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Sommario
I mitocondri sono sede di importan琀椀 funzioni biologiche come la respirazione cellulare e la 
produzione di energia1. Meno noto ma altre琀琀anto importante è il loro ruolo nel metabolismo di 
oligoelemen琀椀 come il ferro. Per la sua proprietà di scambiare ele琀琀roni, il ferro risulta imputato in 
una mol琀椀tudine di processi che riguardano il metabolismo, la crescita e la respirazione cellulare2. Il 
metabolismo di questo metallo deve essere stre琀琀amente controllato poiché sue alterazioni si 
associano ad una eccessiva produzione di specie radicaliche e stress ossida琀椀vo, con conseguenze 
dramma琀椀che sulla vitalità cellulare3. L’ alterazione del metabolismo del ferro rappresenta il comune 
denominatore dei due argomen琀椀 afronta琀椀 nel seguente lavoro di tesi e che sono l’Anemia 
Sideroblas琀椀ca Congenita dovuta a mutazione del carrier mitocondriale SLC25A38 e l’Atassia di 
Friedreich. 

Anemia Sideroblas琀椀ca Congenita associata a mutazioni del carrier 
mitocondriale SLC25A38
Il primo feno琀椀po patologico ogge琀琀o di questa tesi è una forma di anemia sideroblas琀椀ca congenita 
(CSA) associata a mutazioni del carrier SLC25A38 (A38-CSA), quest’ul琀椀mo appartenente alla famiglia 
di carrier mitocondriali SLC25 comprensiva di 53 proteine nell’uomo4,5. Considerando la sua funzione 
di trasportatore di glicina nella matrice mitocondriale, SLC25A38 assume un ruolo fondamentale nel 
processo di sintesi dell’eme che, come prima tappa, prevede proprio la condensazione della glicina 
e succinil-CoA con la sintesi di acido δ -amminolevulinico (δ-ALA)6. Proprio per il suo coinvolgimento 
nella sintesi dell’eme, mutazioni del carrier SLC25A38 si associano all’insorgenza di una rara forma 
di CSA autosomica recessiva. Contrariamente alla CSA più difusa, associata a mutazioni dell’enzima 
5’-Aminolevulinato Sintetasi 2 (ALAS2-CSA), l’anemia A38-CSA è refra琀琀aria al tra琀琀amento con 
piridossina7,4. Inoltre, l’assenza di modelli biologici opportuni per lo studio in vitro della patologia 
rende più complesso lo sviluppo di strategie terapeu琀椀che e昀케caci.

Con l’obie琀�vo di fornire un modello biologico a昀케dabile, sono state selezionata e cara琀琀erizzate due 
linee cellulari. La prima è la linea commerciale eritroleucemica K562 su cui è stata applicata la tecnica 
di edi琀椀ng gene琀椀co CRISPR/CAS9, con il 昀椀ne di silenziare il gene SLC25A38. Il clone o琀琀enuto e dife琀�vo 
per il carrier è stato rinominato A38-low. La seconda u琀椀lizzata è una linea linfoblastoide o琀琀enuta da 
un paziente afe琀琀o da anemia microci琀椀ca, isodisomia paterna e omozigote recessivo per una 
mutazione nel locus SLC25A388. Dalla successiva cara琀琀erizzazione è emerso che talune 
cara琀琀eris琀椀che accomunano entrambe le linee cellulari, come la riduzione di eme e il dife琀琀o di 
respirazione. L’accumulo di ferro, di specie radicaliche e la marcata sensibilità allo stress ossida琀椀vo 
sono state evidenziate invece nella sola linea A38-low e sono altre琀琀anto cara琀琀eris琀椀che peculiari 
delle forme di CSA9.

Fornire una valida strategia terapeu琀椀ca è il secondo importante obie琀�vo di questo studio. 
Contrariamente a quanto osservato per ALAS2-CSA, il tra琀琀amento con piridossina non ha 
determinato alcun recupero di eme nelle linee cellulari selezionate. Inaspe琀琀atamente, il tra琀琀amento 
con 5-piridossal fosfato (PLP) nelle concentrazioni di 100 e 1uM ha determinato un signi昀椀ca琀椀vo 
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recupero della quan琀椀tà di eme e del dife琀琀o di respirazione rispe琀�vamente nella linea A38-low e 
A38-CSA. L’ipotesi avanzata è che gli efe琀� posi琀椀vi sor琀椀琀椀 dal tra琀琀amento con PLP siano da a琀琀ribuire 
al suo ruolo di antagonista dei rece琀琀ori purinergici P2, quest’ul琀椀mi coinvol琀椀 in fondamentali processi 
biologici10,11. Infa琀�, il tra琀琀amento con altri due generici antagonis琀椀 dei rece琀琀ori P2, nello speci昀椀co 
PPADS e suramina, ha elicitato nei modelli scel琀椀 efe琀� comparabili al PLP12. Queste prime evidenze 
suggerirebbero la possibile applicazione del PLP e di altri antagonis琀椀 dei rece琀琀ori purinergici P2 nel 
tra琀琀amento di questa forma di anemia.

