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Abstract

Deficiency of iron-sulfur (Fe-S) clusters promotes metabolic rewiring of the endothelium and 

the development of pulmonary hypertension (PH) in vivo. Joining a growing number of Fe-

S biogenesis proteins critical to pulmonary endothelial function, recent data highlighted that 
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frataxin (FXN) reduction drives Fe-S-dependent genotoxic stress and senescence across multiple 

types of pulmonary vascular disease. Trinucleotide repeat mutations in the FXN gene cause 

Friedreich’s ataxia, a disease characterized by cardiomyopathy and neurodegeneration. These 

tissue-specific phenotypes have historically been attributed to mitochondrial reprogramming and 

oxidative stress. Whether FXN coordinates both nuclear and mitochondrial processes in the 

endothelium is unknown. Here, we aim to identify the mitochondria-specific effects of FXN 

deficiency in the endothelium that predispose to pulmonary hypertension. Our data highlight an 

Fe-S-driven metabolic shift separate from previously described replication stress whereby FXN 

knockdown diminished mitochondrial respiration and increased glycolysis and oxidative species 

production. In turn, FXN-deficient endothelial cells had increased vasoconstrictor production 

(EDN1) and decreased nitric oxide synthase expression (NOS3). These data were observed in 

primary pulmonary endothelial cells after pharmacologic inhibition of FXN, mice carrying a 

genetic endothelial deletion of FXN, and inducible pluripotent stem cell-derived endothelial cells 

from patients with FXN mutations. Altogether, this study indicates FXN is an upstream driver 

of pathologic aberrations in metabolism and genomic stability. Moreover, our study highlights 

FXN-specific vasoconstriction in vivo, prompting future studies to investigate available and novel 

PH therapies in contexts of FXN deficiency.

Graphical Abstract
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Introduction

Pulmonary hypertension (PH) is a progressive and fatal disease of the lung vasculature, 

driven in part by pathologic changes in pulmonary artery endothelial cells. Specifically, 

imbalance in the production of vasoactive mediators, such as increased vasoconstrictor 

endothelin-1 (EDN1) and decreased nitric oxide (NO) via downregulation of nitric oxide 

synthase (NOS3) as well as dysregulated angiogenesis ultimately contribute to pulmonary 

vascular disease [1-3].

Recently, we demonstrated that endothelial deficiency of frataxin (FXN), a nuclear-encoded, 

mitochondrial Fe-S biogenesis gene [4, 5], predisposed to PH development in vivo 
[6]. Specifically, both genetic and acquired FXN deficiency promoted Fe-S-dependent 

replication stress, DNA damage, and acute growth phase arrest, leading to subsequent 

endothelial senescence. This work supports the notion that PH may represent a previously 

underappreciated clinical phenotype in patients with Friedreich’s ataxia (FRDA) – a 

disease driven by trinucleotide repeat mutations in the FXN gene and defined by severe 

neurodegeneration and cardiomyopathy – as we and others have demonstrated robust 

pulmonary vascular remodeling in FRDA patients [7, 8]. Importantly, hypoxia, via a HIF-

dependent pathway, promoted a FXN-deficient subpopulation of endothelial cells. Hypoxia 

also downregulated FXN in other vascular cell types [6] but not all tissues in general [9, 10], 

indicating a level of vascular cell-type specific regulation. Additionally, while the nuclear 

genotoxic effects of pulmonary endothelial FXN reduction have been studied [6], data in 

other cell types, specifically those with high bioenergetic capacity such as the nervous 

system, myocardium, and endocrine pancreas, have highlighted how FRDA-dependent FXN 

deficiency also drives mitochondrial dysfunction [5].

Mitochondrial dysfunction is a well-accepted driver of pulmonary vascular disease and 

of endothelial dysfunction specifically [11]. A hallmark of the metabolic reprogramming 

observed in the endothelium in PH is the shift from oxidative phosphorylation to glycolysis 

[12-15], similar to the Warburg effect in cancer [16, 17]. Iron-sulfur (Fe-S) clusters are 

essential, redox-capable cofactors [18], that allow for effective respiration [19]. Of note, 

we have previously shown that deficiency of Fe-S cluster biogenesis proteins, including 

ISCU1/2 and BOLA3, contribute to the disruption of endothelial cell metabolism and PH in 
vivo [1-3]. Loss of ISCU1/2 and BOLA3 resulted in endothelial metabolic reprogramming 

in the form of the reduced respiration with a concomitant increase in aerobic glycolysis 

[1-3], reactive oxygen species (ROS) formation [1, 3], and lipoate-dependent regulation of 

glycine in PH [3]. These Fe-S-specific metabolic changes promoted pathological changes 

in pulmonary artery endothelial cells, consistent with PH. However, it is not known 

whether deficiency of FXN controls endothelial metabolic and consequent pathophenotypic 

reprogramming.

