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ABSTRACT 

Friedreich ataxia (FRDA) is a progressive neuro- and cardio-degenerative disorder characterized 

by ataxia, sensory loss, and hypertrophic cardiomyopathy. In most cases, the disorder is caused 

by GAA repeat expansions in the first introns of both alleles of the FXN gene, resulting in 

decreased expression of the encoded protein, frataxin. Frataxin localizes to the mitochondrial 

matrix and is required for iron-sulfur-cluster biosynthesis. Decreased expression of frataxin is 

associated with mitochondrial dysfunction, mitochondrial iron accumulation, and increased 

oxidative stress. Ferropotosis is a recently identified pathway of regulated, iron-dependent cell 

death, which is biochemically distinct from apoptosis. We evaluated whether there is evidence 

for ferroptotic pathway activation in cellular models of FRDA. We found that primary patient-

derived fibroblasts, murine fibroblasts with FRDA-associated mutations, and murine fibroblasts 

in which a repeat expansion had been introduced (KIKO) were more sensitive than normal 

control cells to erastin, a known ferroptosis inducer. We also found that the ferroptosis inhibitors 

SRS11-92 and Fer-1, used at 500 nM, were efficacious in protecting human and mouse cellular 

models of FRDA treated with ferric ammonium citrate (FAC) and an inhibitor of glutathione 

synthesis (BSO), whereas caspase-3 inhibitors failed to show significant biological activity. Cells 

treated with FAC and BSO consistently showed decreased glutathione-dependent peroxidase 

activity and increased lipid peroxidation, both hallmarks of ferroptosis. Finally, the ferroptosis 

inhibitor SRS11-92 decreased the cell death associated with frataxin knockdown in healthy 

human fibroblasts. Taken together, these data suggest that ferroptosis inhibitors may have 

therapeutic potential in FRDA.  
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Introduction 

Friedreich ataxia (FRDA) is the most common inherited ataxia with a birth incidence of 

approximately 1 in 40,000. FRDA is characterized by a progressive degeneration of large 

sensory neurons in the dorsal root ganglia, which causes ataxia, dysarthria, areflexia, and sensory 

loss (Collins, 2013; Gomes and Santos, 2013; Koeppen and Mazurkiewicz, 2013). Although 

FRDA is a neurological disorder, early mortality is almost exclusively due to hypertrophic 

cardiomyopathy, which develops in a majority of patients. FRDA is caused by decreased 

expression of the protein frataxin, in most cases secondary to a GAA repeat expansion in the first 

intron of both alleles of the FXN gene. Disease-associated missense mutations have also been 

described, many of which lead to protein instability and decreased frataxin levels. Frataxin 

protein localizes in the mitochondria where it is involved in the biosynthesis of iron-sulfur 

clusters, which are prosthetic groups important for the function of many proteins, including 

critical subunits of the mitochondrial electron transport chain. At the cellular level, there is 

evidence of mitochondrial iron accumulation (Delatycki et al., 1999; Wong et al., 1999; Calmels 

et al., 2009) as well as mitochondrial dysfunction (Rotig et al., 1997; Bradley et al., 2000; Lodi 

et al., 2001). Chronic oxidative stress in FRDA cells (Armstrong et al., 2010) and, more recently, 

lipid peroxidation (Cotticelli et al., 2013), have been implicated in the pathophysiology of the 

disorder. Currently, there is no cure or FDA-approved treatment available for FRDA patients. 

 

Ferroptosis was first described (Dixon et al., 2012) as a necrotic cell death pathway, triggered by 

iron accumulation and lipid peroxidation, that causes morphological and biochemical changes 
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distinct from apoptosis and from other necrotic pathways. The details of the process are still 

under investigation, but it is known that during the last stage of the process the direct or indirect 

inactivation of GPX4 (phospholipid hydroperoxide glutathione peroxidase 4) causes an 

accumulation of peroxidized polyunsaturated fatty acids, which ultimately leads to cell death 

(Yang et al., 2016). Ferroptosis has been implicated in neurodegeneration, and ferroptosis 

inhibitors have been tested in models of neurodegenerative disorders, including Parkinson’s 

disease and Alzheimer’s disease (Stockwell et al., 2017). Because key biochemical defects in 

FRDA cells – mitochondrial iron accumulation, increased oxidative stress, and lipid peroxidation 

– are essentially the hallmarks of ferroptosis, we explored the possibility that ferroptosis might 

play a role in FRDA by testing the sensitivity of FRDA cells to a known ferroptosis inducer, and 

we analyzed the effects of known anti-ferroptotic agents in cellular models of FRDA.  