Atassia di Friedreich
L’atassia di Friedreich (FRDA) è la forma più comune di atassia ereditaria in Europa13. È cara琀琀erizzata 
da una progressiva degenerazione dei neuroni sensoriali colloca琀椀 nei gangli delle radici dorsali (DRG) 
con conseguen琀椀 disfunzioni del sistema nervoso centrale e periferico14. L’insorgenza della patologia 
è stata a琀琀ribuita all’espansione della triple琀琀a GAA all’interno dell’introne 1 del gene della fratassina 
(FRX)15. Il ruolo della FRX non è stato ancora pienamente compreso. Tu琀琀avia, sempre maggiori 
evidenze sostengono il ruolo della proteina come chaperonina veicolante il ferro e quindi il suo 
coinvolgimento in processi importan琀椀 quali la sintesi dell’eme ma sopra琀琀u琀琀o la biogenesi dei cluster 
ferro-zolfo16–18.

Il lavoro di tesi si ricollega alla pubblicazione scien琀椀昀椀ca di Santoro e colleghi che nel 2018 hanno 
evidenziato gli efe琀� posi琀椀vi elicita琀椀 dal tra琀琀amento con Diazossido (DZX) su modello cellulare e 
murino di Atassia di Friedreich19. Il DZX, noto farmaco an琀椀pertensivo, risulta essere un a琀�vatore dei 
canali mitocondriali del potassio ATP-dipenden琀椀 (mitoK+ ATP) modulan琀椀 la produzione di specie 
radicaliche dell’ossigeno (ROS), la respirazione mitocondriale e la sopravvivenza neuronale20,21. 
Sebbene le prime evidenze siano incoraggian琀椀, la permeabilità alla barriera ematoencefalica (BBB) 
rappresenta un grande ostacolo al tra琀琀amento dei sintomi neurologici associa琀椀 a questa patologia. 
Con questo scopo, in collaborazione con il gruppo di ricerca del professor Denora è stato sviluppato 
un sistema di delivery del farmaco basato sulla produzione di nanoparicelle solide lipidiche (SLN), 
mediante un sistema di micro昀氀uidica. Una volta cara琀琀erizzate per alcuni parametri 昀椀sici, le SLN 
contenen琀椀 DZX (SLN-DZX) sono state testate su colture di 昀椀broblas琀椀 di pazien琀椀 afe琀� da FRDA e su 
un modello in vitro di BBB. In primo luogo, è emersa una maggiore capacità delle SLN-DZX di 
a琀琀raversare la BBB rispe琀琀o al DZX libero. Inoltre, è stato possibile veri昀椀care che il tra琀琀amento con 
SLN-DZX (DZX 1µM) riduce il contenuto di ROS e aumenta la vitalità cellulare nelle colture di 
昀椀broblas琀椀 FRDA. I risulta琀椀 o琀琀enu琀椀 quindi evidenziano le buone potenzialità di questo innova琀椀vo 
sistema di delivery ma sopra琀琀u琀琀o confermano gli efe琀� posi琀椀vi del DZX nell’a琀琀enuare lo stress-
ossida琀椀vo cellulare, tra琀琀o cara琀琀eris琀椀co della patologia di Friedreich.
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Summary
Mitochondria are the site of important biological func琀椀ons such as cellular respira琀椀on and energy 
produc琀椀on 1. Less known but equally important is their role in the metabolism of trace elements like 
iron. Due to its property of exchanging electrons, iron is involved in a mul琀椀tude of processes related 
to metabolism, growth, and cellular respira琀椀on2. The metabolism of this metal must be 琀椀ghtly 
regulated as its altera琀椀ons are associated with excessive produc琀椀on of radical species and oxida琀椀ve 
stress, leading to drama琀椀c consequences on cell viability3. The altera琀椀on of iron metabolism 
represents the common denominator of the two topics addressed in this thesis, which are 
Congenital Sideroblas琀椀c Anemia due to muta琀椀ons of the mitochondrial carrier SLC25A38 and 
Friedreich's Ataxia.