Materials and Methods

Animal model

As described [6], to generate endothelial-specific knockout of FXN, FXN flox/flox (FXN 

f/f) mice were crossed with Cdh5(PAC)-ERT2+-Cre (EC FXN −/−) recombinase. Mice were 
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administered (30 mg/kg) tamoxifen for three days consecutively at 10 weeks. After two 

weeks, mice were subjected to hypoxia (10% O2) for the next three weeks. Lung tissue was 

harvested for analysis.

Statistics

All data represent three independent experiments with at least n=3 technical replicates and 

are presented as mean +/− SD unless otherwise specified. Paired samples were compared 

by a two-tailed Student’s t-test for normally distributed data and Mann-Whitney U non-

parametric testing for non-normally distributed data. For comparison among greater than 

two groups, oneway or two-way ANOVA with post-hoc Tukey’s analysis to adjust for 

multiple comparisons was performed. Significance was defined by a p-value less than 0.05.

Study Approval

All experiments involving animals were approved by the University of Pittsburgh (DLAR). 

Experiments involving the use of human tissue were approved by the University of 

Pittsburgh IRB. Informed consent was obtained for research use of collected tissue. Ethical 

approval and informed consent for all procedures in this study conformed to standards of the 

Declaration of Helsinki.

Additional Information

Additional methods are found in Supplementary Material.

Results

Acquired FXN deficiency attenuates Fe-S-dependent mitochondrial metabolism.

To directly assess mitochondrial respiration, Seahorse extracellular flux analysis was 

utilized to measure glycolysis (extracellular acidification rate (ECAR)) and oxidative 

phosphorylation (a component of whole-cell oxygen consumption rate (OCR)) in FXN-

deficient PAECs (Supplemental Figure 1A). At baseline and following termination of 

oxidative phosphorylation by the ATP synthase inhibitor oligomycin (indicative of glycolytic 

capacity), FXN knockdown increased ECAR (Figure 1A-C) and expression of glycolytic 

markers (Supplemental Figure 1B) but did not alter OCR (Figure 1D-E). Under high glucose 

conditions, sustained OCR was not dependent upon fatty acid oxidation, as evidenced by 

a negligible change in baseline OCR with etomoxir, an inhibitor of CPT1a and fatty acid 

oxidation (Supplemental Figure 1C). Instead, by reducing the available glucose, and thus 

flux through the mitochondria, we found that FXN deficiency decreased baseline and ATP-

linked respiration (Figure 1F-H), consistent with the notion that oxidative phosphorylation is 

attenuated due to loss of Fe-S centers in the electron transport chain. Measures of maximal 

respiratory capacity, proton leak, and non-mitochondrial oxygen consumption were not 

significantly different between groups (Supplemental Figure 1D and E). FXN did not control 

Fe-S-dependent synthesis of lipoic acid and thus did not affect the glycine cleavage system 

(Supplemental Figure 1F).

Corresponding with this metabolic rewiring, FXN deficiency in PAECs increased reactive 

oxygen species (ROS), as measured by intracellular hydrogen peroxide levels (Figure 1i-J). 
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Thus, knockdown of FXN promotes metabolic rewiring and an imbalance in mitochondrial 

ROS in PAECs. To determine whether mitochondrial oxidative stress directly promotes 

DNA damage previously demonstrated in endothelial cells with FXN deficiency [6], we 

employed MnTBAP, a cell-permeable mimetic of superoxide dismutase and peroxynitrite 

scavenger, to reduce mitochondria-derived ROS. Using an Amplex red assay, MnTBAP 

treatment prevented the increase in hydrogen peroxide dependent upon FXN knockdown 

(Supplemental Figure 2A). Next, markers of replication stress (p-RPA32/RPA32), the DNA 

damage response (p-ATR/ATR, CHK1, Ub-yH2AX/yH2AX), and growth arrest (p21Cip) 

were then measured by immunoblot under similar treatment conditions. Notably, FXN-

deficient elevation of these genotoxic stress markers was not prevented by abrogation 

of mitochondrial ROS production (Supplemental Figure 2B), supporting simultaneous but 

separate FXN-driven mitochondrial and nuclear dysfunction.

