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ABSTRACT 
 

Amyotrophic lateral sclerosis (ALS) is an age-related and fatal neurodegenerative disease characterized by 
progressive muscle weakness. There is marked heterogeneity in clinical presentation, progression, and 
pathophysiology with only modest treatments to slow disease progression. Molecular markers that provide 
insight into this heterogeneity are crucial for clinical management and identification of new therapeutic targets. 
In a prior muscle miRNA sequencing investigation, we identified altered FGF pathways in ALS muscle, leading us 
to investigate FGF21. We analyzed human ALS muscle biopsy samples and found a large increase in FGF21 
expression with localization to atrophic myofibers and surrounding endomysium. A concomitant increase in 
FGF21 was detected in ALS spinal cords which correlated with muscle levels. FGF21 was increased in the 
SOD1G93A mouse beginning in presymptomatic stages. In parallel, there was dysregulation of the co-receptor, β-
Klotho, with higher levels detected in ALS muscle biopsies and lower levels in post-mortem muscle compared to 
controls. Plasma FGF21 levels were increased in ALS patients and high levels correlated with slower disease 
progression, prolonged survival, and increased body mass index. In cellulo, FGF21 was induced in differentiating 
muscle cells and ectopic treatment with FGF21 enhanced muscle differentiation. Ectopic FGF21 mitigated 
oxidative stress-induced loss of viability in iPSC-derived ALS motor neurons and muscle cells expressing 
SOD1G93A. In summary, FGF21 is a novel biomarker in ALS which exerts trophic effects in the neuromuscular 
system. 
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https://creativecommons.org/licenses/by/4.0/
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INTRODUCTION 
 

Amyotrophic lateral sclerosis (ALS) is a multisystemic 

and age-related neurodegenerative disease characterized 

by progressive weakness from degeneration of the 

motor axis including upper and lower motor neurons. 

This weakness ultimately leads to respiratory failure 

and death approximately 3 to 5 years after onset [1, 2]. 

The neuromuscular component of the motor axis plays 

a pivotal role in progression of ALS, with some 

investigators postulating a direct role in disease 

initiation [3, 4]. Indeed, insights from animal studies 

reveal that initial pathological changes in ALS manifest 

peripherally, characterized by the breakdown of the 

neuromuscular junction (NMJ) and the presence of 

mitochondrial abnormalities within skeletal muscle [5, 

6]. We and others have characterized a dysregulated 

transcriptome in skeletal muscle of ALS patients (see 

recent review [4]). Our group has identified aberrant 

expression of proteins and non-coding RNAs reflecting 

different signaling pathways such as TGFβ/Smad, Wnt, 

vitamin D and FGF23 [7–13]. Interestingly, many of 

these molecular patterns overlap in the SOD1G93A 

mouse, often starting in the early pre-clinical stages and 

changing with disease progression [4]. Some of the 

biomarkers identified contribute to an intricate regulatory 

network, facilitating molecular crosstalk between motor 

neurons and myofibers to support the maintenance and 

regenerative capacity of the neuromuscular unit. On the 

other hand, other factors may be detrimental to the 

motor axis [3, 4, 14]. Hence, characterizing these 

biomarkers and exploring the molecular pathways they 

reflect can lead to improved patient management, 

including clinical trials, while also identifying novel 

targets for therapeutic development [15]. 

 

In a prior miRNA sequencing analysis with ALS muscle 

tissue, we found patterns predicted to alter FGF21 

signaling [12]. Based on this background, we 

hypothesized that FGF21 may be dysregulated in ALS 

skeletal muscle early on and serve as a biomarker. 

FGF21 is a hormone primarily produced in the liver 

under physiological states and plays a major role in 

regulating glucose and energy metabolism [16]. In 

stressed or pathophysiological conditions, such as 

mitochondrial stress/dysfunction or endoplasmic (ER) 

stress, FGF21 can be induced in many tissues, including 

skeletal and cardiac muscle, where it can mitigate 

metabolic dysfunction and restore and/or maintain 

mitochondrial homeostasis through autocrine and 

paracrine pathways [17–20]. It has been proposed as a 

biomarker of healthy aging and has been shown in 

animal models to extend lifespan [21–23]. 

 

Here, we utilized an extensive human repository of ALS 

tissue to investigate FGF21 and found a significant 

increase of FGF21 expression in ALS muscle, 

predominantly in atrophied myofibers and surrounding 

endomysial connective tissue. We found a concomitant 

increase in the mRNA of the co-receptor, β-Klotho 

(KLB), suggesting that FGF21 signaling is increased in 

the neuromuscular unit. FGF21 was increased in plasma 

samples of ALS patients, and high levels associated with 

slower disease progression and longer survival. Using in 

cellulo models, we found that ectopic FGF21 exerts a 

trophic effect in oxidatively stressed ALS motor 

neurons, normal human muscle cells, and C2C12 muscle 

cells expressing SOD1G93A. In myoblasts, FGF21 was 

induced upon differentiation and promoted myogenesis. 

 

MATERIALS AND METHODS 
 

Human clinical samples collection 

 

Muscle samples and post-mortem tissues were obtained 

under UAB Institutional Review Board (IRB)-approved 

protocols as described previously [7, 8, 24]. Some of the 

post-mortem spinal cord samples (normal and ALS) 

were provided by the Department of Veterans Affairs 

Biorepository (VA Merit review BX002466). 

 

Blood samples were collected from non-fasting ALS 

patients and normal controls enrolled in a prior biomarker 

study approved by the UAB IRB [24]. Samples were 

drawn in EDTA plasma collection tubes, centrifuged at 

1600 RCF for 10 min at 4° C, and stored at -80° C. For 

correlation studies with disease progression and survival, 

enrolled patients had a sample at study entry and 3 

months later. 

 

Animal sample collection 

 

All animal procedures were approved by the UAB 

Institutional Animal Care and Use Committee and were 

carried out in accordance with relevant guidelines and 

regulations of the National Research Council Guide for 

the Care and Use of Laboratory Animals and in 

compliance with the ARRIVE guidelines. B6.Cg-Tg 

(SOD1_G93A) 1 Gur/J male mice (Jackson Laboratory, 

ME, USA) were generated as previously detailed [8]. 

After euthanasia, gastrocnemius muscle and spinal cord 

tissue samples were collected from SOD1G93A and WT-

SOD1 littermate controls at post-natal day 20, 40, 60, 125 

and 150. These time points cover the full range of disease 

stages in the ALS mouse as previously described [11]. 

 

Cell culture, treatment, and transfection 

 

C2C12 myoblasts (ATCC, VI, USA) and NSC-34 cells 

were grown in 0.22 μm filter (Corning, NY, USA) 

sterilized Dulbecco’s modified Eagle’s High Glucose 

(Corning) pH 7.4, supplemented with 10% FBS (Thermo 
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Fisher Scientific, MA, USA), 1% PEN-STREP (Thermo 

Fisher Scientific) and 1% L-Glutamine at 37˚C in a 

humidified 5% CO2 incubator. Human Skeletal Muscle 

Myoblasts (HSMM; Lonza, Switzerland) primary cells 

were cultured in skeletal muscle cell growth medium 

(Ready-to-use), comprising basal medium (Sigma 

Aldrich, MO, USA) and SupplementMix (PromoCell, 

Germany, C-39365), following the manufacturer's 

instructions. C2C12 and NSC-34 cells were treated with 

methionine-cystine (MetCys)-deprived media (Thermo 

Fisher Scientific) or 100 ng/ml mouse recombinant 

FGF21 (GenScript, NJ, USA) or exposed to 100 µM 

H2O2 (Sigma Aldrich) for 24 h. Additionally, some of 

these cells were transfected with pCDNA3.1 FGF21-Flag 

(GenScript), Flag-SOD1G93A and Flag-SOD1WT plasmid 

constructs [25] using Lipofectamine 2000 (Thermo 

Fisher Scientific) in Opti-MEM Reduced Serum Media 

(Thermo Fisher Scientific). HSMM cells were treated 

with 100 ng/ml human recombinant FGF21 (GenScript) 

or exposed to 25 µM H2O2 (Sigma Aldrich) for 24 h. To 

induce C2C12 myoblast differentiation, growth media 

(GM) was switched to differentiation media (DM) 

containing 2% horse serum. For HSMM myogenic 

differentiation, cells were maintained in skeletal muscle 

cell DM (Ready-to-use), containing basal medium 

(Sigma Aldrich) and SupplementMix (PromoCell, C-

39366). 

 

iPSC-derived motor neurons 

 

iPSCs were derived from ALS subjects and controls  

and are summarized in Supplementary Table 1. 