Congenital Sideroblas琀椀c Anemia Associated with mitochondrial 
carrier SLC25A38 muta琀椀ons
The 昀椀rst pathological phenotype discussed in this thesis is a form of congenital sideroblas琀椀c anemia 
(CSA) associated with muta琀椀ons in the SLC25A38 carrier (A38-CSA), belonging to the mitochondrial 
carrier family SLC25 which includes 53 proteins in humans4,5. Given its role as a glycine transporter 
into the mitochondrial matrix, SLC25A38 plays a crucial role in the heme synthesis process, which 
begins with the condensa琀椀on of glycine and succinyl-CoA to synthesize δ-Aminolevulinic Acid (δ-
ALA)6. Due to its involvement in heme synthesis, muta琀椀ons in the SLC25A38 carrier are associated 
with the onset of a rare autosomal recessive CSA form. Unlike the more common form of CSA, 
associated with muta琀椀ons in the enzyme from 5’-Aminolevulinate Synthetase 2 (ALAS2-CSA), A38-
CSA anemia is refractory to pyridoxine treatment7,4. Furthermore, the lack of suitable biological 
models for the in vitro study of the disease makes the development of efec琀椀ve therapeu琀椀c 
strategies more complex.

To provide a reliable biological model, two cell lines were selected and characterized. The 昀椀rst is the 
commercial erythroleukemic K562 line, which underwent CRISPR/Cas9 gene edi琀椀ng to silence the 
SLC25A38 gene. The resul琀椀ng clone was renamed A38-low. The second is a lymphoblastoid cell line 
obtained from a pa琀椀ent with microcy琀椀c anemia, paternal isodisomy, and homozygous recessive for 
a muta琀椀on at the SLC25A38 locus8. Subsequent characteriza琀椀on revealed that certain features are 
shared by both cell lines, such as reduced heme and defec琀椀ve respira琀椀on. However, iron 
accumula琀椀on, radical species, and marked sensi琀椀vity to oxida琀椀ve stress were observed only in the 
A38-low line and are also peculiar characteris琀椀cs of CSA forms9.

Providing an efec琀椀ve therapeu琀椀c strategy is the second important goal of this study. Contrary to 
observa琀椀ons in ALAS2-CSA, pyridoxine treatment did not result in any heme recovery in the selected 
cell lines. Unexpectedly, treatment with pyridoxal 5’-phosphate (PLP) at concentra琀椀ons of 100 and 
1 μM resulted in signi昀椀cant recovery of heme levels and respiratory defects in the A38-low and A38-
CSA lines, respec琀椀vely. The proposed hypothesis is that the posi琀椀ve efects of PLP treatment are due 
to its role as an antagonist of P2 purinergic receptors, playing a pivotal role in several biological 
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processes10,11. In fact, treatment with two others general P2 receptor antagonists, speci昀椀cally PPADS 
and suramin, elicited efects comparable to PLP in the selected models12. These ini琀椀al 昀椀ndings 
suggest the poten琀椀al applica琀椀on of PLP and other P2 purinergic receptor antagonists in the 
treatment of this form of anemia.

Friedreich’s Ataxia
Friedreich’s Ataxia (FRDA) is the most common form of hereditary ataxia in Europe13. It is 
characterized by progressive degenera琀椀on of sensory neurons located in the dorsal root ganglia 
(DRG), leading to dysfunc琀椀ons of the central and peripheral nervous systems14. The onset of the 
disease has been a琀琀ributed to the expansion of the GAA triplet repeat within intron 1 of the frataxin 
gene (FRX)15. The FRX role is not completely understood. However, increasing evidence supports the 
protein's role as an iron-chaperone, implica琀椀ng it in important processes such as heme synthesis 
and, more notably, the biogenesis of iron-sulfur clusters16–18.

This thesis expands on the 2018 paper by Santoro et al., which demonstrated the posi琀椀ve efects of 
Diazoxide (DZX) treatment on cellular and murine models of Friedreich's Ataxia19. DZX, a known 
an琀椀hypertensive drug, is an ac琀椀vator of mitochondrial ATP-sensi琀椀ve potassium channels (mitoK+ 
ATP), which modulate the produc琀椀on of reac琀椀ve oxygen species (ROS), mitochondrial respira琀椀on, 
and neuronal survival20,21. Although ini琀椀al 昀椀ndings are encouraging, the greatest challenge lies in 
trea琀椀ng the neurological symptoms associated with this disease, which would require delivering DZX 
across the blood-brain barrier (BBB).