FXN deficiency induces pulmonary artery endothelial dysfunction.

Accompanying alterations in mitochondrial metabolism, we found that FXN deficiency 

in PAECs promotes pathologic changes in endothelial vasomotor function, migration 

and angiogenesis, in addition to DDR-dependent senescence previously described [6]. 

Namely, in PAECs both transcript and secreted protein levels of the vasoconstrictive 

mediator endothelin-1 (EDN1/ET-1) were increased with FXN knockdown (Figure 2A-B). 

Moreover, the combination of hypoxia and FXN knockdown exacerbates the phenotype 

(Supplemental Figure 3A-B). Demonstrating the role of oxidative stress in this response, 

EDN1 up-regulation was abrogated by MnTBAP treatment (Figure 2C). When cultured in 

collagen gel, primary pulmonary artery smooth muscle cells (PASMCs) exhibited increased 

contraction after exposure to media from FXN-deficient hypoxic PAECs, which could be 

reversed with the ET-1 receptor antagonist ambrisentan (Supplemental Figure 3C). FXN 

knockdown also reduced mRNA and protein expression of nitric oxide synthase 3 (NOS3), 

the enzyme required for production of the vasodilator nitric oxide (NO) (Figure 2D-E).

Like EDN1, NOS3 down-regulation was more pronounced during FXN knockdown in 

combination with chronic hypoxia (Supplemental Figure 3D-E). Importantly, total nitrite 

and nitrate levels, a surrogate measurement for NO, were diminished (Figure 2F), 

indicating a decrease of NO production by FXN-deficient PAECs and thus enhancing 

the vasoconstrictive phenotype. Under hypoxic conditions when endogenous FXN was 

downregulated in endothelial cells [6], forced expression of FXN in hypoxic conditions 

(Supplemental Figure 3F) increased NOS3 (Supplemental Figure 3G), demonstrating that 

FXN is both necessary and sufficient for NOS3 expression.

Finally, FXN knockdown, in normoxic and hypoxic conditions, decreased endothelial 

cell migration during a scratch assay (Figure 2G, Supplemental Figure 3H) as well as 

decreased branch points (Figure 2H, Supplemental Figure 3I) and total tube length (Figure 

2I, Supplemental Figure 3J), consistent with reduced angiogenic potential. Since FXN 

knockdown does not affect endothelial viability [6], the observed decrease in migratory 

and angiogenic capacity did not result from changes in PAEC survival. In sum, FXN 

deficiency in PAECs leads to a dysfunctional endothelium characterized by metabolic stress, 

an imbalance in vasomotor tone mediators, and diminished angiogenic potential.
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Genetic FXN deficiency mirrors the metabolic dysfunction that drives endothelial 
dysfunction.

To determine whether genetic FXN deficiency produces similar endothelial metabolic 

dysfunction, inducible pluripotent stem cells (iPSCs) from both male and female patients 

with FRDA mutations were differentiated into endothelial cells (iPSC-ECs) [20] and 

compared to gender- and age-matched controls without FXN mutations. FRDA iPSC-ECs 

exhibited markedly reduced FXN levels (Supplemental Figure 4A). To confirm endothelial 

differentiation, iPSC-ECs were evaluated for expression of endothelial markers and 

assayed for angiogenic potential. FRDA iPSC-ECs exhibited comparable endothelial cell 

expression markers (Supplemental Figure 4B-C). FRDA iPSC-EC cell lines demonstrating 

obvious angiogenic phenotype were selected for experimentation. Since comparative assays 

for angiogenic potential would be inherently confounded, we focused on evaluating 

mitochondrial dysfunction and mediators of vasomotor tone in FRDA iPSC-ECs. Similar to 

acquired FXN deficiency, iPSC-ECs with FXN mutations showed an increase in intracellular 

hydrogen peroxide (Figure 3A, Supplemental Figure 4D). This FXN-driven oxidative stress 

is accompanied by elevated endothelin-1 transcript and secreted protein levels (Figure 

3B-C, Supplemental Figure 4E-F) as well as reduced NOS3 transcript levels (Figure 3D, 

Supplemental Figure 4G), signifying pathogenic alteration in vasomotor tone effectors 

similar to those in FXN-deficient primary PAECs. However, overexpression of FXN did 

not reverse NOS3 downregulation or EDN1 upregulation in chronically and genetically FXN 

deficient FRDA iPSC-ECs (Figure 4H-J).