Differentiation of motor neurons followed methods 

previously published by our group [11] except for the 

ALS lines, NN0004306 and NN0004307, and the 

control lines, FA0000011 and NN0003920. For these 

four lines, a different protocol was used and detailed 

elsewhere [26, 27]. iPSC motor neurons were treated 

with different doses of H2O2 (0-100 µM) and human 

recombinant FGF21 (0-50 ng/ml) for 24 h. 

 

Cell proliferation and cell viability assay 

 

C2C12 cells were transfected with a FLAG-tagged-

FGF21 expressing plasmid in a dose-dependent manner, 

and after 48 h post-transfection, cells were (1 x 104) 

seeded in 96-well plate. Cell proliferation was assessed 

at intervals of 24, 48, and 72 h using the MTS-based cell 

growth determination kit (Promega, WI, USA). C2C12, 

HSMM, NSC-34 cells, and iPSC motor neurons were 

subjected to oxidative stress via MetCys-deprived media 

and/or H2O2 treatment, and rescue experiments were 

performed using mouse or human recombinant FGF21, 
as described before. Cell viability was determined with 

the ViaLight Plus BioAssay kit (Lonza) [28], MTS-based 

cell viability kit (Promega) and cell counting kit-8 

(Dojindo Laboratories, Japan) following the 

manufacturers' instructions. Apoptosis was detected by 

caspase activity using Caspase-Glo 3/7 assay kit 

(Promega) following the manufacturer's protocol. 

 

RNA analysis 

 

RNA was extracted from muscle and spinal cord tissue 

samples using TRIzol (Thermo Fisher Scientific) and 

RNASpin Mini kit (Cytiva, MA, USA) per the 

manufacturer’s instructions. RNA from iPSC motor 

neurons was extracted using the RNeasy kit (Qiagen, 

NJ, USA) following the manufacturer's instructions. 

For other cell culture samples, cells were lysed using 

the lysis buffer provided in the RNASpin Mini kit. 

cDNAs were synthesized using the High-Capacity 

cDNA Reverse Transcription Kit (Thermo Fisher 

Scientific). mRNA expression of FGF21 and KLB was 

quantified utilizing Taqman primers (Thermo Fisher 

Scientific) with the QuantStudio 5 Real-Time PCR 

system (Thermo Fisher Scientific). RPS9 and TBP1 

were used as internal controls. For iPSC-derived motor 

neurons, a fold-change in RNA for ALS motor neurons 

was generated by comparing to control lines within the 

same differentiation protocol. 

 

Immunoblotting and immunochemistry 

 

Immunoblotting was performed based on methods 

described previously [8]. The following antibodies 

were used: anti-FGF21 (Abcam, UK), 1:1000; anti-

MHC (Developmental Studies Hybridoma Bank), 

1:200; anti-FLAG-M2 (Sigma Aldrich), 1:1000; anti-

Vinculin (Abcam), 1:3000. 

 

For immunocytochemistry, C2C12 (1 x 105) and 

HSMM (6 x 104) cells were seeded in Nunc Chamber 

Slide System (Thermo Fisher Scientific) and then 

treated with DM 24 h later. Cells were fixed at different 

time intervals and blocked using Intercept (PBS) 

Blocking Buffer (Li-COR) for 30 min. Subsequently, 

cells were stained using an anti-MHC antibody 

(Developmental Studies Hybridoma Bank), 1:50, 

overnight at 4° C, followed by an anti-Mouse Alexa 

Fluor 488 secondary antibody (Thermo Fisher 

Scientific), 1:400. Nuclei were stained with DAPI 

(Thermo Fisher Scientific) at 1:2000 for 5 min at RT. 

Images were captured using a Nikon C2 confocal 

microscope. The fusion index was calculated as the 

number of nuclei inside MHC-positive myotubes 

divided by the total number of nuclei present in a field 

of view from three random fields per biological 

replicate (total of 3 replicates) [29]. 
 

For immunohistochemistry, muscle samples were 

fixed in 4% PFA at 4° C overnight and embedded in 
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paraffin. Deparaffinized 10 µm sections were boiled in 

10 mM citrate buffer (pH 6.0) for 30 min, and cooled 

to RT. Slides were incubated in 3% H2O2 for 10 min 

and then incubated with FGF21 antibody (Abcam), 

1:100, overnight at 4° C. After washing in PBS, slides 

were incubated with a donkey anti-rabbit Cy3 

secondary antibody (Jackson Immunoresearch, PA, 

USA) for 90 min at RT. Sections were incubated in 

Wheat Germ Agglutinin (WGA), Oregon Green 488 

Conjugate (Thermo Fisher Scientific), followed by 

DAPI (Thermo Fisher Scientific) at 1:2000 for 5 min. 

Confocal imaging was done to assess atrophic and 

non-atrophic muscle fibers. Mean FGF21 fluorescence 

intensity (MFI) was assessed on muscle tissue samples 

as described previously [7, 24]. The minimal Feret’s 

diameter of selected myofibers determined myofiber 

size, with fibers less than 25 μm in diameter 

considered atrophic. A total of 46 atrophic fibers were 

compared to an equal number of non-atrophic fibers 

within the same images. Image analysis was done by 

the investigators blinded to the identity of the samples. 

 

ELISA 

 

FGF21 was quantitated in muscle, spinal cord and 

plasma samples using U-PLEX Human FGF21 ELISA 

Assay (K1515WK-1, MSD) according to the 

manufacturer’s instruction. For survival and rate of 

disease progression, the FGF21 level at study entry and 

the 3-month time interval were averaged. To evaluate 

the levels of secreted FGF21 protein, conditioned media 

(CM) were collected from C2C12 and NSC-34 cells 

following exposure to different treatments or 

conditions. FGF21 levels were quantitated using U-

PLEX Mouse FGF21 Assay (K1525WK-1, MSD). A 

limitation of the ELISA is that it cannot distinguish 

between intact and cleaved FGF21 in human plasma. 

 

Statistics 

 

Statistical analyses for both human and mouse data 

were conducted using GraphPad Prism 10.2 (San Diego, 

CA, USA). FGF21 mRNA expression in human muscle 

biopsy samples was analyzed with a two-tailed t-test 

with a Welch’s correction. For KLB mRNA, a two-

tailed Mann Whitney test was used for comparison. A 

two-tailed Mann Whitney test was used for post-mortem 

tissues, FGF21 quantitative immunostaining, and iPSC-

derived motor neurons. A two-tailed t-test was used for 

mouse muscle and spinal cord tissue and cell culture 

analyses, plasma FGF21, BMI, viability, and Caspase-3/7 

activity. One-way ANOVA with Tukey’s multiple 

comparisons test was used for comparisons of plasma 
FGF21 levels between different disease progression 

subsets, cell stress-induced changes in viability, and 

C2C12 proliferation assays. A Spearman correlation test 

was used for spinal cord versus muscle FGF21 protein 

levels, muscle FGF21 versus HDAC4 mRNA levels, 

and ∆ALSFRS versus plasma FGF21 levels. A Log-

rank (Mantel-Cox) test was used to compare Kaplan 

Meier survival curves in ALS patients. 

 

RESULTS 
 

FGF21 is increased in human ALS muscle and spinal 

cord tissue 

 

We assessed FGF21 mRNA expression in a large 

cohort of muscle biopsy samples of ALS patients from 

our clinic (Supplementary Table 2 and Figure 1). 

Demographics for this cohort, including age (mean 57 ± 

13 y) and slight male to female predominance (1.4:1), 

were in line with prior epidemiological studies [1, 30]. 

The cohort of normal biopsies showed similar age with 

a slight female to male predominance (1.2:1). By qPCR, 

we found an ~8-fold increase in FGF21 mRNA in ALS 

samples (P = 0.004) compared to normal control biopsy 

samples (Figure 1A). There was variability in mRNA 

levels with several at greater than 50-fold higher than 

controls. We next tested post-mortem ALS muscle 

samples which represent more advanced (end-stage) 

disease as reflected by the longer disease duration (51 

months versus 15 months in the biopsy group). FGF21 

mRNA levels were much higher at 63-fold greater than 

normal control samples, indicating that FGF21 

expression in muscle increases with disease progression 

(Figure 1B). We compared FGF21 mRNA levels with 

HDAC4, another known marker of muscle denervation 

in ALS [31], and found suggestive evidence of a 

correlation (Spearman rank correlation R = 0.683, P = 

0.050, Supplementary Figure 1). We next assessed 

FGF21 protein expression by ELISA with post-mortem 

samples and found a ~7-fold increase in ALS samples 

(2463 versus 335 pg/mg of muscle tissue; P = 0.030). 