To this end, in collabora琀椀on with Professor Denora's research group, a drug delivery system based 
on solid lipid nanopar琀椀cles (SLN) was developed using a micro昀氀uidic system. Aver the physical 
characteriza琀椀on, empty (eSLN) and DZX-containing SLNs (SLN-DZX) were tested on 昀椀broblast 
cultures from FRDA pa琀椀ents and an in vitro BBB model. Firstly, SLN-DZX demonstrated a greater 
ability to cross the BBB compared to free DZX. Addi琀椀onally, treatment with SLN-DZX (DZX 1 μM) was 
shown to reduce ROS content and increase cell viability in FRDA 昀椀broblast cultures. The results 
obtained highlight the promising poten琀椀al of this innova琀椀ve delivery system and, more importantly, 
con昀椀rm the posi琀椀ve efects of DZX in mi琀椀ga琀椀ng oxida琀椀ve stress, a characteris琀椀c feature of 
Friedreich's disease.
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1. General Introduc琀椀on
1.1 Iron metabolism
Mitochondria are mainly renowned for housing energe琀椀c metabolism1. Besides this pivotal role, 
mitochondria regulate the metabolism of trace elements, namely iron. Iron is a transi琀椀on metal with 
unpaired electrons and the ability to accept electrons. Speci昀椀cally, iron takes part in redox reac琀椀ons, 
conver琀椀ng between oxidized ferric (Fe3+) and reduced ferrous (Fe2+) forms. Thanks to this property, 
iron par琀椀cipates in several crucial biological processes such as oxygen transfer and respira琀椀on, cell 
growth, and metabolism2. Preserving redox equilibrium is fundamental to ensuring cell viability. 
Perturba琀椀ons of the redox state, due to iron de昀椀ciency or overload, lead to mitochondrial 
dysfunc琀椀on and metabolic altera琀椀ons3. The main risk associated with iron overload is the 
overproduc琀椀on of Reac琀椀ve Oxygen Species (ROS) by Fenton’s reac琀椀on. ROS are normally produced 
in cells, mainly in mitochondria; however, an excessive amount induces oxida琀椀ve stress, damage to 
cellular structures, and ul琀椀mately organ failure22. To avoid overload, iron is accurately distributed in 
diferent 琀椀ssues such as the liver and muscles. Furthermore, hemoglobin of circula琀椀ng red blood 
cells contains 60-70% of the metal available in the organism. At the cellular level, iron uptake through 
the plasma membrane is 昀椀nely regulated, as is the distribu琀椀on of the metal between diferent 
cellular compartments. Mitochondria contain up to 20-50% of total cellular iron23.

1.1.1 Cellular iron uptake
Duodenal enterocytes are responsible for dietary iron absorp琀椀on. Inorganic iron is mainly present in 
its oxidized form (Fe3+) and must be converted to Fe2+ by the duodenal membrane cytochrome b 
reductase (DcytB), before entering cells24. Through the Divalent Metal Transporter (DMT1), Fe2+ is 
transported into enterocytes, stored as ferri琀椀n or exported thanks to Ferropor琀椀n 1 (FPN1).  Exported 
Fe2+ is converted to Fe3+ by basolateral membrane-bound hephes琀椀n and soluble ceruloplasmin. 
Transferrin (Tf) protein binds and bufers Fe3+ during transport and the interac琀椀on between 
transferrin-bound iron and the ubiquitously expressed transferrin binding receptor (TFR1), causes 
the metal internaliza琀椀on into peripheral 琀椀ssues via endocytosis25,26. Internalized Fe3+ is reduced in 
Fe2+ by ferrireductase STEAP3 and exported out of the endosome, through endosomal DMT1, into 
cytosolic Labile Iron Pool (LIP) (Fig 1.1). Iron in the LIP can have several fates:

1. Direct used as a cofactor for cytosolic proteins;

2. Stored in ferri琀椀n molecules;

3. Transported to mitochondria;

4. Transported out of cells by FPN1.
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Figure 1.1: Cellular iron uptake and u琀椀liza琀椀on. Iron uptake occurs following endocytosis of complexes formed by Tf-binding iron and 
TFR1. In endosomes, reductase Steap3 reduced Fe3+to Fe2+which is transported out of the endosome through endosomal DMT1. The 
Fe2+ is transported out of the endosome into cytosolic LIP and may be transported into mitochondrion; used directly; stored in ferri琀椀n; 
or transported out of cells. 

As men琀椀oned before, iron homeostasis must be 琀椀ghtly preserved. Iron regulatory proteins (IRP) 
modulate the expression of proteins involved in iron metabolism by binding to speci昀椀c sequences 
located within the 5’ or 3’ Untranslated Regions (UTRs) of mRNAs, known as iron-responsive 
elements (IREs). The modula琀椀on by the IRP-IRE system is dynamic and occurs in response to 
varia琀椀ons in cellular iron levels27.

1.2 Mitochondrial iron metabolism
Several mechanisms have been proposed to elucidate the passage of iron across the outer 
mitochondrial membrane (OMM). The <kiss and run= model suggests that, following endocytosis of 
Fe3+-Tf-TFR1 complexes, Fe3+ undergoes to reduc琀椀on in Fe2+ by ferrireductase STEAP3 and released 
in mitochondria by endosome. In this model, a transient contact point between the endosome and 
the OMM allows iron passage28. Another hypothesis, detected in murine cardiac cells, suggests that 
non-Tf-bound iron is transferred to mitochondria in an unstable manner without passing through 
the cytosolic labile iron pool (LIP)29. Iron internalized through Tf-TFR1 complexes is par琀椀ally stored 
in the cytosolic LIP, which contains chelatable and redox-ac琀椀ve iron. In yeast and rat models, it is 
postulated that iron is transferred from LIP to mitochondria in a mitochondrial membrane-poten琀椀al-
dependent manner30. Aver crossing the OMM, iron passage across the inner mitochondrial 
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membrane (IMM) is mediated by speci昀椀c transporters, namely SLC25A37 and SLC25A28 (Mitoferrin 
1 and 2, respec琀椀vely)31,32.

