGF-21 concentrations in serum be considered as a first-line test for 

mitochondrial disorders to prioritise patients for muscle biopsy.
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Figure 1: FGF-21 concentrations in serum in patients with mitochondrial disorders and healthy 
controls
Data for patients with mitochondrial disorders are separated shown by specific disease 

groups. (A) Adult patients. (B) Paediatric patients. (C) FGF-21 messenger RNA expression 

in the skeletal muscle of six controls, two patients with MELAS, and three patients with 

MIRAS measured by quantitative PCR relative to β-actin. (D) Correlation between FGF-21 

concentrations in serum and proportion of COX-negative fibres (n=28). Mann-Whitney U 
test was used to compare FGF-21 concentrations between subgroups of patients and between 

patients and controls, and data in A, B, and C are mean (SD) and range, and p values are for 

comparisons with controls. MELAS=mitochondrial encephalomyopathy, lactic acidosis, and 

stroke-like episodes. mt=mitochondrial. MIRAS=mitochondrial recessive ataxia syndrome. 

MNGIE=mitochondrial neurogastrointestinal encephalomyopathy. Alpers=Alpers’ 

encephalopathy. RC=respiratory chain. LCHAD=long-chain 3 hydroxyacyl CoA 

dehydrogenase deficiency. COX= cytochrome-c oxidase. *p<0·001. †p<0·01. ‡p<0·05.
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Figure 2: Comparison of different biomarkers in serum
(A) Biomarker valúes in patients with mitochondrial disease and in a combined group of 

disease controls and healthy controls. Horizontal line indicates the mean value in each 

group. (B) Correlation between serum FGF-21 concentration and standard serum biomarkers 

in patients with mitochondrial disease (n=63 for lactate and n=32 for lactate-to-pyruvate 

ratio). (C) Correlation between FGF-21 concentrations in serum and BMI in patients with 

mitochondrial disorders (n=29) and controls (n=49). BMI=body-mass index.
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Figure3: Receiver-operating-characteristic curves for different biomarkers (continuous values) 
of muscle-manifesting respiratory chain deficiencies in adults and children
Areas under the curves are: 0·97 (95% CI 0·94–0·99) for FGF-21 in serum; 0·90 (0·84–0·96) 

for lactate; 0·80 (0·70–0·93) for pyruvate; 0·90 (0·82–0·98) for L:P; and 0·63 (0·51–0·74) for 

CK. L:P=ratio of lactate to pyruvate. CK=creatine kinase.
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Table 3:

Results from repeat measurement of FGF-21 in serum, listed by patients’ numbers

Diagnosis FGF-21 concentration in serum (pg/mL) Disease progression between measurements

2009 or 2010 2011

4 MELAS   580 1048 Active disease progression

15 Mitochondrial myopathy   586   915 Moderate disease progression

16 Mitochondrial myopathy   570   514 Stable disease

78 Alpers’ hepatoencephalopathy 1062* 2250 Progressive disease, remitting status epilepticus

*
Analysis done in 2010.
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