Endothelial FXN deficiency promotes dysregulation of endothelial vasomotor mediators in 
vivo.

We sought to study FXN deficiency in the pulmonary endothelium in vivo. To do so, 

tamoxifen-dependent endothelial (EC) Fxn−/− mice (Cdh5(PAC)-Cre-ERT2+ mice crossed 

with Fxn flox/flox mice were exposed to normoxia vs. chronic hypoxia to induce PH [6]. 

As previously described, such endothelial-specific FXN deletion in chronic hypoxia drove 

more severe hemodynamic and histologic manifestations of PH [6]. Importantly, consistent 

with cultured PAECs and iPSC-ECs harboring FXN deficiencies (Figure 2), endothelial 

FXN-deficient mice demonstrated decreased NOS3 (Figure 4A) and increased EDN1 levels 

(Figure 4B). Thus, loss of endothelial FXN results in the imbalance in pulmonary vasomotor 

tone mediators in vitro and in vivo – a process that contributes, at least in part, to the overall 

manifestations of PH.

Discussion

Endothelial mitochondrial dysfunction [11] and DNA damage [21-25] have been separately 

linked to PH, but any shared mechanistic regulation of these dynamic endothelial 

phenotypes was previously undefined. Building upon data that links FXN reduction to 

Fe-S-specific nuclear damage [6], FXN deficiency disrupted mitochondrial function by 

preventing glucose oxidation which led to upregulated glycolytic activity and reactive 

oxygen species. Similar to other Fe-S biogenesis genes [1-3], this mitochondrial oxidative 

stress resulted in increased EDN1 and decreased NOS3 expression as well as reduced 

migratory and angiogenic capacity. Our data now cumulatively support that FXN controls 
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not only genotoxic but also metabolic stress resulting in pathophenotypes beyond senescent 

cell fate (Graphical Abstract). For the first time, we demonstrate FXN-dependent endothelial 

metabolic dysfunction across cellular, animal, and human models of PH.

While the shift from oxidative phosphorylation to aerobic glycolysis has been observed in 

patient and model tissues with FRDA [5], to our knowledge, our data now demonstrate 

consistent changes in the endothelial cell (Figure 1). Whether additional metabolic pathways 

(e.g., pentose phosphate pathway (PPP)) are dysregulated in FXN-deficient endothelial 

cells is not yet known. While these pathways do not include Fe-S-containing proteins, 

loss of appropriate Fe-S-dependent glucose oxidation alone could lead to compensatory 

alterations in bioenergetic production. For example, the PPP is often augmented in parallel 

with glycolysis, and separately, PPP flux is upregulated in pulmonary vascular cells in 

multiple PH models [14, 26-28]. Moreover, whether FXN deficiency disrupts mitochondrial 

biogenesis, dynamics, or even mtDNA integrity requires further investigation. Finally, it 

is important to recognize that precise aspects of this relationship linking hypoxia to FXN 

deficiency and mitochondrial metabolic dysfunction may be specific to the vasculature. 

Given that hypoxia upregulates FXN expression in some non-vascular cell types [9, 10] and 

hypoxia can rescue mitochondrial dysfunction in other tissues [29], our results highlight the 

complex and context specificity of hypoxic regulation of FXN.

Our data establish that mitochondria-derived oxidative species do not fully account for the 

genotoxic stress observed in the nucleus (Supplemental Figure 2B). In tandem with our data 

on disruption of the Fe-S-containing polymerases in FXN-deficient endothelial cells [6], 

these data support the notion that there may exist two separate organelle-specific processes 

related to FXN loss. However, this data does not preclude the possibility of bi-directional 

signaling between organelles, particularly over the course of disease. In particular, FXN-

dependent metabolic changes may contribute to the senescent cell fate previously reported 

in the FXN-deficient endothelium [6]. Mitochondrial dysfunction-associated senescence 

(MiDAS) represents another stress response pathway like telomere instability or the DNA 

damage response that converges on permanent growth arrest, but the mechanisms remain 

incompletely defined [30]. We acknowledge that further experimentation is needed to 

determine the importance of mitochondrial versus nuclear stress in PH, as these may provide 

insight into the value of metabolic versus genomic treatment intervention. Moreover, the 

potential reciprocal relationships between these organelles may favor targeting FXN directly 

and require the identification of new drugs.