 

Materials and Methods 

Cells. The murine FRDA cell line, I154F (FrdaL3/L-; h-I54F), is a fibroblast cell line in which one 

allele of the murine frataxin gene is knocked out and the other allele is replaced by the human 

frataxin gene with the disease-associated missense mutation, I154F (Calmels et al., 2009). The 

control cell line, 2F1, is a murine fibroblast line in which one allele of the murine frataxin gene is 

knocked out and the other allele is replaced by the normal human frataxin gene. The generation 

of these lines and their biochemical properties have been described (Calmels et al., 2009). 
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Lung tissues from wild-type (WTWT), KIKO, KIWT mice (Miranda et al., 2002) were kindly 

provided by Dr. David Lynch (Children Hospital of Philadelphia). KIKO mice, in which a 

(GAA)230 repeat expansion was Knocked-In on one frataxin allele and the other frataxin allele 

was Knocked Out, and KIWT mice, in which a (GAA)230 repeat expansion was Knocked-In on 

one frataxin allele and the other frataxin allele is Wild-Type, have been described (Miranda et 

al., 2002). Fibroblasts were isolated and cultured from mouse lung tissues as described by 

Seluanov et al. (Seluanov et al., 2010), with Liberase™ obtained from Roche. Frataxin 

expression was confirmed by ELISA (Abcam #176112, Cambridge, MA). 

 

We obtained primary human FRDA fibroblasts (GM3816 and GM4078) and healthy control 

fibroblasts (GM8399) from Coriell (Coriell Institute for Medical Research, Camden, NJ). The 

FRDA fibroblasts have homozygous GAA repeat expansions in the first intron of the FRDA 

gene: both have moderate GAA repeat expansions of 223 and 490 repeats (GM3816) or 357 and 

523 repeats (GM4078). Normal primary human fibroblasts DL6030 were derived from the 

practice of Dr. David Lynch at the Children’s Hospital of Philadelphia. Subjects were recruited 

using the Friedreich’s Ataxia Research Alliance database, by listing on Clinicaltrials.gov 

(NCT01965327), and through the practice of Dr. Lynch. Declaration of Helsinki protocols were 

followed and all subjects provided written informed consent prior to participation. The 

Children’s Hospital of Philadelphia Institutional Review Board approved the study.	 Subjects 

were provided with a modest stipend for each visit.  
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Cells were grown in Dulbecco’s Modified Eagle’s Medium (DMEM) with low glucose (#11885-

076 Life Technology, Carlsbad, CA) supplemented with 10% fetal bovine serum (Hyclone, 

Pittsburgh, PA) and 1% penicillin/streptomycin (#15140 Life Technology, Carlsbad, CA). 

 

Erastin treatment.  For both murine and human fibroblasts, 10,000 cells/well were seeded into 

48-well microtiter plates. The following day, erastin or drug vehicle was added (at 

concentrations indicated in the text and figures). The final concentration of drug vehicle (DMSO) 

was 0.1%. Twenty-four or forty-eight hours later, the cells were washed with phosphate-buffered 

saline (PBS) and viability was assessed by chemiluminescence measurement of intracellular 

ATP using the CellTiter-Glo assay kit (Promega, Madison, WI) as per the manufacturer’s 

instructions. Erastin (#S7242 purity 99.27%) was purchased from Selleckchem (Houston, TX).  

 

FAC plus BSO treatment. Both murine and human FRDA cells show increased sensitivity to 

treatment with ferric ammonium citrate (FAC, iron content 16.5-18.5%, #F-5879 Sigma, St. 

Louis, MO), and L-buthionine (S,R)-sulfoximine (BSO, #235520010, 99% purity, Acros 

Organics, West Chester, PA) which inhibits the rate-limiting step of glutathione synthesis. Under 

the assay conditions we use, concentrations of iron and BSO that by themselves are non-toxic, 

together cause a synergistic loss of viability (Cotticelli et al., 2012). Drugs are typically added 2 

hours after BSO treatment. The assay has been described in detail and validated multiple times 

(Cotticelli et al. 2011, Lynch et al. 2011, Cotticelli et al. 2013). Idebenone (#I2016, purity ≥ 

98%) was from Spectrum Chemical (New Brunswick, NJ); Z-VAD-FMK (#AG-CP3-0002, 

purity ≥ 95%) was from Adipogen (San Diego, CA); staurosporine (#81590, purity ≥ 98%) and 
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Z-DVED-FMK (#14414, purity ≥ 95%) were obtained from Cayman Chemicals (Ann Arbor, 

MI). 