As with mRNA levels, there was variability among 

ALS samples (versus controls) with one ALS patient 

showing nearly 15,000 pg/mg. We next measured 

FGF21 mRNA levels in spinal cord tissue but observed 

no significant difference compared to control tissue as a 

whole; however, there were 4 outliers with markedly 

increased levels of up to 25-fold (Figure 1C). On the 

other hand, FGF21 protein was increased in ALS spinal 

cord (132 versus 29 pg/mg of spinal cord tissue; P = 

0.005), but levels in spinal cord were nearly 19-fold less 

than ALS muscle. There was variability among the ALS 

patients as observed with muscle. Post-mortem spinal 

cord and muscle samples were matched for 18 of the 

ALS patients tested and they showed a positive 

correlation for FGF21 levels (Spearman rank correlation 

R = 0.49, P = 0.039) (Figure 1D). We next sought to 

determine whether changes in FGF21 occurred in the 

SOD1G93A mouse model of ALS. This model can 
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provide insight into temporal patterns of biomarkers 

identified in human ALS muscle including pre-clinical 

(prodromal) phases of the disease [4]. We detected a 4-

fold increase in FGF21 mRNA compared to age-

matched wild-type (WT) controls at 40 d post-natal 

(Figure 1E). Although NMJ innervation is reduced by 

40% by this age, this stage is typically considered pre-

symptomatic where standard testing such as rotarod and 

grip strength are unaffected and only subtle signs of 

muscle weakness can be detected by more in-depth 

testing [32]. In later stages, muscle FGF21 rose from 

~37-fold at 60 d (pre-symptomatic) to 43-fold at 125 d 

(symptomatic stage). At end-stage (150 d), there was a 

28-fold fold-change. FGF21 mRNA increased in spinal 

 

 
 

Figure 1. FGF21 levels are elevated in the muscle and spinal cord tissues of ALS patients and the SOD1G93A mouse. (A) FGF21 

mRNA expression was analysed in normal (n = 24) and ALS (n = 36) muscle biopsy samples via RT-qPCR. **P = 0.004, unpaired two-tailed t-
test with Welch’s correction. (B) FGF21 mRNA levels were quantified in normal (n = 7) and ALS (n = 11) post-mortem muscle samples (left 
panel) and FGF21 protein levels (n = 13 for normal samples; n = 18 for ALS samples; right panel). **P = 0.003, ****P < 0.0001, two-tailed 
Mann Whitney test. (C) FGF21 mRNA levels were quantified in normal (n = 14) and ALS (n = 22) post-mortem spinal cord samples (left 
panel) and FGF21 protein levels (n = 12 for normal samples; n = 18 for ALS samples; right panel). **P = 0.00, two-tailed Mann Whitney test.  
(D) Comparison of spinal cord and muscle FGF21 protein levels for 18 ALS patients. A spearman correlation test was used for analysis.  
(E) FGF21 mRNA levels in the gastrocnemius muscle (left panel) and spinal cord (right panel) were quantified across different age groups 
(20 – 150 days; n = 4-5 per group) from SOD1G93A mice and littermate controls. **P < 0.01, ***P < 0.001, ****P < 0.0001, unpaired two-
tailed t-test comparing WT to SOD1G93A. For all graphs, error bars represent SD. 
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cord tissue in parallel with muscle FGF21. Taken 

together, FGF21 mRNA and protein levels were 

significant but variably increased in human ALS 

muscle and spinal cord tissues, with a disproportionate 

increase in muscle. Furthermore, the strong association 

between muscle and spinal cord FGF21 for each 

patient and in the SOD1G93A mouse model suggested 

an underlying connectivity. 

FGF21 localizes to atrophic muscle fibers 

 

Next, we determined localization of FGF21 in ALS 

muscle by immunohistochemistry. We observed intense 

intra-myofiber staining in areas of grouped atrophy 

(characterized by clusters of small angular fibers) which is 

a hallmark of denervation (Figure 2A and Supplementary 

Figure 7) [33]. FGF21 staining also localized to the 

 

 
 

Figure 2. FGF21 localizes to atrophic myofibers in ALS muscle. (A) Tissue sections from two ALS patients and one normal control were 
immunostained with an anti-FGF21 antibody and counterstained with DAPI and wheat germ agglutin (WGA). Intense immunoreactivity is 
observed in atrophic myofibers (asterisks) and in the endomysial space (arrows) in the ALS muscle sections. Scale bars, 100 µm in low power 
views and 50 µm in the enlarged views. (B) Mean fluorescence Intensity (MFI) analysis of FGF21 immunoreactivity was performed in 5 ALS 
patient biopsy samples and 5 normal controls. Atrophic (< 25 μm minimal Feret’s diameter) and non-atrophic myofibers were selected in the 
same section as shown in the micrograph (yellow outline). FGF21 MFI (per μm2) was quantitated for 46 atrophic and non-atrophic myofibers 
and summarized in the graph (horizontal line represents the mean). ****P < 0.0001; two-tailed Mann Whitney test. Scale bar: 50 µm. 
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endomysial connective tissue. On the other hand, non-

atrophic fibers within the same section showed little or no 

staining. Five normal control muscle samples also 

showed no FGF21 staining (example shown in Figure 2A 

and Supplementary Figure 7). To confirm an association 

between FGF21 immunoreactivity and atrophic 

myofibers, we measured mean fluorescence intensity 

(MFI) in atrophic and non-atrophic fibers in muscle 

sections from five ALS patients (Figure 2B and 

Supplementary Figure 7). Regions of interest (ROI) for 

atrophic and non-atrophic myofibers were selected within 

the same muscle section, often in proximity, to minimize 

the effects of variable tissue staining (see example in 

Figure 2B and Supplementary Figure 7). We observed a 

9-fold increase in FGF21 MFI in ROIs associated with 

atrophic versus non-atrophic myofibers (P < 0.0001). 

Taken together, these data indicate a marked increase in 

FGF21 expression in ALS muscle tissues, predominantly 

in atrophic myofibers and surrounding endomysial 

connective tissue. 

Plasma FGF21 levels are elevated in ALS patients 

and correlate with enhanced survival 

 

Since FGF21 is a secreted factor and we observed extra-

myofiber immunostaining in ALS muscle tissue, we 

queried whether FGF21 could be detected in plasma of 

ALS patients. To assess this possibility, we assayed 

plasma samples collected from a cohort of ALS patients 

in our clinics who participated in a prior biomarker 

study (Supplementary Table 3) [9]. A set of age-

matched normal controls was used for comparison. 

Overall, we found a significant increase in FGF21 

levels in the ALS cohort (923 v. 649 pg/ml; P = 0.03), 

but with variability (Figure 3A). Interestingly, the 

FGF21 levels were more than 2-fold higher in ALS 

muscle versus plasma FGF21 (albeit end-stage ALS 

muscle; Figure 1B). None of the patients or controls  

had type II diabetes or known liver disease, two 

conditions associated with higher circulating levels of 

FGF21 [34]. We next examined a subset of 16 ALS 

 

 
 

Figure 3. Plasma FGF21 is increased in ALS patients and high levels associated with slower disease progression and 
prolonged survival. (A) Plasma samples from age-matched normal controls (n = 23) and ALS patients (n = 28) and assayed by ELISA for 

FGF21. *P = 0.043, unpaired two-tailed t-test. (B) 16 ALS patients from a prior biomarker study were divided into slow (n = 6), average  
(n = 5), and fast (n = 5) progressing groups based on the average in the study monthly decline in ALSFRS-R scores. (C) Plasma FGF21 levels 
were measured at baseline and 3 months and averaged. The normal control values were added for comparison. **P = 0.003, ***P = 0.0003; 
one-way ANOVA followed by Tukey post hoc test. (D) Correlation between plasma FGF21 levels with monthly change in the ALSFRS-R 
scores (∆FRS) for each subject. Spearman correlation test. (E) Kaplan–Meier survival curves for study patients whose FGF21 plasma levels 
were < 1.5-fold-change (FC) over the normal control group versus study patients with ≥ 1.5-FC in FGF21 levels. *P = 0.015; Log-rank 
(Mantel-Cox) test. (F) Comparison of body mass index (BMI) between the < 1.5 FC and ≥ 1.5-FC groups. *P = 0.037; unpaired two-tailed t-
test. For all graphs, error bars represent SD. 
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patients who were followed prospectively with serial 

examinations and plasma sample collection. Based on 

calculated monthly changes in ALSFRS-R scores 

(∆FRS), there were 6 slow, 5 average and 5 fast 

progressors using previously established criteria (Figure 

3B) [35]. Using the average of baseline and 3-month 

FGF21 plasma levels, we found that the slow progressors 

had more than a 4-fold increase in FGF21 compared to 

fast progressors (2247 v. 529 pg/ml; P = 0.003) and a 

~3.5-fold increase compared to the control group (P = 

0.0003; Figure 3C). The group of average progressors 

was intermediate between the slow and fast groups (1410 

pg/ml) but did not reach statistical significance. 