Mitochondrial iron u琀椀liza琀椀on involves three fundamental metabolic pathways: heme biosynthesis, 
iron-sulfur (Fe-S) cluster biogenesis (ISC), and iron storage (Fig 1.2). The heme molecule is a 
prosthe琀椀c group for several proteins involved in oxygen transport and storage, enzyma琀椀c redox 
reac琀椀ons, and gene expression33. Heme biosynthesis is a widely conserved process that occurs in all 
cells but is par琀椀cularly ac琀椀ve in erythroid cells and hepatocytes34. Ac琀椀ng as cofactors for a 
heterogeneous group of proteins, Fe-S clusters assist in numerous biological processes such as 
nucleic acid replica琀椀on and repair, protein synthesis, electron transport, and metabolism35. 
Furthermore, mitochondria furnish clusters for mitochondrial Fe-S-containing proteins and export 
ISCs and ISC precursors to the cytosol for cytosolic and nuclear Fe-S cluster forma琀椀on36. More 
informa琀椀on regarding heme biosynthesis and ISC biogenesis is reported in subsequent sec琀椀ons.

To prevent mitochondrial iron overload and oxida琀椀ve stress, excess iron must be stored. Speci昀椀c 
cells and 琀椀ssues such as tes琀椀s, brain, and spinal cord, express mitochondrial ferri琀椀n (FtMt). Like 
cytosolic ferri琀椀n, FtMt has ferroxidase ac琀椀vity but, unlike the la琀琀er, is not regulated by the IRP-IRE 
system and iron levels37. FtMt plays a pivotal role in maintaining mitochondrial iron homeostasis. 
Nie and colleagues demonstrated that FtMt overexpression led to mitochondrial and cytosol iron 
homeostasis altera琀椀ons, highligh琀椀ng the drama琀椀c impact of mitochondrial iron dysregula琀椀on on 
whole-cellular iron homeostasis38.

 

Figure 1.2: Mitochondrial iron metabolic pathways: The cytoplasmic iron is imported in the mitochondrial matrix through Mitoferrin 
1-2 located on IMM.  The u琀椀liza琀椀on of iron by mitochondria mainly involved three important metabolic pathways: (i) heme-
biosynthesis; (ii) Fe-S cluster biogenesis; and (iii) mitochondrial iron storage. 

1.3 Mitochondrial iron disorders
Defects in proteins involved in heme biosynthesis and ISC biogenesis processes cause rare and severe 
diseases characterized by localized mitochondrial iron overload. Impairment of heme biosynthesis 
leads to hereditary forms of sideroblas琀椀c anemia, characterized by mitochondrial iron accumula琀椀on 
and increased FtMt levels9,39. Examples include congenital sideroblas琀椀c anemia forms resul琀椀ng from 
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5’-Aminolevulinate Synthetase 2 (ALAS2-CSA) and mitochondrial solute carrier SLC25A38 (A38-CSA) 
muta琀椀ons4,40.

Several pieces of evidence support the involvement of the frataxin (FRX) protein in ISC biogenesis; 
however, its speci昀椀c func琀椀on is s琀椀ll unknown41. Addi琀椀onally, it is known that muta琀椀ons in this 
protein underlie the onset of Friedreich’s Ataxia (FRDA), characterized by decreased heme and ISC 
biosynthesis, iron overload, and increased sensi琀椀vity to oxida琀椀ve stress42. Hereditary myopathy with 
lac琀椀c acidosis is caused by muta琀椀ons in the ISCU protein, involved in ISC biogenesis. Pa琀椀ents display 
mitochondrial impairment with lower ac琀椀vity of electron transport chain complexes I, II, and III and 
aconitase enzyme43. Finally, altera琀椀ons in mitochondrial iron pathways are also observed in pa琀椀ents 
anicted with neurodegenera琀椀ve diseases such as Alzheimer’s, Parkinson’s, and Hun琀椀ngton’s 
diseases44.

Altera琀椀ons in mitochondrial metabolism are observed in both pathological phenotypes discussed in 
this doctoral thesis, speci昀椀cally Congenital Sideroblas琀椀c Anemia due to SLC25A38 muta琀椀ons and 
Friedreich’s Ataxia disease.
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Congenital Sideroblas琀椀c Anemia 
associated with mitochondrial carrier 

SLC25A38 muta琀椀ons
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2. Introduc琀椀on
2.1 Heme metabolism
The following paragraphs examine in depth biochemical processes of heme biosynthesis and 
degrada琀椀on as well as the several func琀椀ons a琀琀ributed to heme molecule. 