 

Caspase 3 measurements. Murine fibroblasts were seeded into 48-well microtiter plates at 

12,000 cells/well and FAC was added to a final concentration of 20 µg/mL (Day 0). The 

following day (Day 1), BSO was added to a final concentration of 50 µM. Caspase 3 and 

viability were assessed in parallel wells by chemiluminescence measurements using Caspase-Glo 

3/7 and CellTiter-Glo assay kits (Promega, Madison, WI), respectively, as per the manufacturer’s 

instructions. Measurements were done on day 2 or day 3. Activation of caspase 3 in the samples 

was compared to caspase 3 activation induced by overnight treatment (16 h) with Staurosporine 

(#81590, purity ≥ 98%, Cayman Chemical, Ann Arbor, MI) at a final concentration of 10 µM.  

 

Chemiluminescence measurements. Chemiluminescence measurements were performed using 

a Synergy H1 microplate reader (Biotek, Winooski, VT). When the assay was performed in 48-

well plates, the cells were lysed and a fraction of the lysate was transferred to opaque white 

plates by using adjustable multi-channels pipets.   

 

Lipid peroxidation measurements. To measure lipid peroxidation in the FAC/BSO model, 

murine (10,000 cells/well) or human (4500 cell/well) fibroblasts were seeded in black-wall, 

clear-bottom 96-well plates and treated with FAC and BSO as described above. On the day of 

measurement, Bodipy 581/591 C11 (Invitrogen #D3816, Eugene, OR) was added at 10 µM final 

concentration. Following 1h incubation at 37 °C, cells were washed three times with PBS and 
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fluorescence was read at 488ex/510em and 581ex/591em wavelengths. The fluorescence ratio 

591[red]/510[ox] was calculated and normalized by cell viability assessed in parallel plates. Lipid 

peroxidation in the samples was compared to lipid peroxidation induced in the human or murine 

fibroblasts by overnight treatment with 100 nM RSL3 or 2h treatment with 1 µM RSL3 

(Selleckchem, #S8155, purity 99.76%, Houston, TX), respectively. Fluorescence measurements 

were performed using a monochromator-equipped Synergy H1 microplate reader (Biotek, 

Winooski, VT). 

 

Glutathione-dependent peroxidase (GPX) assay. GPX activity was measured using the 

Glutathione Peroxidase Assay kit (Abcam, #ab102530, Cambridge, MA) as per the 

manufacture’s instructions. The enzymatic reaction was run in UV-transparent, 96-well plates 

(Corning #3635, Kennebunk, ME) and NADPH oxidation was monitored by OD at 340 nm over 

20 minutes at 25 °C in a Synergy H1 microplate reader (Biotek, Winooski, VT). 

 

Frataxin knock-down model. The frataxin knock-down model has been described (Cotticelli et 

al., 2018). Briefly, normal primary human fibroblasts DL6030 are seeded in 100 mm dishes at 

70,000 cells/dish. Three days later (day 1), the cells are transfected overnight using double-strand 

siRNA against frataxin mRNA (#SR301654 Origene, Rockville, MD) or a scrambled siRNA as 

control. The following day (day 2), the medium is exchanged. In the present study, SRS11-92, Z-

DVED-FMK, or carrier control were added on day 2 and day 4. Cells were counted on day 5 

using the Countess cell counter (Invitrogen, Carlsbad, CA). Double stranded siRNAs were 

transfected using the RNAi-max reagent (Life Technology, Carlsbad, CA) at a final 
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concentration of 10 nM as per the manufacturer’s instructions. To measure caspase 3 activation 

in the frataxin-knocked down model, 2000 cells were retro-transfected in white opaque 96-well 

plates on day 1 and transfected again on day 3. Staurosporine was added at 10 µM overnight on 

day 2 and day 4. Measurements were obtained on day 3 and day 5 as described above. To 

measure lipid peroxidation in the frataxin knockdown model, 2000 cells were retro-transfected in 

black-wall, clear-bottom 96-well plates on day 1 and transfected again on day 3. RSL3 was 

added at 500 nM overnight on day 2 or day 4 and measurements were obtained on day 3 and day 

5, as described above. 

 

Chemical compounds. Compound structures are shown in Supplemental Fig. 1. Fer-1 was 

synthesized according to published procedures (Skouta et al., 2014). XJB-5-131 was synthesized 

as described previously (Wipf et al., 2005). The purity of each was >95% as determined by LC/ 

HRMS analysis. SRS11-92 was prepared as follows: A solution of Fer-1 (0.380 g, 1.45 mmol) 

and tetrabutylammonium bromide (2.58 g, 8.00 mmol) in acetonitrile (16 mL) was treated with 

benzyl chloride (0.437 mL, 3.78 mmol) in three portions over a period of 8 h at room 

temperature. The mixture was treated with water (30 mL) and the aqueous layer was extracted 

with CH2Cl2 (2 x 30 mL). The organic layers were combined, washed with brine, dried 