Independent of clinical classification, there was a strong 

negative correlation between the ∆FRS for each subject 

and their respective plasma FGF21 level (R = -0.710, P = 

0.003; Figure 3D). We then assessed survival of these 

patients based on FGF21 levels, comparing those with 

<1.5 fold-change (FC) over controls versus ≥ 1.5 FC 

(Figure 3E). The median survival for the group with low 

FGF21 levels was 18 months versus 75 months for the 

group with high FGF21 levels (P = 0.01). Three patients 

in the high FGF21 group are still alive at 82, 93, and 94 

months after disease onset. We next looked at body mass 

index (BMI) and found that the <1.5 FC group had a 

significantly lower BMI than the >1.5 FC group (22.6 ± 

3.6 v. 29.0 ± 6.6 kg/m2, P = 0.04; Figure 3F). Age and 

duration of disease were not significantly different 

between the two groups (Supplementary Table 4). 

Interestingly, in the lower FGF21 group, 4 out of 7 

patients had bulbar onset of ALS versus the high FGF21 

group which all had spinal onset. Since liver is a major 

source of FGF21 [36], we assessed expression in the 

SOD1G93A mouse at a time point of peak FGF21 

expression in skeletal muscle (Supplementary Figure 2). 

Similar to results in Figure 1, we observed a ~150-fold 

increase in FGF21 mRNA in the SOD1G93A mouse 

compared to WT control muscle (set at 1). In liver, the 

increase was significantly less at 75-fold in the SOD1G93A 

mouse (P < 0.0001) although the mRNA level in WT 

liver was ~35-fold greater than WT muscle. Liver tissue 

was not available in our post-mortem repository to 

confirm whether this discrepancy applies more broadly to 

ALS patients. Taken together, ALS patients had an 

overall increase in plasma FGF21 and high levels 

correlated with slower disease progression and longer 

survival. While FGF21 mRNA is increased in muscle 

and liver tissues in the SOD1G93A mouse, the dis-

proportionately higher increase in muscle suggests that 

this tissue is a major contributor to circulating FGF21. 

 

FGF21 co-receptor, β-Klotho, is altered in ALS 

muscle and spinal cord tissue 

 

Given the critical role of β-Klotho (KLB) co-receptor 

in FGF21 signaling [36], we assessed KLB mRNA 

expression in muscle biopsy samples and found a ~ 4-

fold increase in KLB levels in the ALS group  

versus controls (Figure 4A; P = 0.005). On the  

other hand, post-mortem ALS muscle samples had a 

50% reduction in KLB mRNA levels (P = 0.03) 

compared to normal controls (Figure 4B). Likewise, 

ALS spinal cord tissue showed a significant reduction 

in KLB levels (P = 0.0006) compared to controls 

(Figure 4C). Some variability was observed with  

three samples having increased mRNA. Spinal cord 

tissue from end-stage SOD1G93A mice paralleled  

these findings and showed a two-fold reduction  

of KLB mRNA compared to littermate controls  

(P = 0.008; Figure 4D). Collectively, these findings 

suggest a dysregulation of KLB expression in ALS 

muscle and spinal cord tissues that changed with 

disease stage and may relate to a progressive loss of 

motor neurons. 

 

FGF21-KLB axis is dysregulated in ALS motor 

neurons 

 

As we found progressive loss of KLB expression in 

ALS spinal cord and muscle, we assessed the FGF21-

KLB axis in motor neurons. Using iPSC-derived motor 

neurons from ALS patients (Supplementary Table 1), 

we assessed the expression of FGF21 and KLB 
mRNAs. Compared to normal control iPSC motor 

neurons, there was a ~50% reduction in FGF21 

mRNA levels in ALS motor neuron samples (Figure 

5A; P = 0.012). On the other hand, KLB mRNA was 

increased by 3-fold (Figure 5B; P = 0.018). We next 

transfected NSC-34 motor neuron-like cells with Flag-

tagged wild-type (WT) SOD1 or SOD1G93A expression 

cassettes (Figure 5C) and found a similar pattern of 

expression with a more than 2-fold increase in KLB 

(Figure 5D) and a ~15% reduction in FGF21 in 

SOD1G93A-expressing cells versus WT (Figure 5E). 

FGF21 protein measured in the CM was unchanged 

(Figure 5F). As FGF21-KLB signaling is a major 

cellular stress response [16], we assessed the effect of 

oxidative stress on this pathway in NSC-34 cells. 

When cells were exposed to oxidative stress either by 

MetCys deprivation which leads to depletion of the 

intracellular antioxidant, glutathione [37, 38], or 

directly with H2O2 [39], there was a marked induction 

of FGF21 and KLB mRNAs (Figure 5G, 5H). 

Induction of these genes was particularly pronounced 

with MetCys deprivation where KLB and FGF21 

mRNAs increased by nearly 100-fold and 25-fold 

respectively. The induction by H2O2 was less at two to 

three-fold. This response was mirrored by induction of 

stress-response genes, ATF4 and PGC-1α, with 
MetCys deprivation showing the highest induction 

(Supplementary Figure 3A, 3B). ATF4 was not 

induced by H2O2 in NSC-34 cells. 
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FGF21 mitigates cytotoxic stress in G93A-SOD1-

expressing NSC-34 cells and iPSC-derived ALS 

motor neurons 

 

We first determined the impact of SOD1G93A on cell 

viability and found a 33% reduction in viability (Figure 

6A) and a concomitant 50% increase in Caspase-3/7 

activity consistent with apoptotic activity (Figure 6B). 

Next, we ectopically expressed FGF21 in NSC-34 cells 

co-expressing wild-type (WT) SOD1 or SOD1G93A to 

determine the effect on cell viability. We assayed the 

CM by ELISA and western blot and found a large 

increase in FGF21 in transfected cells at ~35 ng/ml 

(Figure 6C). Cell viability increased back to control 

levels along with reduced Caspase-3/7 activity (Figure 

6D, 6E). In a separate experiment, we added 

recombinant FGF21 to the culture media of SOD1G93A-

expressing NSC-34 cells and observed a similar reversal 

of cytotoxicity (Figure 6F). To assess further a potential 

paracrine effect of FGF21, NSC-34 cells expressing 

either (WT) SOD1 or SOD1G93A and C2C12 cells 

expressing FGF21-Flag or EV were co-cultured in  

a transwell plate with a 3 µm porous filter 

(Supplementary Figure 4A). Viability was checked and 

found to be reduced in NSC-34 cells expressing 

SOD1G93A co-cultured with C2C12-EV cells (P < 

0.0001, Supplementary Figure 4B). When co-cultured 

with C2C12-FGF21 cells, loss of viability was blunted 

(P < 0.0001). We next exposed NSC-34 cells to MetCys 

deprivation or H2O2 and observed a significant loss of 

viability (P < 0.0001, Figure 6G) which was reversed 

with ectopic FGF21 (Figure 6H). We next treated 

human iPSC-derived motor neurons with different doses 

of H2O2 and found a difference in viability between 

control and ALS neurons, beginning at a dose of 6 µM 

and becoming significant at 12.5 µM (Figure 6I). We 

 

 
 