2.1.1 Heme biosynthesis
Heme is a complex organic molecule that consists of an iron atom inserted in a protoporphyrin ring 
(shown in Fig 2.1). Heme plays pivotal roles in various biological processes such as electron 
transport, gas storage and transport, enzyme ac琀椀vity regula琀椀on and gene expression modula琀椀on.

Figure 2.1: Chemical structures of heme molecule. (Human Metabolome Database, ID HMDB0003178).

Heme biosynthesis (Fig 2.2) is composed of eight enzyma琀椀c steps that occur in two cellular 
compartments: the mitochondrial matrix and the cytosol 45. The 昀椀rst mitochondrial step involves the 
condensa琀椀on of glycine and succinyl-CoA molecules to form δ-aminolevulinic acid (δ-ALA)46. 
Although glycine difuses through the OMM, its entry into the mitochondrial matrix requires a 
transporter located in the IMM, namely SLC25A384,6. Succinyl-CoA is synthesized within the 
mitochondrial matrix primarily by the Tricarboxylic Acid Cycle (TCA) and the succinyl-CoA synthase 
via47,48. δ-Aminolevulinic Acid Synthase (ALAS) is the rate-limi琀椀ng 5’-pyridoxal phosphate (PLP)-
dependent enzyme that catalyzes the condensa琀椀on of glycine and succinyl-CoA molecules. Humans 
have two ALAS genes, speci昀椀cally ALAS1 and ALAS2, located on chromosomes 3 and X, respec琀椀vely. 
The ALAS1 gene is ubiquitously expressed, and intracellular heme content nega琀椀vely modulates 
ALAS1 expression at both the mRNA and protein levels. Unlike ALAS1, erythroid-speci昀椀c ALAS2 
expression is unafected by heme amount and is mainly regulated by the GATA-1 transcrip琀椀on factor 
and in昀氀uenced by cellular iron content49,50.
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The condensa琀椀on product, δ-ALA, is exported from the matrix to the cytosol where the subsequent 
four steps occur. The δ-ALA transporter protein is currently unknown. In the cytosol, the zinc-
dependent Porphobilinogen Synthase (PBGS) promotes the condensa琀椀on of two δ-ALA molecules 
to form Porphobilinogen (PBG). Subsequently, four PBG molecules are assembled into a linear 
tetrapyrrole, Hydroxymethylbilane (HMB), by Hydroxymethylbilane Synthase (HMBS). The HMB 
cycliza琀椀on by Uroporphyrinogen Synthase (UROS) and subsequent decarboxyla琀椀on by 
Uroporphyrinogen Decarboxylase (UROD) lead to the synthesis of Uroporphyrinogen III (UPgen III) 
and Coproporphyrinogen III (CPgen III), respec琀椀vely51,52. It is s琀椀ll debated how the CPgen III molecule 
returns to the intermembrane mitochondrial space (IMS) where Coproporphyrinogen Oxidase (CPO) 
promotes Protoporphyrinogen IX (PPgen IX) forma琀椀on. In the mitochondrial matrix, the last two 
steps of heme biosynthesis take place. PPgen IX is oxidized to form Protoporphyrin IX (Proto IX) by 
Protoporphyrinogen Oxidase (PPOX), which requires three oxygen molecules, producing three 
hydrogen peroxide molecules (H2O2). The 昀椀nal step consists of the incorpora琀椀on of iron (Fe2+) into 
the protoporphyrin ring, resul琀椀ng in the heme molecule. This reac琀椀on is catalyzed by Ferrochelatase 
(FECH), which in mammals uses iron delivered by the mitochondrial transporters SLC25A37 
(Mitoferrin 1) and SLC25A28 (Mitoferrin 2) 31,32.

Figure 2.2: Heme biosynthesis. Eight enzymes (shown in bold) distributed between mitochondrial matrix (ALAS2, CPO, PPOX, FCHE) 
and cytosol (PBGS, HMBS, UROS UROD), are involved in heme biosynthesis. The process also requires intermediates transpor琀椀ng 
carriers which iden琀椀ty is s琀椀ll unknown (shown in red) with the only excep琀椀on for the glycine-transpor琀椀ng carrier, SLC25A38.