(Na2SO4), filtered, and concentrated. Purification by chromatography on SiO2 (3-20% EtOAc in 

hexanes) yielded SRS11-92 (0.141 g, 28%) as a viscous brown oil: IR (CH2Cl2) 3396, 2929, 

2853, 1701, 1681, 1598, 1525, 1283 cm-1; 1H NMR (400 MHz; DMSO-d6) δ 7.38-7.31 (m, 4 H), 

7.26-7.21 (m, 2 H), 6.94 (d, J = 1.9 Hz, 1 H), 6.49 (d, J = 8.6 Hz, 1 H), 5.50 (t, J = 5.8 Hz, 1 H), 

5.18 (d, J = 7.3 Hz, 1 H), 4.30 (d, J = 5.4 Hz, 2 H), 4.13 (q, J = 7.1 Hz, 2 H), 3.37-3.28 (m, 1 H), 

2.01-1.96 (m, 2 H), 1.77-1.71 (m, 2 H), 1.65-1.60 (m, 1 H), 1.42-1.31 (m, 2 H), 1.27-1.16 (m, 6 
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H);13C NMR (126 MHz; DMSO-d6) δ 166.3, 139.8, 139.7, 134.2, 128.2, 127.3, 126.7, 120.6, 

116.5, 110.4, 107.7, 59.2, 50.8, 47.1, 32.5, 25.5, 24.6, 14.3; HRMS (ESI+) m/z calculated for 

C22H29O2N2 [M+H] 353.2224, found 353.2222; ELS purity 100%. 

 

Statistical analyses. EC50 was calculated using log (inhibitor) vs. response – variable slope (four 

parameters) from Graph-Pad™. Unless otherwise indicated, p values were derived from 

Student’s t test and are two-sided. “Independent replicates” within an experiment refers to cells 

that were plated independently, cultured independently, treated independently (transfected, 

combined with drug or carrier control), and analyzed independently. Where indicated, we 

repeated experiments in their entirety to confirm results. Because primary cells change with 

passage number, and because infection and transfection efficiencies differ from one experiment 

to the next, we generally did not combine data from confirmatory independent experiments.  

 

Results 

FRDA cells are hyper-sensitive to the ferroptosis inducer erastin. Erastin is a small molecule 

inhibitor of the cystine-glutamate antiporter that was first identified as being selectively toxic in 

a cell line expressing an oncogenic Ras mutation and was later identified as an inducer of 

ferroptosis (Dixon et al., 2012). We treated primary human fibroblasts (GM3816) derived from a 

patient with FRDA, and normal age- and gender-matched primary human fibroblasts (GM8399), 

with increasing doses of erastin for 24 h and 48 h. Treatment with erastin caused cell death in a 

dose-dependent manner. Forty-eight-hour treatments with 5 µM or 10 µM erastin resulted in 

survival of 55% and 34% of the control cells, respectively, whereas only 10% and 4% of FRDA 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 11, 2019 as DOI: 10.1124/jpet.118.252759

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET	#252759	
	
	
cells survived, respectively (Figure 1A). The difference in sensitivity was most evident after 24 h 

of treatment with 5 µM erastin: 89% of the control cells survived while only 16% of the FRDA 

cells survived (Figure 1A).  

 

Similar results were obtained using I154F murine fibroblasts, a missense-mutation cellular model 

of FRDA, and the corresponding normal control cells, 2F1. Compared to human fibroblasts, both 

the I154F cells and the 2F1 cells were more sensitive to erastin, as a 24 h treatment resulted in a 

large loss of viability in both. However, the survival of the control cells was 2-fold higher than 

that of the FRDA cells when the cells were treated with 1 µM erastin, and 4- and 5-fold higher 

when the cells were treated with 10 µM and 5 µM erastin, respectively (Figure 1B).  

 

Finally, we tested whether primary fibroblasts derived from the KIKO mouse model of FRDA 

were also hyper-sensitive to erastin. KIKO mice, in which a repeat expansion of 230 GAAs was 

knocked in to one frataxin allele (KI) while the second allele was knocked out (KO), are widely 

used as a mouse model of FRDA (Miranda et al., 2002; Lin et al., 2017). Lung fibroblasts 

derived from KIKO mice, as well as from control KIWT and wild-type mice, were established 

(Materials and Methods) and frataxin levels in the cultured KIKO cells were 30% compared to 

KIWT and wild-type cells (Supplemental Figure 2). As shown in Figure 1C, 24 h treatment with 

1 µM erastin resulted in almost complete (97%) cell death for the KIKO cells, whereas 25% of 

control cells survived. The results using 10 µM erastin were similar, with 99% cell death for 

KIKO cells and 27% survival for control cells (Figure 1C).  
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Ferroptosis inhibitors protect FRDA cells from iron and a glutathione-synthesis inhibitor. 