Figure 4. FGF21 coreceptor, β-Klotho (KLB), is dysregulated in ALS muscle and spinal cord. (A) KLB mRNA levels were measured in 

muscle biopsy samples from normal (n = 13) and ALS patients (n = 23). **P = 0.005, two-tailed Mann Whitney test. (B) KLB mRNA levels were 
measured in post-mortem muscle samples from normal controls (n = 6) and ALS (n = 11) patients. *P = 0.034, two-tailed Mann Whitney test. 
(C) KLB mRNA levels were measured in spinal cord samples from normal controls (n = 12) and ALS patients (n = 20). ***P = 0.0006, two-tailed 
Mann Whitney test. (D) KLB mRNA levels were measured in spinal cord samples from SOD1G93A mice (n = 5) and WT controls (n = 5) at 
different ages. **P = 0.003; unpaired two-tailed t-test comparing WT to SOD1G93A. 
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Figure 5. FGF21-KLB signaling is dysregulated in ALS motor neurons. (A) FGF21 were measured in iPSC-derived motor neurons 
obtained from healthy controls and ALS patients carrying either C9orf72 or SOD1 mutations (Supplementary Table 1). *P = 0.012; two-tailed 
Mann Whitney test. (B) KLB mRNA levels were similarly measured in iPSC motor neurons. *P = 0.018; two-tailed Mann Whitney test. (C) NSC-
34 motor neuron-like cells were transfected with FLAG-tagged WT and SOD1G93A expression plasmids and lysates were assessed by western 
blot using the antibodies indicated. Bands were quantitated by densitometry and a ratio to the loading control, vinculin, was calculated 
(shown between the two blots). (D) KLB and (E) FGF21 mRNA levels were measured in the same lysates. *P = 0.018, ***P = 0.0002, unpaired 
two-tailed t-test. (F) FGF21 protein was measured in the CM of transfected NSC-34 cells. (G) FGF21 or (H) KLB mRNA levels were quantified 
from NSC-34 cells exposed to methionine-cystine (MetCys)-deprived media or treated with 100 mM H2O2 for 24 h. *P = 0.048, ****P < 
0.0001; one-way ANOVA followed by Tukey’s multiple comparisons test. Data points represent biological replicates and bars are the 
mean ± SD. 
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observed a concomitant and robust increase in KLB 
mRNA levels at 12.5 µM in ALS motor neurons 

compared to control (Supplementary Figure 5). 

Recombinant FGF21 treatment reversed this cytotoxicity 

in a dose-dependent manner (Figure 6J). In summary, 

SOD1G93A or oxidative stress induced FGF21 and KLB 

mRNA and triggered cytotoxicity in motor neurons 

which could be rescued by ectopic FGF21. 

 

 
 

Figure 6. FGF21 mitigates cytotoxicity in NSC-34 and ALS motor neurons induced oxidative stress. (A) The viability of NSC-34 
cells expressing FLAG-tagged WT-SOD1 or SOD1G93A was determined using the Vialight assay. Viability for WT SOD1-transfected cells was 
set at 1. ****P < 0.0001, unpaired two-tailed t-test. (B) Caspase activation was measured in the same cells and values were normalized to 
activity in WT SOD1-transfected cells which was set at 1. ****P < 0.0001, unpaired two-tailed t-test. (C) FGF21 protein in the conditioned 
media of NSC-34 cells transfected with a FLAG-tagged FGF21 plasmid was detected by western blot (upper panel) and by ELISA (graph). 
****P < 0.0001; unpaired two-tailed t-test. (D, E) NSC-34 cells expressing either WT-SOD1 or SOD1G93A were transfected with FLAG-FGF21 
and assessed for viability as in (A) and Caspase-3/7 as in (B). ****P < 0.0001, unpaired two-tailed t-test. (F) NSC-34 cells expressing either 
WT SOD1 or SOD1G93A were treated with recombinant FGF21 (100 ng/ml) and assessed for viability as in (A). **P < 0.01, unpaired two-tailed 
t-test. (G) Cell viability was assessed in NSC-34 cells exposed to methionine-cystine (MetCys)-deprived media or treated with 100 mM H2O2. 
****P < 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons test. (H) NSC-34 cells transfected with FLAG-FGF21 (or empty 
vector) were subjected to stressors as described in (G) for 24h and then assayed for viability. **P = 0.007, ***P = 0.0002; unpaired two-
tailed t-test. (I) iPSC motor neurons derived from C9-ALS patients or normal donors were exposed to different doses of H2O2 as indicated, 
and cell viability was assessed 24 h after treatment. **P < 0.01; unpaired two-tailed t-test with Welch’s correction. (J) iPSC motor neurons 
exposed to 12.5 μM of H2O2, were treated with different doses (0, 25 and 50 ng/ml) of recombinant FGF21 and cell viability was assessed as 
in (I). *P < 0.05, **P < 0.01; paired two-tailed t-test among the different doses of rec-FGF21 treatment in C9-ALS groups and unpaired two-
tailed test in normal vs. C9-ALS groups. Data points represent biological replicates and bars are the mean ± SD. 
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FGF21 mitigates stress-induced toxicity in muscle 

cells and promotes myogenesis 

 

Since FGF21 is known to exert autocrine effects [19], 

and we found that atrophic myofibers in ALS muscle 

express FGF21 (Figure 2), we next sought to assess the 

impact of FGF21 on muscle cells. Prior investigations 

have found that selective transgenic expression of 

SOD1G93A in muscle induces oxidative stress leading to 

myofiber atrophy [40]. We transfected C2C12 cells with 

SOD1G93A and found that FGF21 expression was 

significantly reduced compared to WT SOD1, with the 

CM showing a ~40% reduction in protein (Figure 7A, 

7B). KLB mRNA was not detected, suggesting a 

potential β-klotho-independent function of FGF21. The 

pattern of FGF21 suppression resembled ALS motor 

neurons (Figure 5). With SOD1G93A expression, there 

was a resultant loss of cell viability and an increase in 

Caspase-3/7 activity, each by 25%, compared to control 

(Figure 7C; P < 0.0001). We transfected the muscle 

cells with Flag-tagged FGF21 which resulted in a 

marked increase in protein expression detected in the 

CM (Figure 7D) and an attenuated loss of cell viability 

and apoptotic activity (Figure 7E, 7F). We next assessed 

the effect of oxidative stress and found an induction of 

FGF21 with MetCys deprivation at 3.8-fold and H2O2 

at 2.3-fold (Figure 7G; P < 0.0001). ATF4 and PGC-1α 

were also induced with these stressors by 1.5 to 2.5-fold 

(Supplementary Figure 3C, 3D). Cell viability with 

MetCys deprivation led to a 75% reduction in viability 

and exposure to H2O2 resulted in a 50% reduction 

(Figure 7H). Ectopic FGF21 expression improved 

viability by 100% for MetCys deprivation and 73% for 

H2O2 (Figure 7I; P < 0.0001). In human primary 

myoblast cells there was a similar induction of FGF21 

at 4.1-fold when treated with H2O2 (Figure 7J, left 

panel; P < 0.01). The resultant loss of viability (~25%) 

was reversed by recombinant FGF21 treatment back to 

baseline levels (Figure 7J, right panel; P < 0.05). Taken 

together, oxidative stress induces FGF21 in C2C12 and 

human primary muscle cells, and the resultant 

cytotoxicity can be reversed by FGF21. 

 

We further investigated the impact of FGF21 on 

myogenesis as prior studies in preclinical models of 

ALS have linked myogenesis to slower disease 

progression [41, 42]. We induced myogenic 

differentiation in C2C12 cells over 96 h resulting in an 

increased fusion index (Figure 8A) and induction of 

MHC (Figure 8B). Over the same time interval, there 

was a progressive and significant increase in both 

FGF21 mRNA within cells and secreted FGF21 in the 

CM (Figure 8C). A similar time course of FGF21 
mRNA induction was observed with myogenic 

differentiation of human primary muscle cells, but the 

magnitude of induction was more robust (Figure 8D). 

Ectopic expression of FGF21in C2C12 cells increased 

myogenic differentiation as indicated by a higher fusion 

index (Figure 8E; P = 0.008) and a 2.2-fold induction of 

MHC (Supplementary Figure 6). Likewise myogenic 

differentiation in human primary muscle cells was 

increased with recombinant FGF21 treatment as 

reflected by an increased myotube fusion index (Figure 

8F; P = 0.028). Cell proliferation was then measured in 

C2C12 cells transfected with FGF21-FLAG (Figure 

8G). Just prior to seeding, FGF21 was quantitated in the 

CM by ELISA and showed a ~7-fold increase in FGF21 

in the FGF21-FLAG transfected cells versus empty 

vector control. We observed a significant increase in 

proliferation in FGF21-FLAG transfected cells at all 

time intervals tested, reaching 25% at 72 h (P < 

0.0001). In summary, FGF21 induction occurs as part of 

the myogenic differentiation program, where it appears 

to play a positive role in myogenesis. 