While our data mirror the same endothelial pathophenotypes demonstrated with other Fe-S 

biogenesis gene deficiencies with Warburg-like metabolic shifts [1-3], only FXN-dependent 

EDN1 up-regulation could be reversed by targeting mitochondrial superoxide (Figure 2C). 

Further investigation is needed to define the precise mechanisms that result in changes 

in vasomotor tone and angiogenesis. In the context of FXN-dependent down-regulation 

of NOS3 expression (Figure 2D-E), a possible explanation could center on ferrochelatase 

activity [31], the Fe-S-dependent, rate-limiting enzyme in heme synthesis. Therefore, FXN 

deficiency may impair heme production and ultimately reduce the expression and activity of 

NOS3, a heme-containing enzyme [32]. Separately, because nitric oxide can directly bind 
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and damage Fe-S clusters, endothelial cell NOS3 may be inhibited by another undefined 

feedback mechanism in conditions of FXN deficiency and reduced Fe-S biogenesis [33].

Interestingly, certain pathophenotypes were not reversible in FRDA-patient derived 

endothelial cells with overexpression of FXN. Such results are consistent with the finding of 

senescence exhibited by chronically FXN-deficient cells [6] coupled with existing literature 

of the irreversible nature of certain phenotypes in senescent cells [34, 35]. Future studies 

are warranted to determine if such putative irreversibility stems from the chronicity, severity, 

and/or etiology (i.e., genetic vs. acquired trigger) of FXN deficiency. As such, our data 

suggest potential challenges of gene therapy alone to treat FRDA pulmonary vasculopathy, 

which has been observed in autopsy specimens in FRDA patient cells [6].

On the other hand, mice with endothelial FXN deficiency exhibited EDN1 and NOS3. 

Although further investigations would be required, this suggest current PH-specific 

vasodilatory therapies that inhibit ET-1 and enhance NO signaling may be effective in 

circumstances of endothelial FXN deficiency, particularly in FRDA. However, certain types 

of PH patients do not respond to vasodilatory therapy, including most Group 2 and Group 

3 PH patients; yet, FXN deficiency has been identified across Group 1-3 PH subtypes. 

This may be reflective of the fact that FXN-deficient endothelial cells only represent a 

subpopulation rather than a predominance of the endothelium in the lung vasculature. In 

this way, the senescence-dependent inflammatory phenotype may be more important to the 

pathophysiology of PH as compared to the contribution to vasoconstrictive signaling. Of 

note, reduced NO availability has been appreciated in senescent endothelial cells [36] and 

repletion of NO signaling prevented senescence [37]. While the onset of FXN-dependent 

alterations in vasomotor tone effectors predate the onset of senescence, the vasodilatory 

therapies may serve a dual purpose that includes preventing endothelial senescence over the 

course of the disease.

In conclusion, these findings support FXN as a lynchpin connecting Fe-S-related endothelial 

metabolic reprogramming and genotoxic stress to PH development, reinforcing the 

importance of Fe-S biology in endothelial cell function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

Portions of this manuscript and data were included in M.K.C.’s unpublished doctoral dissertation (Culley, Miranda 
(2020) Frataxin deficiency coordinates iron-sulfur dependent metabolic and genomic stress to promote endothelial 
senescence in pulmonary hypertension. Doctoral Dissertation, University of Pittsburgh). This study used inducible 
pluripotent stem cell samples from patients with FRDA (GM23404, GM23913) in the NIGMS Human Genetic Cell 
Repository at the Coriell Institute for Medical Research. We also thank Y. Lu, S. Annis, and M. Reynolds for their 
technical assistance.

Financial support

This work was supported by National Institutes of Health grants F30 HL139017 (M.K.C.), 5R00 HL135258 (M.G.), 
5U01 HL10739302 (M.R.), R01 HL124021 and HL122596 (S.Y.C). Additional support includes the Friedreich’s 
Ataxia Research Alliance general research grant and American Heart Association grant 18EIA33900027 (S.Y.C.).