We tested the efficacy of the well-established ferroptosis inhibitors Fer-1 and SRS11-92 (Skouta 

et al., 2014) (Supplemental Fig. 1) at concentrations ranging from 50 µM to 5 nM in the murine 

I154F FRDA fibroblasts. These cells are sensitive to combined treatment with iron, in the soluble 

form of ferric ammonium citrate (FAC), and BSO (which inhibits glutathione synthesis), at 

concentrations that by themselves are non-toxic but together cause a synergistic loss of viability 

(Cotticelli et al., 2012). Under the assay conditions, 75% of the cells died 48 h following 

treatment (Figure 2A), and treatment with 1 µM idebenone, used as a positive control, resulted in 

complete rescue (Figure 2A). Both Fer-1 and SRS11-92 rescued the cells completely at 500 nM 

(Figure 2A). The efficacy of these compounds was consistently high between 50 µM and 500 

nM. Of note, treatment of murine and human fibroblasts with either drug up to 50 µM resulted in 

no toxicity (data not shown). Using the same assay, we also tested XJB-5-131 (Wipf et al., 2005) 

(Supplemental Fig. 1), a mitochondrially targeted anti-ferroptotic and anti-apoptotic compound. 

XJB-5-131 was efficacious at 1 µM, but showed some toxicity at 10 µM (Figure 2B), most likely 

due to its high level of enrichment in mitochondrial membranes. In a parallel assay, the caspase-

3 inhibitor Z-DVED-FMK showed a small, statistically significant positive effect, but only when 

used at 50 µM (data not shown). In a typical assay, drugs were administered two hours after BSO 

treatment. To test whether the time of drug administration was important, we repeated the 

experiment using SRS11-92 and Z-DVED-FMK administered either 2 h or 24 h after BSO 

treatment. Figure 3A shows that the ferroptosis inhibitor, which was highly efficacious when 

administered at early time points, was inactive when administered at a later time point. In 

contrast, Z-DVED-FMK was only slightly efficacious when used at 20 µM at an early time point 

but could rescue up to 15% of cells when administered at the later time point (Figure 3A). The 
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pan-caspase inhibitor Z-VAD-FMK had no effect at either time point when used at 20 µM 

(Figure 3A). To further explore the role of caspase 3 in the assay, we measured caspase 3 activity 

in I154F cells treated with FAC and BSO, at 24 and 48 hours following BSO treatment. Caspase 

3 activity was compared to the activity measured in untreated cells (basal level/negative control) 

and cells treated overnight with 10 µM staurosporine (100% activation/positive control) 

(Belmokhtar et al., 2001). After 24 hours of exposure to FAC and BSO, caspase 3 activity 

increased 14-fold whereas overnight treatment with staurosporine increased caspase 3 activity up 

to 46-fold; after 48 hours of FAC and BSO treatment, caspase 3 activity was as high as in cells 

treated overnight with staurosporine (Figure 3B). Finally, we tested Fer-1 and SRS11-92 in 

primary, patient-derived fibroblasts (GM4078) treated with FAC and BSO. We found that the 

results were consistent with the data obtained using the mouse cells: the EC50 was 12 nM for Fer-

1 (Hill slope 0.4553 R2 = 0.9596) and 58 nM for SRS11-92 (Hill slope 0.3679 R2 = 0.9347; 

Supplemental Figure 3). 

Activation of the ferroptosis pathway in the FAC/BSO model. To confirm the activation of 

the ferroptosis pathway in the FAC/BSO model, we treated primary human FRDA fibroblasts 

with FAC at 150 µg/ml and BSO at 100 µM as described previously and measured glutathione-

dependent peroxidase (GPX) activities (Fig 4A) and lipid peroxidation on day 4, 48 h after BSO 

addition. The GPX enzymatic activity in the cells treated with FAC and BSO decreased by 70% 

in treated cells compared to controls (Fig. 4B). At the same time, lipid peroxidation went up 

slightly on day 3 (data not shown) but tripled on day 4 (Fig. 4C). This increase was comparable 

to the level of lipid peroxidation achieved by overnight treatment with RSL3, a glutathione-

dependent peroxidase 4 inhibitor and known ferroptosis inducer (Fig. 4C). Similar results were 
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seen in the murine fibroblasts I154F, where lipid peroxidation on day 3 increased dramatically, 

and GPX activity decreased by 30%, compared to control cells (data not shown). 