2.1.2 Heme func琀椀ons
The newly synthesized heme (heme b) plays pivotal roles in many biological processes such as oxygen 
storage and transport, electron transfer, and iron homeostasis. Addi琀椀onally, heme b is a precursor 
of diferent heme types, namely heme c, heme o, and heme a, which are obtained from porphyrin 
ring modi昀椀ca琀椀ons (Fig. 2.3)53. Cytochrome c and complex III subunit cytochrome c1 are examples of 
proteins binding heme c. Cytochrome c heme lyase catalyzes the forma琀椀on of covalent thioether 
bonds between heme c and apocytochrome c or c154. Heme b farnesyla琀椀on by Heme o synthase 
produces heme o, which is sequen琀椀ally converted to heme a through Heme a synthase ac琀椀vity. 
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Cytochrome C Oxidase (complex IV) binds two heme a molecules, namely heme a and a3, which 
difer in their coordina琀椀on geometry within the protein55.

Figure 2.3: Heme b modi昀椀ca琀椀ons. Three forms of heme (a, o, c) are obtained from heme b molecule modi昀椀ca琀椀ons (in green). Star琀椀ng 
from the heme b precursor, heme c is obtained through the enzyme cytochrome c heme lyases which catalyses the covalent a琀琀achment 
to the sulnydryl moie琀椀es of either cytochrome c or complex III subunit cytochrome c1. Heme a is synthesized from heme b through 
heme o synthase, leading to heme o intermediate forma琀椀on, and heme a synthase enzyme (Swenson SA, 2020).

Heme shows regulatory ac琀椀vity on diferent target molecules such as enzymes, ion channels, and 
transcrip琀椀on factors. Firstly, heme regulates ALAS1 isoform through a nega琀椀ve feedback mechanism. 
By binding its Heme Responsive Elements (HRM), heme prevents ALAS1 precursor transporta琀椀on 
into mitochondria. The decrease in mature ALAS1 protein amount leads to repression of heme 
biosynthesis56. Ion channels binding heme groups undergo structural and ac琀椀vity modi昀椀ca琀椀ons in 
the presence of heme ligands such as carbon monoxide (CO). Large-conductance voltage- ATP and 
Ca2+ ac琀椀vated K+ channel ac琀椀vi琀椀es are promoted by CO binding to heme groups within proteins. 
Finally, heme regulates the ac琀椀vity of transcrip琀椀on factors Rev-erbα and β, which modulate the 
expression of genes involved in circadian rhythm maintenance, metabolic pathways and 
in昀氀amma琀椀on57.

To reach cellular organelles, heme must pass through the IMM and the OMM. However, due to its 
hydrophobicity, free heme is cytotoxic. This is why heme tra昀케cking is mediated by bufering 
molecules and transporters. Progesterone Receptor Membrane Component (PGRMC) 1 and 2 are 
puta琀椀ve heme chaperones. Both PGRMC 1 and 2 deliver heme groups to nuclear proteins such as 
Rev-erbα, while only the former transfers heme to cytochrome b558,59. Glyceraldehyde Phosphate 
Dehydrogenase (GAPDH) has also been iden琀椀昀椀ed as a heme chaperone protein that mediates heme 
inser琀椀on into nitric oxide synthase and guanylyl cyclase enzymes60.
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2.1.3 Heme degrada琀椀on
Heme degrada琀椀on (Fig. 2.4) is essen琀椀al not only to avoid heme overload but also to preserve iron 
homeostasis. The process is mediated by Heme Oxygenases (HO), which convert heme to biliverdin, 
CO, and iron. The reac琀椀on is assisted by Cytochrome P450 Reductase, NADPH, and oxygen, which 
supply seven electron equivalents. In humans, HO is expressed in two isoforms: HO1 and HO261. The 
HO2 isoform is expressed at basal levels in diferent 琀椀ssues, whereas HO1 expression is in昀氀uenced 
by various environmental and metabolic s琀椀muli62. Biliverdin is converted to Bilirubin by Biliverdin 
Reductase, requiring two electron equivalents delivered by NADPH61. As men琀椀oned before, heme 
degrada琀椀on is combined with iron release, which is recycled for new ferroprotein synthesis. It is 
speculated that poly-(rC) Binding Protein 2 (PCBP 2) bufers iron released from HO degrada琀椀on63. 
Mitoferrin 1 and 2 transport a signi昀椀cant por琀椀on of the iron into mitochondria, which house 
fundamental processes involving iron u琀椀liza琀椀on. Once in mitochondria, iron takes part in ISC 
biogenesis, bufered by frataxin protein, as well as being ceded to FECH enzyme for new heme 
biosynthesis 64,17,65.

Figure 2.4: Heme Degrada琀椀on. Heme oxygenase cleaves the heme ring, producing biliverdin. Biliverdin is sequen琀椀ally converted to 
bilirubin by bilverdin reductase (h琀琀ps://themedicalbiochemistrypage.org/).

https://themedicalbiochemistrypage.org/
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2.2. Sideroblas琀椀c Anemia
Sideroblas琀椀c Anemias (SA) are a heterogeneous group of inherited or acquired disorders 
characterized by improper erythropoiesis, ringed sideroblasts in the bone marrow, and iron overload 
in several 琀椀ssues66. Ringed sideroblasts are erythroid precursors dis琀椀nguished by the presence of 
iron granules sca琀琀ered in the mitochondrial matrix. Furthermore, these abnormal mitochondria 
encircle erythroblast nuclei, giving the typical ring morphology (as shown in Fig. 2.5)67. 