 

DISCUSSION 
 

In this study, we found that FGF21 is prominently 

upregulated in atrophic myofibers in patients with ALS 

and increases with disease progression. FGF21 is also 

increased in plasma of ALS patients as a group, but 

disproportionately in those with slower clinical 

progression and higher BMI. We show that RNA 

expression of the key co-receptor, β-Klotho, is 

upregulated in ALS motor neurons at baseline and that 

both FGF21 and KLB are induced by oxidative stress 

with FGF21 providing a protective effect. In muscle 

cells, FGF21 promotes myogenesis and exerts a similar 

protective effect against cytotoxic stress. Taken 

together, these findings identify FGF21 as a biomarker 

that provides insight into the clinical heterogeneity and 

pathophysiology of ALS while at the same time 

identifying it as a potential target for future therapeutic 

development. 

 

Although liver is the predominant source of FGF21 in 

physiological states, mitochondrial dysfunction, as seen 

in skeletal muscle at the earliest stages of ALS, is a 

potent stimulus for FGF21 induction [16, 43, 44]. In 

mitochondrial myopathies, elevated serum FGF21 from 

skeletal muscle is now recognized as a diagnostic 

biomarker [45–47]. Our data suggest that one source of 

elevated FGF21 in plasma is from skeletal muscle as the 

protein levels were high (more than 2-fold higher than 

plasma levels and 20-fold higher than spinal cord tissue) 

and immunohistochemistry showed substantial extra-

vasation into the endomysial space (Figures 1–3). 

Unlike most FGF family members, FGF21 has a lower 

affinity for heparan sulfate glycosaminoglycans [48] 

which are present in the basal lamina surrounding 

muscle fibers [49], and thus less likely to get 

sequestered. This is in contrast to FGF23, a related 
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Figure 7. FGF21 mitigates cytotoxicity in C2C12 and human primary myoblasts induced by oxidative stress. (A) C2C12 

myoblasts were transfected with FLAG-tagged WT and SOD1G93A expression plasmids and lysates were assessed by western blot using the 
antibodies indicated. Bands were quantitated by densitometry and a ratio to the loading control, vinculin, was calculated (shown between 
the two blots). (B) FGF21 mRNA levels were measured in the same lysates (left panel) and FGF21 protein in the conditioned media was 
quantified by ELISA (right panel). *P = 0.011, **P = 0.008; unpaired two-tailed t-test. Secretory FGF21 from the conditioned media was 
quantified using ELISA (right panel). (C) Viability of NSC-34 cells expressing FLAG-tagged WT-SOD1 or SOD1G93A was determined using the 
Vialight assay (left panel). Caspase activation was measured in the same cells and values were normalized to activity in WT SOD1-
transfected cells which was set at 1 (right panel). ****P < 0.0001, unpaired two-tailed t-test. (D) FGF21 protein in the conditioned media of 
C2C12 cells transfected with a FLAG-tagged FGF21 was detected by western blot (upper panel) and by ELISA (graph). Estimated size of the 
band (kDa) is shown to the right of the blot. ****P < 0.0001; unpaired two-tailed t-test. (E, F) C2C12 myoblasts cells expressing either WT-
SOD1 or SOD1G93A were transfected with FGF21-FLAG and assessed for viability and Caspase-3/7 activity as in (C). **P = 0.003, ***P = 
0.0003; unpaired two-tailed t-test. (G) FGF21 mRNA levels were quantified in C2C12 cells exposed to MetCys-deprived media or treated 
with 100 mM H2O2 for 24 h. ****P < 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons test. (H) Cell viability was assessed 
in C2C12 myoblasts exposed to stressors as described in (G). ****P < 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons 
test. (I) C2C12 cells transfected with FGF21-FLAG (or empty vector) were subjected to stressors as described in (G) for 24h and then assayed 
for viability. ****P < 0.0001; unpaired two-tailed t-test. (J) FGF21 mRNA levels were quantified in human primary myoblast cells (HSMM) 
treated with 25 mM H2O2 for 24 h. **P = 0.0014; unpaired two-tailed t-test (left panel). HSMM cells treated with or without 25 mM H2O2 
and recombinant FGF21 (100ng/ml) for 24h and then assayed for viability. *P < 0.05; unpaired two-tailed t-test (right panel). Data points 
represent biological replicates and bars are the mean ± SD. 
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Figure 8. FGF21 is upregulated during myogenesis and facilitates myogenic differentiation of C2C12 and human primary 
muscle cells (HSMM). (A) C2C12 myoblasts were treated with DM for various time intervals and immunostained with an anti-MHC 

antibody followed by DAPI counterstaining. Myotube formation was detected by MHC-positive staining. Scale bars, 100 µm. The fusion index 
(%) was quantified as described in the methods (right panel). (B) C2C12 myoblasts treated with DM were lysed at specific time intervals and 
immunoblotted with antibodies against MHC and vinculin. Densitometry values (24 h time interval was set at 1) are shown. (C) FGF21 mRNA 
levels were quantified from the lysates and FGF21 protein from conditioned media. ***P = 0.0005 comparing to the 24 h time interval, ####P < 
0.0001 comparing to the 24 and 48 h time intervals; one-way ANOVA followed by Tukey’s multiple comparisons test. (D) HSMM cells were 
treated with DM for various time intervals and FGF21 mRNA levels were quantified from the lysates as described in (C). **P < 0.01, ****P < 
0.0001; unpaired two-tailed t-test. (E) C2C12 myoblasts were transfected with an FGF21-FLAG plasmid and cultured in DM for 96 h. Myotube 
formation was assessed by MHC-positive staining as in (A). Scale bar, 100 µm (left panel). Fusion index for transfected C2C12 cells. **P = 
0.008; unpaired two-tailed t-test (right panel). (F) HSMM cells were treated with recombinant FGF21 (100ng/ml) and cultured in DM for 96 h. 
Myotube formation was assessed by MHC-positive staining as in (A, E). Scale bar, 100 µm (left panel). Fusion index for transfected HSMM 
cells. *P = 0.02; unpaired two-tailed t-test (right panel). (G) FGF21 levels in the conditioned media from C2C12 myoblasts transfected with 
FGF21-FLAG or empty vector control were quantified by ELISA (upper graph). ****P < 0.0001; unpaired two-tailed t test. Cells were reseeded 
and cultured in growth medium (GM) for 72 h. Cell proliferation was assessed at indicated time intervals using MTS (lower graph). **P = 
0.007, ****P < 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons test. Data points represent biological replicates and bars 
are the mean ± SD. 
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family member that we previously identified in ALS 

muscle samples but could not detect in plasma samples 

[24]. Under physiological conditions, liver is the 

predominant source of circulating FGF21 [20, 36]. Our 

findings in the SOD1G93A mouse, however, suggest that 

muscle is a major source as there was a ~2-fold higher 

expression level versus liver (Supplementary Figure 2). 

Interestingly, we found increased FGF21 protein in 

spinal cord, but there was no overall increase in FGF21 

mRNA, raising the possibility that FGF21 may be 

coming from the periphery. FGF21 can readily cross the 

blood-brain barrier, and elevated plasma levels have 

previously been shown to correlate with elevated 

cerebrospinal fluid (CSF) levels in humans [50, 51]. On 

the other hand, we detected increase FGF21 transcripts 

in whole spinal cord of the SOD1G93A mouse at a very 

early, presymptomatic, stage (~ 6 weeks; Figure 1). 

Others have detected induction of FGF21 in a subset 

motor neurons in the SOD1G93A and TDP43 mouse 

models in late presymptomatic/early symptomatic 

stages (11-12 weeks post natal) [52, 53]. Although 

protein levels were not measured, one of the studies 

found a high association of FGF21 with ribosomes in 

motor neurons [53]. It is possible that post-

transcriptional/translational mechanisms are at play 

within the CNS, particularly since the protein half-life 

of FGF21 is short [36]. Of note, FGF21 has been 

proposed as a potential early CNS biomarker in other 

animal models of neurodegenerative disease [54]. 

 

The potential for FGF21 to track disease progression is 

supported by several lines of evidence. First, since a 

major hallmark of ALS is progressive muscle atrophy 

[33], FGF21 would be expected to increase over time 

because of its correlation with atrophied myofibers 

(Figure 2) and HDAC4 (Supplementary Figure 1), a 

muscle biomarker that associates with progressive 

muscle denervation in ALS [31]. Indeed, this is 

supported by the nearly 8-fold increase in muscle 

FGF21 mRNA levels in end-stage ALS muscle versus 

muscle biopsy samples at earlier stages (Figure 1). 