 

Ferroptosis inhibitors rescue death induced by frataxin knock down. We described 

previously a cellular model of FRDA obtained by knocking down frataxin mRNA using an 

siRNA in normal primary human fibroblasts: transfecting the cells with an anti-frataxin siRNA 

results in loss of 98% of frataxin mRNA, and loss of 50% of frataxin protein, at 48 h post-

transfection; when the cells are transfected a second time, frataxin protein levels are close to 10% 

on day 7 after the first transfection, but after that point the cells are dying in large numbers and 

no further analyses are possible (Cotticelli et al., 2018). To test whether SRS11-92 could prevent 

cell death induced by frataxin knockdown, we transfected the cells with anti-FXN siRNA or with 

a scrambled siRNA and then treated the cells every 48 h (twice total, on day 2 and on day 4) with 

the drug at 500 nM, or with drug vehicle. On day 5 after transfection, we counted the cells. The 

results (Figure 5A) show that 43% of the cells in which frataxin was knocked down were viable 

compared to cells in which a scrambled construct was transfected, whereas 77%, of the cells 

treated with SRS11-92 survived. Compound treatment was continued on day 6, day 9, and day 

11, while transfecting the cells a second time on day 8, resulting in 85% cell death, at which 

point the drug did not have any effect (day 12, data not shown). To better understand the 

mechanism by which cells die after frataxin levels begin to decrease (43% cell death as shown in 

Fig 5A) we focused on detecting at what point lipid peroxidation and caspase 3 activity 

increased. Surprisingly, we could not detect any difference in lipid peroxidation or caspase 3 

activity on day 4 post-transfection in DL6030 compared to control cells. Repeating the 

experiment in the GM8399 cell line confirmed these results (data not shown). However, in both 
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cells lines, DL6030 and GM8399, frataxin knockdown increased the lipid peroxidation induced 

by the GPX-4 inhibitor RSL3, but did not increase caspase 3 activity induced by staurosporine 

48 h after the first transfection. (Fig. 5B and 5C, and data not shown). Fig. 5B (left) shows that in 

the presence of RSL3, lipid peroxidation in DL6030 cells in which frataxin was knocked down is 

already 1.4-fold higher than in control-transfected cells 48 hours after the first transfection, and 

more than 7-fold higher after a second transfection (Fig. 5B right). In comparison, increased 

sensitivity to staurosporine was unchanged at 48 h (Fig. 5C left) and could be detected only 

when the cells were transfected a second time (Fig. 5C right). 

 

Discussion 

The aim of this study was to determine whether there is evidence of activation of the ferroptosis 

pathway in FRDA. We used a small molecule, erastin, that specifically triggers this pathway, as 

well as small molecules that inhibit ferroptosis, such as Fer-1, SRS11-92 and XJB-5-131, as 

probes in cellular models of FRDA, focusing on cell lines that have been used to understand the 

biology of FRDA, and to test compounds with therapeutic potential. Patient-derived primary 

fibroblasts, although a clinically unaffected cell type, are sensitive to treatment with iron (Wong 

et al., 2000) and BSO (Jauslin et al., 2002), which inhibits glutathione synthesis. Based on these 

data, we developed a cellular model of FRDA in which primary FRDA fibroblasts were treated 

with a synergistic combination of FAC and BSO, which we have used successfully to screen for 

potential therapeutics for FRDA (Cotticelli et al., 2012). We demonstrate herein that the 

ferroptosis inhibitors Fer-1, SRS11-92, and XBJ-5-131 are efficacious in protecting FRDA cells 

in this model, whereas caspase inhibitors are not. The efficacy of XBJ-5-131 is particularly 
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relevant to the FRDA field as iron overload in FRDA cells occurs in the mitochondria, and XJB-

5-131 is highly enriched in mitochondria, where it acts as a free-electron, reactive-oxygen-

species, and radical scavenger, and prevents the oxidation of the mitochondrial membrane lipid 

cardiolipin (Kagan et al., 2009). XJB-5-131 has also already shown efficacy in vivo in rodent 

models of neurodegeneration. Fer-1 and SRS11-92 have previously been found to slow the 

accumulation of lipid hydroperoxides, possibly due to inhibition of lipoxygenases, but more 

likely derived from the radical trapping properties of these antioxidants (Zilka et al., 2017). 