Culley et al. Page 8

Vascul Pharmacol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Chan SY, et al. , MicroRNA-210 controls mitochondrial metabolism during hypoxia by repressing 
the iron-sulfur cluster assembly proteins ISCU1/2. Cell Metab, 2009. 10(4): p. 273–84. [PubMed: 
19808020] 

2. White K, et al. , Genetic and hypoxic alterations of the microRNA-210-ISCU1/2 axis promote 
iron-sulfur deficiency and pulmonary hypertension. EMBO Mol Med, 2015. 7(6): p. 695–713. 
[PubMed: 25825391] 

3. Yu Q, et al. , BOLA (BolA Family Member 3) Deficiency Controls Endothelial Metabolism 
and Glycine Homeostasis in Pulmonary Hypertension. Circulation, 2019. 139(19): p. 2238–2255. 
[PubMed: 30759996] 

4. Campuzano V, et al. , Frataxin is reduced in Friedreich ataxia patients and is associated with 
mitochondrial membranes. Hum Mol Genet, 1997. 6(11): p. 1771–80. [PubMed: 9302253] 

5. Rotig A, et al. , Aconitase and mitochondrial iron-sulphur protein deficiency in Friedreich ataxia. 
Nat Genet, 1997. 17(2): p. 215–7. [PubMed: 9326946] 

6. Culley MK, et al. , Frataxin deficiency promotes endothelial senescence in pulmonary hypertension. 
J Clin Invest, 2021. 131(11): p. e136459. [PubMed: 33905372] 

7. Pandolfo M, Friedreich ataxia: the clinical picture. J Neurol, 2009. 256 Suppl 1: p. 3–8.

8. James TN and Fisch C, Observations on the cardiovascular involvement in Friedreich's ataxia. Am 
Heart J, 1963. 66(2): p. 164–175. [PubMed: 14051182] 

9. Oktay Y, et al. , Hypoxia-inducible Factor 2α Regulates Expression of the Mitochondrial Aconitase 
Chaperone Protein Frataxin. J Biol Chem, 2007. 282(16): p. 11750–11756. [PubMed: 17322295] 

10. Nanayakkara G, et al. , Cardioprotective HIF-1alpha-frataxin signaling against ischemia-
reperfusion injury. Am J Physiol Heart Circ Physiol, 2015. 309(5): p. H867–79. [PubMed: 
26071548] 

11. Culley MK and Chan SY, Mitochondrial metabolism in pulmonary hypertension: beyond 
mountains there are mountains. J Clin Invest, 2018. 128(9): p. 3704–3715. [PubMed: 30080181] 

12. Xu W, et al. , Alterations of cellular bioenergetics in pulmonary artery endothelial cells. Proc Natl 
Acad Sci U S A, 2007. 104(4): p. 1342–1347. [PubMed: 17227868] 

13. Fijalkowska I, et al. , Hypoxia Inducible-Factor1α Regulates the Metabolic Shift of Pulmonary 
Hypertensive Endothelial Cells. Am J Pathol, 2010. 176(3): p. 1130–1138. [PubMed: 20110409] 

14. Fessel JP, et al. , Metabolomic analysis of bone morphogenetic protein receptor type 2 mutations 
in human pulmonary endothelium reveals widespread metabolic reprogramming. Pulm Circ, 2012. 
2(2): p. 201–213. [PubMed: 22837861] 

15. Caruso P, et al. , Identification of MicroRNA-124 as a Major Regulator of Enhanced Endothelial 
Cell Glycolysis in Pulmonary Arterial Hypertension via PTBP1 (Polypyrimidine Tract Binding 
Protein) and Pyruvate Kinase M2. Circulation, 2017. 136(25): p. 2451–2467. [PubMed: 28971999] 

16. Vander Heiden MG, Cantley LC, and Thompson CB, Understanding the Warburg Effect: The 
Metabolic Requirements of Cell Proliferation. Science, 2009. 324(5930): p. 1029–1033. [PubMed: 
19460998] 

17. Warburg O, On the Origin of Cancer Cells. Science, 1956. 123(3191): p. 309–314. [PubMed: 
13298683] 

18. Lill R, Function and biogenesis of iron–sulphur proteins. Nature, 2009. 460(7257): p. 831–838. 
[PubMed: 19675643] 

19. Rouault TA, Mammalian iron-sulphur proteins: novel insights into biogenesis and function. Nat 
Rev Mol Cell Biol, 2015. 16(1): p. 45–55. [PubMed: 25425402] 