There was also a progressive increase in FGF21 mRNA 

in ALS mouse muscle starting in the presymptomatic 

stages (Figure 1). If muscle FGF21 were the only source 

for increased plasma FGF21, however, higher levels 

might be expected to associate with more advanced 

disease (i.e. more muscle atrophy) as has been observed 

with mitochondrial myopathies [46, 55]. In our 

longitudinal study of 16 patients, however, those with 

high FGF21 plasma levels showed slower disease 

progression and longer survival (Figure 3). This raises 

the possibility that in some ALS patients, other sources 

contribute to circulating FGF21 such as liver. A notable 
feature of the subset with high circulating FGF21 levels 

was a higher mean BMI which verged on obesity. Prior 

studies have shown a strong positive correlation 

between serum FGF21 levels and BMI, particularly 

increased fat mass, with liver being the likely source 

[50, 56]. Increased BMI has consistently been linked to 

longer survival in ALS in a number of clinical studies 

[57–60]. In the Pooled Resource Open-Access ALS 

Clinical Trials database (PRO-ACT), patients with a 

BMI between 25 – 30 kg/m2 (similar to the mean value 

of 29.2 kg/m2 in the high FGF21 subset reported here) 

had a 35% reduced risk of dying compared to patients 

with BMI < 25 kg/m2 (the low FGF21 group in our 

study had a mean BMI of 22.6 kg/m2) [59]. In a pilot 

study of ALS patients, we previously found that low 

percentage body fat and loss of total fat mass correlated 

with faster monthly declines in ALSFRS-R scores [61]. 

In another study, patients with low visceral fat mass at 

baseline had significantly faster disease progression 

[62]. The majority of patients in our study with low 

circulating FGF21 levels had bulbar onset ALS 

(Supplementary Table 4) which is associated with 

shorter lifespan and weight loss prior to diagnosis 

(likely due to decreased nutritional intake) [63, 64]. 

These low levels may also reflect a possible impairment 

in FGF21 adaptive responses as observed in other age-

associated diseases including Alzheimer’s and type II 

diabetes [21]. 

 

A limitation of our plasma FGF21 study is the small 

number of patients, which in a heterogeneous disorder 

such as ALS, can lead to premature conclusions. A 

larger ALS cohort will be required for validation. The 

findings are timely, however, given the increasing 

attention to dysregulation of energy metabolism as a 

key driver of ALS disease progression [6, 65–68]. 

FGF21 is a master regulator of metabolic and nutrient 

homeostasis and a key hormone in adapting to states of 

energy deprivation [36]. While it is well established that 

FGF21 is a key regulator of fatty acid oxidation in the 

liver [19], less is known about this function in skeletal 

muscle or in the CNS [20]. Preclinical studies in the 

ALS mouse suggest that fatty acid oxidation becomes a 

major source of energy in skeletal muscle in the 

SOD1G93A [69–72]. In myotubes derived from human 

ALS muscle, increased fatty acid oxidation capacity 

was associated with slower disease progression [70]. It 

is interesting to note that a recent study on 

macronutrients in ALS suggests that a high glycemic 

index diet, which is a potent stimulus for FGF21 

induction by the liver [73], is linked to slower disease 

progression in patients with ALS [74]. 

 

The biology of FGF21 is complex because of its broad 

and divergent effects on different organs that vary 

depending on the physiological or pathological context 
[19, 36]. In our study, we found increased FGF21 in 

skeletal muscle, spinal cord and in the circulation, 

suggesting that it could impact ALS pathophysiology, 
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including stress response, autophagy, energy metabolism, 

and inflammation, at multiple levels. Because of the 

increase in FGF21 in the CNS (Figure 1) and the 

previously reported correlation between higher CSF 

FGF21 levels and high serum FGF21 (and concomitant 

BMI) [50], potential target cell populations affected in 

ALS are also broad. This impact is underscored by 

preclinical studies in Parkinson’s, Alzheimer’s and other 

CNS disease where FGF21 promotes neuroprotection and 

mitigates neurodegeneration through effects on different 

cell populations which crossover to ALS [75–81]. This 

includes suppression of glial activation and neuro-

inflammation, glutamate excitotoxicity, reversal of 

defective astrocyte-neuron lactate shuttling, increased 

neuronal survival, and enhanced myelin regeneration 

mediated by oligodendrocytes. We focused on the 

potential trophic effects of FGF21 based on prior studies 

showing a direct protective effect of FGF family 

members, FGF1 and 2, on motor neurons after spinal 

cord injury [82, 83]. A possible benefit of FGF21 

signaling was also suggested in a prior study with 

R1Mab1, an FGFR1-targeting antibody that activates the 

receptor, in the SOD1G93A mouse where there was mild 

amelioration of motor phenotype [84]. 

 

A key component of FGF21 signaling is the co-

receptor, β-klotho (KLB), which exerts cellular 

specificity of signaling as the FGF receptors are nearly 

ubiquitous [36]. Our detection of KLB in iPSC-derived 

human motor neurons (Figure 5) indicates a high 

likelihood that FGF21 signaling is relevant to motor 

neuron physiology. Evidence for FGF21 signaling as a 

stress response in motor neurons was further supported 

by our finding of KLB and FGF21 induction in NSC-34 

cells with oxidative stress, either by exposure to H2O2 

or deprivation of MetCys (Figure 5). Interestingly, we 

found more than a 3-fold increase in KLB mRNA in 

ALS motor neurons and this pattern was recapitulated in 

NSC-34 motor neuron-like cells expressing SOD1G93A 

(Figure 5). This baseline increase suggests that the 

trigger for FGF signaling is already present in ALS 

motor neurons at the time of differentiation. Oxidative 

stress has previously been observed in differentiated 

motor neurons from ALS patients using intracellular 

biosensors, and this might reflect an early and intrinsic 

vulnerability of ALS motor neurons [85, 86]. At the 

same time, however, basal FGF21 levels were reduced, 

suggesting an impairment in the FGF21-KLB axis. 

Increased levels of KLB in motor neurons from ALS 

patients in response to oxidative stress further validate 

our hypothesis of an impaired FGF21-KLB axis 

(Supplementary Figure 5). In ALS tissue samples, we 

observed an upregulation of KLB in muscle biopsies but 
a downregulation in end-stage muscle and spinal cord 

(Figure 4). This pattern could be consistent with 

disease-associated loss of motor neurons. Of note, we 

were unable to detect KLB mRNA expression in human 

primary muscle cells (or C2C12 cells) even after 

exposure to H2O2. KLB has been detected in muscle at 

very low levels [20], but the source could be from other 

cell types in muscle tissue including motor neurons.  

We cannot exclude the possibility that loss of myofibers 

contributed to reduced KLB expression observed in end-

stage muscle. Nonetheless, the concomitant higher 

FGF21 levels in ALS muscle and spinal cord at end-

stage suggest an ongoing adaptive response to disease 

progression. The trophic effect of FGF21 on SOD1G93A 

and C9-ALS motor neurons was supported by the 

reversal of cytotoxicity and apoptosis with ectopic 

expression (Figure 6). Potential mechanisms for this 

rescue effect include attenuation of oxidative stress, 

modulation of autophagy, improved energy metabolism 

and mitochondrial function [76, 77]. 

 

Selective transgenic expression of SOD1G93A in skeletal 

muscle has been shown to promote mitochondrial 

dysfunction, oxidative stress, and progressive atrophy 

[40]. We found a similar toxic effect in muscle cells and 

that ectopic FGF21 expression reversed this toxicity 

(Figure 7). FGF21 activates mTOR signaling in muscle 

cells leading to improved mitochondrial function, energy 

metabolism and reversal of mitochondrial impairment by 

oxidative stress [87]. In addition to a rescue effect, we 

also found that FGF21 promoted myogenesis, including 

enhanced proliferation and differentiation of C2C12 

myoblasts and in human primary myoblasts (Figure 8),  

as observed by other investigators [88, 89]. A prior  

study assessing satellite cells from human ALS muscle 

tissue revealed defects in myogenesis, particularly 

differentiation and maturation [90]. Defects in 

myogenesis were also observed in satellite cells derived 

from SOD1G93A mice at early pre-symptomatic stages 

[91] and in C2C12 cells expressing SOD1G93A [92]. 

Increased myogenesis was identified as a key mechanism 

for the slow-progressing phenotype in SOD1G93A mice 

from the C57 background [41, 42]. One study found that 

FGF21 drives the molecular transition of myoblasts to an 

aerobic (slow twitch fiber-like) phenotype [88], a process 

that occurs in ALS muscle due to the vulnerability and 

early degeneration of motor neurons innervating fast-

twitch (Type II) muscle fibers [93, 94]. 