In the present study, we also show that lipid peroxidation increases in cells treated with iron and 

BSO and that GPX activity decreases, confirming and expanding on our previous finding that 

deuterated poly-unsaturated fatty acids (D-PUFAs) are sufficient to rescue cell viability 

(Cotticelli et al., 2013). The critical role of lipid peroxidation in ferroptosis has also been 

demonstrated using the same D-PUFAs by Yang et al. (Yang et al., 2016). Taken together, these 

data indicate that FRDA cells treated with FAC and BSO activate a ferroptotic pathway, and that 

treatment of FRDA cells with FAC and BSO is a useful model for screening ferroptosis 

inhibitors. The model also recapitulates some critical features of FRDA, and compounds we have 

previously tested in this model have gone on to further testing in patients, among them a D-

PUFA that is now in a phase I/II clinical trial for FRDA (Zesiewicz et al., 2018).	 Indirect 

evidence of ferroptosis can be seen even in cells not challenged with oxidative stress. We 

demonstrate herein that human and murine FRDA fibroblasts are more sensitive to erastin, 

including cells derived from KIKO mice, a well-characterized mouse model of the disorder. 

Knocking down frataxin is also sufficient to induce cell death, which can be partially rescued by 

SRS11-92. In this latter model, knocking down frataxin leads to an increase in lipid peroxidation 

that can be measured indirectly as increased sensitivity to RSL3, a ferroptosis inducer. Under the 
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same conditions, caspase 3 activation, measured as increased sensitivity to staurosporine, cannot 

be detected unless frataxin levels are further decreased. Taken together, our data suggest that in 

the models we have studied the threshold for ferroptosis activation due to low frataxin is lower 

than that for apoptosis. 

 

A limitation of the present study is the fact that, although FRDA fibroblasts exhibit many of the 

hallmarks of FRDA pathophysiology, including mitochondrial iron overload, mitochondrial 

dysfunction, and increased sensitivity to oxidative stress, fibroblasts are not an affected cell type 

in FRDA in vivo. In FRDA, there is a slow and progressive neurodegeneration and a replacement 

of cardiomyocytes with fibrotic tissue in those patients that develop cardiomyopathy. Therefore, 

it will be important to determine whether ferroptosis contributes in vivo to one or both processes. 

Our data support further studies in this direction. Another limitation in modeling FRDA in vitro, 

in a system that is amenable to drug discovery, relates to the intrinsic nature of the disorder: 

disease progression, although irreversible, is slow, which allows the cells to compensate for low 

frataxin levels and reach a steady state in which they are far from healthy but still viable. The 

models described in this study involve loss of viability over several days. The efficacy of the 

compounds we tested – in both the FAC/BSO model as well as the knock-down model – is time 

dependent, suggesting that there might be a “window of opportunity” during which ferroptosis 

inhibitors could be therapeutically beneficial in FRDA, perhaps by raising the threshold for 

ferroptotic cell death and thereby buying time for cells to repair damaged lipids (for example) 

before the threshold is reached. 
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Figure legends 

Figure 1. Friedreich ataxia cells are hyper-sensitive to the ferroptosis inducer erastin. (A) 

Primary human FRDA fibroblasts (3816) and primary human normal-control fibroblasts 

(GM8399) were seeded in 48-well plates and treated with 5 µM or 10 µM erastin. Cell viability 

was measured after 24 h or 48 h by chemiluminescence measurement of intracellular ATP. (B) 

Murine I154F fibroblasts, a missense-mutation model of Friedreich ataxia, were seeded in 48-

well plates and treated with 1, 5, or 10 µM erastin. Cell viability was measured after 24 h by 

chemiluminescence measurement of intracellular ATP. (C) Primary fibroblasts derived from 

KIKO (FRDA) or KIWT (heterozygous wild-type) mice were seeded in 48-well plates and 

treated with 0.2, 1, or 10 µM erastin. Cell viability was measured after 24 h by 

chemiluminescence measurement of intracellular ATP. The experiments shown are 

representative of at least two independent experiments, and the data shown are the mean and the 

standard deviation calculated from four replicates. ***, p < 0.001 by two-sided t-test. 

 

Figure 2. Ferroptosis inhibitors rescue murine I154F fibroblasts treated with iron and BSO 

in a dose-dependent manner.	 Murine I154F fibroblasts, a missense-mutation model of 

Friedreich ataxia, were seeded in 48-well plates and treated with a combination of FAC (ferric 
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ammonium citrate) and BSO (L-buthionine (S,R)-sulfoximine) for 48 h. Drugs Fer-1 or SRS11-

92 (A) or XBJ-5-131 (B), were added 2 h after BSO addition; viability was assessed by 

chemiluminescence measurement of intracellular ATP (Materials and Methods). Idebenone, used 

as positive control (PC), was tested at 1 µM. The final concentration of the drug vehicle (DV), 

DMSO, was 0.5%. The experiments are representative of at least two independent experiments, 

and the data shown are the means and the standard deviations calculated from six replicates. ***, 

p < 0.001 by two-sided t-test.	