20. Gu M, et al. , Patient-Specific iPSC-Derived Endothelial Cells Uncover Pathways that Protect 
against Pulmonary Hypertension in BMPR2 Mutation Carriers. Cell Stem Cell, 2017. 20(4): p. 
490–504.e5. [PubMed: 28017794] 

21. de Jesus Perez VA, et al. , Whole-exome sequencing reveals TopBP1 as a novel gene in idiopathic 
pulmonary arterial hypertension. Am J Respir Crit Care Med, 2014. 189(10): p. 1260–72. 
[PubMed: 24702692] 

Culley et al. Page 9

Vascul Pharmacol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



22. Meloche J, et al. , Role for DNA Damage Signaling in Pulmonary Arterial Hypertension. 
Circulation, 2014. 129(7): p. 786–797. [PubMed: 24270264] 

23. Federici C, et al. , Increased Mutagen Sensitivity and DNA Damage in Pulmonary Arterial 
Hypertension. Am J Respir Crit Care Med, 2015. 192(2): p. 219–28. [PubMed: 25918951] 

24. Li CG, et al. , PPARgamma Interaction with UBR5/ATMIN Promotes DNA Repair to Maintain 
Endothelial Homeostasis. Cell Rep, 2019. 26(5): p. 1333–1343 e7. [PubMed: 30699358] 

25. Bourgeois A, et al. , Inhibition of CHK1 (Checkpoint Kinase 1) Elicits Therapeutic Effects in 
Pulmonary Arterial Hypertension. Arterioscler Thromb Vasc Biol, 2019. 39(8): p. 1667–1681. 
[PubMed: 31092016] 

26. Chettimada S, et al. , Glucose-6-phosphate dehydrogenase plays a critical role in hypoxia-induced 
CD133+ progenitor cells self-renewal and stimulates their accumulation in the lungs of pulmonary 
hypertensive rats. Am J Physiol Lung Cell Mol Physiol, 2014. 307(7): p. L545–L556. [PubMed: 
25063801] 

27. Chettimada S, et al. , Hypoxia-induced glucose-6-phosphate dehydrogenase overexpression and 
-activation in pulmonary artery smooth muscle cells: implication in pulmonary hypertension. Am J 
Physiol Lung Cell Mol Physiol, 2015. 308(3): p. L287–L300. [PubMed: 25480333] 

28. Boehme J, et al. , Pulmonary artery smooth muscle cell hyperproliferation and metabolic shift 
triggered by pulmonary overcirculation. Am J Physiol Heart Circ Physiol, 2016. 311(4): p. H944–
H957. [PubMed: 27591215] 

29. Ast T, et al. , Hypoxia Rescues Frataxin Loss by Restoring Iron Sulfur Cluster Biogenesis. Cell, 
2019. 177(6): p. 1507–1521.e16. [PubMed: 31031004] 

30. Wiley CD, et al. , Mitochondrial Dysfunction Induces Senescence with a Distinct Secretory 
Phenotype. Cell Metab, 2016. 23(2): p. 303–14. [PubMed: 26686024] 

31. Yoon T and Cowan JA, Frataxin-mediated iron delivery to ferrochelatase in the final step of heme 
biosynthesis. J Biol Chem, 2004. 279(25): p. 25943–6. [PubMed: 15123683] 

32. Zhang B, et al. , Inhibition of ferrochelatase impairs vascular eNOS/NO and sGC/cGMP signaling. 
PLoS One, 2018. 13(7): p. e0200307. [PubMed: 29985945] 

33. Cooper CE, Nitric oxide and iron proteins. Biochim Biophys Acta Bioenerg, 1999. 1411(2): p. 
290–309.

34. Takahashi A, et al. , Mitogenic signalling and the p16INK4a–Rb pathway cooperate to enforce 
irreversible cellular senescence. Nat Cell Biol, 2006. 8(11): p. 1291–1297. [PubMed: 17028578] 

35. van der Feen DE, et al. , Cellular senescence impairs the reversibility of pulmonary arterial 
hypertension. Sci Transl Med, 2020. 12(554): p. eaaw4974. [PubMed: 32727916] 

36. Matsushita H, et al. , eNOS activity is reduced in senescent human endothelial cells: Preservation 
by hTERT immortalization. Circ Res, 2001. 89(9): p. 793–8. [PubMed: 11679409] 