 

FGF21 has been identified as a biomarker of frailty 

because of its association with age-related metabolic 

disorders [23, 95, 96]. Aging is a key risk factor  

for ALS, and many pathophysiological features of  

ALS overlap with normal aging patterns including 

mitochondrial dysfunction, oxidative stress and 

inflammation [97]. The role of FGF21 signaling in these 
age-associated processes is unclear. Many studies 

support a mitigating effect of FGF21 on aging, age-

related diseases, mitochondrial function, muscle atrophy 
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and function via its effects on metabolism [21, 23, 95]. 

Other studies suggest FGF21 signaling exerts a negative 

effect on myogenesis and promotes atrophy in different 

physiological and disease contexts including fasting, 

aging, intrauterine growth restriction, and short-term 

pharmacological administration [98–101]. A limitation 

of many studies investigating FGF21 in vivo, including 

ours, is that the immunoassays for detection do not 

distinguish between active (uncleaved) and inactive 

(cleaved) forms of FGF21 [102], thus underscoring the 

complexity of FGF21 biology. 

 

In summary, we have identified FGF21 as a novel 

biomarker in ALS that is detected in multiple 

compartments including muscle, spinal cord, and 

circulation. It is strongly expressed in atrophied 

myofibers, and high plasma levels associated with 

slower disease progression. For the first time, we show 

that the FGF21-KLB axis is a relevant stress response 

pathway in motor neurons and that it mitigates 

cytotoxicity induced by oxidative stress and co-

expression of mutant SOD1. It has a similar protective 

effect in muscle cells where it also promotes 

myogenesis. Future studies will need to test FGF21 

using in vivo models of ALS, including tissue-specific 

or systemic delivery, to validate the mitigating effects it 

appears to have in cellulo and to assess its potential as a 

novel therapy in ALS. In the clinic, plasma FGF21 

levels might have value as a prognostic biomarker but 

will need validation in larger multi-center studies. 
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SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 

 
 

Supplementary Figure 1. Spearman rank test correlation between HDAC4 and FGF21 mRNA expression levels (assessed by 
qPCR) in 9 post-mortem ALS muscle samples. 

 

 
 

Supplementary Figure 2. FGF21 mRNA is increased in muscle and liver tissue in the SOD1G93A mouse. RNA was extracted from 
wild-type (WT) and SOD1G93A mouse tissue at post-natal day 60 and assessed by qPCR for FGF21 mRNA. All values represent fold-change 
compared to WT muscle which was set at 1. Data points represent individual mice and bars represent the mean ± SD. *P < 0.05, ****P < 
0.0001; one-way ANOVA followed by Tukey’s multiple comparisons test. 
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Supplementary Figure 3. Oxidative stressors induce ATF4 and PGC-1α in NSC-34 cells and C2C12 myoblasts. (A, B) ATF4 and 
PGC-1α mRNA levels in NSC-34 cells were quantified after treatment with 100 µM H2O2 or methionine-cysteine (MetCys)-depleted media for 
24 h. (C, D) ATF4 and PGC-1α mRNA levels were quantified in C2C12 myoblasts after exposure to the same conditions as in (A, B). Data points 
are independent biological samples and bars represent the mean ± SD.*P = 0.048, ****P < 0.0001; one-way ANOVA followed by Tukey’s 
multiple comparisons test. 
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Supplementary Figure 4. C2C12 cells expressing FGF21 rescue SOD1G93A-mediated toxicity in NSC-34 motor neuron like cells 
in co-culture. (A) Schematic of co-culture system used. (B) Cell viability of NSC-34 cells expressing either WT-SOD1 or SOD1G93A (lower well) 

was assessed in the presence or absence of FGF21-expressing C2C12 cells (upper well). Data points represent biological replicates and bars 
are the mean ± SD. *P = 0.025, **P = 0.002, ****P < 0.0001; one-way ANOVA followed by Tukey’s multiple comparisons test. 
 

 
 

Supplementary Figure 5. H2O2 treatment induces KLB mRNA in motor neurons derived from C9-ALS patients. iPSC-derived 

motor neurons from normal and ALS patient donors were exposed to 12.5 μM of H2O2 for 24 h, and KLB mRNA levels were quantified using 
qRT-PCR. Bars represent the mean ± SD of 3 independent biological samples. *P = 0.03; unpaired one-tailed t-test. 
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Supplementary Figure 6. FGF21 increases the levels of MHC protein during myogenesis. C2C12 myoblasts were transfected with 

an FGF21-FLAG plasmid and cultured in DM for 96 h. Cells were lysed and the protein lysates were immunoblotted with antibodies against 
MHC and vinculin. For densitometry values, empty vector (- FGF21-FLAG) was set at 1. 
 

 
 

Supplementary Figure 7. FGF21 localizes to atrophic myofibers in ALS muscle. Tissue sections from five ALS patients and five 
normal controls were immunostained with an anti-FGF21 antibody (red) and counterstained with DAPI (blue) and WGA (green). Intense 
immunoreactivity is observed in atrophic myofibers and in the endomysial space in the ALS muscle sections. Scale bars, 100 µM.  
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Supplementary Tables 
 

Supplementary Table 1. Demographic and clinical data for iPSC-derived motor neurons. 

Cell Line Sex Age (y) Clinical diagnosis Primary tissue Mutation 

CS0002iCTR M 51 Normal PBMC N/A 

CS83iCTR F 21 Normal Fibroblast N/A 

CS188iCTR M 80 Normal PBMC N/A 

CS14iCTR F 35 Normal Fibroblast N/A 

CS00iCTR M 6 Normal Fibroblast N/A 

FA0000011 F 49 Normal Fibroblast N/A 

NN0003920 M 64 Normal Fibroblast N/A 

CS0118iALS-SOD1-I114T F 73 ALS Fibroblast SOD1 I113T 

CS28iALS M 47 ALS Fibroblast C9ORF72 (HRE ~800) 

CS29iALS M 47 ALS Fibroblast C9ORF72 (HRE ~800) 

CS52iALS M 49 ALS Fibroblast C9ORF72 (HRE ~800) 

CS30iALS F 51 ALS Fibroblast C9ORF72 (HRE ~70) 

NN0004306 F 51 ALS Fibroblast F10330 C9ORF72 (HRE 2.7kb) 

NN0004307 M 57 ALS Fibroblast F09152 C9ORF72 (HRE 6-8kb) 

ALS, amyotrophic lateral sclerosis; F, female; HRE, hexanucleotide repeat expansion; M, male; ORF, open reading frame; 
PBMC, peripheral blood mononuclear cells; SOD1, superoxide dismutase 1; y, years.  

 

Supplementary Table 2. Demographic and clinical data of tissue samples. 

 Biopsy Autopsy 

 Normal ALS Normal ALS 

Number 24 36 22 23 

Mean age (years) a 52 ± 15 57 ± 13 67 ± 12 64 ± 11 

Age range (years) 24 - 77 27- 86 34 - 83 40 - 81 

Gender (M:F) 11:13 21:15 18:4 18:5 

Duration b (m)  15 ± 9  51 ± 32 

Diagnosis  Spinal onset (33)  Spinal onset (20) 

  Bulbar onset (3)  Bulbar onset (3) 

Muscle sampled     

Biceps brachii 5 2  2 

Deltoid 3 11 4 3 

Vastus lateralis 15 8 3 5 

Tibialis anterior  1 15  Triceps (1) 

aMean age (± SD) at time of sample collection.   
bMean duration (± SD) from onset of symptoms to sample collection. Duration was unknown for three ALS patients in the 
biopsy pool. 
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Supplementary Table 3. Demographic and clinical data of plasma samples. 

 Normal ALS 

Number 23 28 

Mean age (y) a 61 ± 9 59 ± 10 

Age range (y) 45 - 84 35- 82 

Gender (M:F) 12:11 18:10 

Duration b (m)  26 ± 20 

Onset  Spinal onset (22) 

  Bulbar onset (6) 

F, female; M, male; m, months; y, years. 
aMean age (± SD) at time of sample collection.   
bMean duration (± SD) from onset of symptoms to sample collection.  

 

Supplementary Table 4. ALS study patients. 

Plasma FGF21 (FC)a < 1.5 ≥ 1.5 

Number 7 9 

Age (y)b 65 ± 9 57 ± 9d 

Age range (y) 58 - 82 42 – 70d 

Gender (M:F) 4:3 7:2 

Durationc (m) 18 ± 10 26 ± 23d 

Onset Bulbar (4) 

Spinal (3) 

Spinal (9) 

F, female; FC, fold-change; M, male; m, months; y, years.  
aFold-change over normal control group.   
bMean age (± SD) at time of sample collection.   
c Mean duration (± SD) from onset of symptoms to sample collection.  
dNo significant difference between the 2 groups. 