	

Figure 3. Caspase 3 activation in murine I154F fibroblasts treated with iron and BSO. (A) 

Murine I154F fibroblasts, a missense-mutation model of Friedreich ataxia, were seeded in 48-

well plates and treated with a combination of FAC (ferric ammonium citrate) and BSO (L-

buthionine (S,R)-sulfoximine) for 48 h. 1 µM idebenone as positive control (Idb), the ferroptosis 

inhibitor SRS11-92, the caspase 3-7 inhibitor DVED-FMK, or the pan-caspase inhibitor DVED-

Z-VAD were added at the concentrations indicated, either 2 h or 24 h after BSO addition. 

Viability was assessed by chemiluminescence measurement of intracellular ATP. The final 

concentration of the drug vehicle (DV), DMSO, was 0.5%. The experiments are representative of 

at least two independent experiments, and the data shown are the means and the standard 

deviations calculated from six replicates.  ***, p < 0.001 by two-sided t-test. (B) Murine I154F 

fibroblasts were seeded in 48-well plates and treated with a combination of FAC and BSO for 48 

h. Caspase 3 activation was measured after 24 or 48 h following BSO treatment. As a positive 

control for caspase 3 activation, cells seeded in parallel were treated with 10 µM staurosporine 

(STS) overnight; as a negative control, cells were treated with drug vehicle (DV), DMSO. 

Caspase 3 activation was assessed by chemiluminescence measurement (Materials and Methods) 
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and normalized by cell number. The experiments are representative of at least two independent 

experiments, and the data shown are the means and the standard deviations calculated from six 

replicates. ***, p < 0.001 by two-sided t-test. 

 

Figure 4. Activation of ferroptosis in cells treated with iron and BSO. Primary human 

fibroblasts GM4078 were seeded in dishes and treated with a combination of FAC (ferric 

ammonium citrate) and BSO (L-buthionine (S,R)-sulfoximine) as described in Materials and 

Methods. On day 4, 48h post BSO addition, the cells were lysed and enzymatic activity was 

measured. (A) Graphic representation of GPX enzymatic assay: Glutathione–dependent 

peroxidase (GPX) activity was measured following OD at 340 nm for 20 min at 25°C. (B) GPX 

enzymatic activity (nmol/min/million cells) of FRDA GM4078 not treated or treated with FAC 

and BSO. (C) To measure lipid peroxidation, cells were seeded in 96 well plates and treated with 

FAC and BSO as described in Materials and Methods. On day 4, 10 µM Bodipy C11 581 /591 

was added and the cells were incubated for 1h. As a positive control for lipid peroxidation, cells 

seeded in parallel were treated with 100 nM RSL-3 overnight; as a negative control, cells were 

treated with drug vehicle (DV), DMSO. Lipid peroxidation was assessed as the ratio of 

591em/510em fluorescence (Materials and Methods) and normalized by cell number. The 

experiments are representative of at least two independent experiments, and the data shown are 

the means and the standard deviations calculated from four replicates. ***, p < 0.001 by two-

sided t-test. 
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Figure 5. The ferroptosis inhibitor SRS11-92 rescues primary human fibroblasts from 

death induced by frataxin knock-down. (A) Primary human fibroblasts were transfected with 

double-stranded siRNA against FXN mRNA (si-FXN) or a scrambled siRNA (sc) as control on 

day 1. SRS11-92 at 500 nM, or drug vehicle (DV), was added on day 2 and day 4. Cells were 

counted on day 5. (B) Primary fibroblasts were retro-transfected with si-FXN or a scrambled 

construct in black-wall, clear-bottom 96-well plates on day 1. On day 3 (left), lipid peroxidation 

was measured by adding 10 µM Bodipy C11 581 /591 and assessed as the ratio of 591em/510em 

fluorescence normalized by cell number or, cells were transfected again on day 3 and lipid 

peroxidation was measured at day 5 (right). As a positive control for lipid peroxidation, cells 

seeded in parallel were treated with 500 nM RSL-3 overnight; as a negative control, cells were 

treated with drug vehicle DMSO (left). (C) Primary fibroblasts were retro-transfected with si-

FXN or a scrambled construct in opaque white plates on day 1. At day 3 (left), caspase 3 

activation was assessed by chemiluminescence measurement or, cells were transfected on day 3 

again and lipid peroxidation was measured at day 5 (right). As a positive control for caspase 3 

activation, cells seeded in parallel were treated with 10 µM staurosporine (STS) overnight; as a 

negative control, cells were treated with drug vehicle, DMSO.  The data shown are the means 

and the standard deviations calculated from four replicates. *, p < 0.05 by two-sided t-test; ***, p 

< 0.001 by two-sided t-test.  
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