37. Hayashi T, et al. , Endothelial cellular senescence is inhibited by nitric oxide: Implications in 
atherosclerosis associated with menopause and diabetes. Proc Natl Acad Sci U S A, 2006. 
103(45): p. 17018–17023. [PubMed: 17075048] 

Culley et al. Page 10

Vascul Pharmacol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. FXN deficiency abrogates mitochondrial respiration and increases oxidative stress.
(A-H) Seahorse extracellular flux analysis measurements of PAECs transfected with FXN 

siRNA (red) or negative control (blue) (n= 12/group) in response to control (DMEM), 

the ATP synthase inhibitor oligomycin (1μM), the uncoupler FCCP (0.5μM), and the 

Complex I and Complex III inhibitors rotenone (2μM) and antimycin (0.5μM). Error bars 

reflect mean +/− SEM. (A) Extracellular acidification rate (ECAR) of PAECs cultured in 

high glucose (25mM). (B) Basal glycolysis (post DMEM). (C) Glycolytic capacity (post 

oligomycin). (D) Oxygen consumption rate (OCR) of PAECs in high glucose. Error bars 

reflect mean +/− SEM. (E) Basal respiration (post DMEM). (F) OCR of PAECs in low 

glucose (1g/L). (G) Basal respiration (post DMEM). (H) ATP-linked respiration (post 

oligomycin). (I) Amplex red colorimetric assay measuring intracellular hydrogen peroxide 

(H2O2) in PAECs transfected with FXN siRNA compared to control (n=6/group). (J) Flow 

cytometric percentage of cellular DCFDA fluorescence positivity (n=3/group). Experiments 

were performed at least three separate times with at least three technical replicates and 

analyzed by two-tailed Student’s t-test.
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Figure 2. Reduced FXN leads to an imbalance in vasomotor tone effectors and inhibits 
angiogenesis.
(A and B) RT-qPCR and ELISA measuring endothelin-1 (EDN1/ET-1) expression in PAECs 

transfected with FXN siRNA or negative control (n=3/group). (C) EDN1 mRNA levels in 

FXN-depleted or FXN-replete PAECs treated with the mitochondrial-specific superoxide 

dismutase MnTBAP (50μM) or vehicle control (n=3/group). (D and E) RT-qPCR and 

immunoblot of endothelial nitric oxide synthase (NOS3) expression (n=3/group). (F) Total 

nitrate and nitrite levels (ng/ng) as measured by Griess reagent colorimetric assay (n=4/

group). (G) Migration rate over 12 hours of FXN-deficient and control PAECs quantified 

from a scratch assay with representative images (n=3/group). (H and I) Number of branch 

points with representative images and relative tube length reflecting angiogenesis of PAECs 

cultured in Matrigel (n=4-5/group). Two-tailed Student’s t-test with error bars that reflect 

mean +/− SD. Experiments were performed at least three separate times with at least three 

technical replicates.
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Figure 3. iPS-derived endothelial cells with FXN mutations exhibit similar metabolic and 
vasomotor pathophenotypes.
(A-D) All phenotypic experiments performed in male age-matched inducible pluripotent 

stem cell-derived endothelial cells (iPSC-ECs) from a patient with FXN mutations (FRDA) 

compared to control. (A) Amplex red colorimetric assay measuring intracellular hydrogen 

peroxide (H2O2) (n=6/group). (B and C) Relative endothelin-1 transcript (EDN1, n=6/

group) and secreted protein (ET-1, n=3/group) expression. (D) RT-qPCR of nitric oxide 

synthase (NOS3) transcript in mutated versus healthy endothelial cells (n=6/group). Two-

tailed Student’s t-test with error bars that reflect mean +/− SD.

Culley et al. Page 13

Vascul Pharmacol. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Endothelial FXN deficiency alters the expression of vasomotor mediators in vivo.
(A) Confocal microscopic imaging and quantification of pulmonary vascular NOS3 (red), 

CD31 (green), α-SMA (white), and DAPI (blue) in lung (n=8 Fxn f/f, n=5, EC Fxn −/−). (B) 

Confocal microscopic imaging and quantification of vascular EDN1 (red), CD31 (green), 

α-SMA (white), and DAPI (blue) in lung (n=8 Fxn f/f, n=5, EC Fxn −/−). Two-tailed 

Student’s t-test with error bars that reflect mean +/− SD.
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