Figure 2.5: Ringed Sideroblasts. Bone marrow aspirate stained with Prussian blue, showing ringed sideroblasts with numerous iron-
posi琀椀ve granules (arrows) (Bo琀琀omley S.S, 2014).

Leading causes of congenital sideroblas琀椀c anemias (CSAs) are a琀琀ributable to muta琀椀ons afec琀椀ng 
proteins involved in important mitochondrial func琀椀ons such as heme and ISC biosynthesis and 
oxida琀椀ve phosphoryla琀椀on process (OXPHOS)9.CSAs are rare diseases characterized by three possible 
inheritance modali琀椀es:

• X-linked (XLSA);

• Autosomal recessive (ARSA);

• Maternal inheritance.

The most common CSA is the X-linked form associated with muta琀椀ons in the erythroid-speci昀椀c 
isoform of ALAS2 enzyme (ALAS2-CSA), which catalyzes the 昀椀rst step of heme biosynthesis40. More 
than ninety muta琀椀ons dispersed throughout the protein structure have been iden琀椀昀椀ed in anicted 
pa琀椀ents, showing diferent severity of phenotype and responsiveness to pyridoxine therapy. Most 
of the sequence altera琀椀ons are missense muta琀椀ons; however, other modi昀椀ca琀椀ons such as inser琀椀ons 
and dele琀椀ons have been characterized7.

Another example of X-linked CSA is due to muta琀椀ons in the ABCB7 protein, belonging to the ATP 
Binding Casse琀琀e family. Phenotypically, the muta琀椀on causes syndromic microcy琀椀c anemia 
associated with cerebellar ataxia (XLSA/A)68. ABCB7 is a transporter located in the IMM, involved in 
Fe-S clusters transporta琀椀on and in cytosolic Fe-S cluster assembly69. Inser琀椀on of Fe-S clusters is 
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fundamental for the func琀椀onal matura琀椀on of diferent proteins, primarily hemoglobin and 
myoglobin.

Thiamine-Responsive Megaloblas琀椀c Anemia (TRMA) is an example of ARCSA ascribed to muta琀椀ons 
in the Thiamine Carrier 1 (SLC19A2) gene70. The impact on mitochondrial func琀椀ons is signi昀椀cant 
because of the role of thiamine as a cofactor for many enzymes. For instance, thiamine-dependent 
enzymes are involved in ribose sugar (e.g., transketolase) and succinyl-CoA (e.g., pyruvate and alpha-
ketoglutarate dehydrogenase) synthesis, which are important for mitochondrial RNA metabolism 
and heme biosynthesis, respec琀椀vely71.

As an琀椀cipated, forms of CSA are also the result of modi昀椀ca琀椀ons regarding mitochondrial proteins, 
including respiratory chain components. Point muta琀椀ons with maternal inheritance have been 
detected in the mitochondrial MT-ATP6 gene encoding for complex V subunit ATPase6. Muta琀椀ons in 
this protein are set in the context of another CSA form named Mitochondrial Myopathy, Lac琀椀c 
Acidosis with Sideroblas琀椀c Anemia (MLASA)72.

Acquired SA forms arise in the presence of bone marrow prolifera琀椀ve disorders such as 
Myelodysplas琀椀c Syndrome (MDS) and Myeloprolifera琀椀ve Neoplasm (MN), or due to environmental 
factor exposure. A plethora of gene muta琀椀ons have been associated with MDS onset; however, 
modi昀椀ca琀椀ons in the SF3B1 gene are responsible for the subtype with ringed sideroblasts73. 
Altera琀椀ons in the SF3B1 gene cause an aberrant mRNA splicing mechanism in progenitor and 
hematopoie琀椀c stem cells, compromising several gene expressions. Some transcripts involved in 
heme biosynthesis (e.g., ALAS2 and SLC25A38) and iron homeostasis (e.g., ABCB7) exhibit altered 
expression74.

Reversible acquired SA forms are due to certain drugs and heavy-metal poisoning. The an琀椀bio琀椀c 
Isoniazid, widely used in tuberculosis treatment, impedes the conversion of pyridoxine into PLP, 
which is the cofactor of the ALAS2 enzyme75. Zinc in heavy metal poisoning condi琀椀ons competes 
with iron for incorpora琀椀on into the porphyrin ring, leading to iron accumula琀椀on. Addi琀椀onally, zinc 
reduces intes琀椀nal copper absorp琀椀on by inducing metallothionein ac琀椀vity. Copper is a cofactor of the 
Superoxide Dismutase enzyme, which is fundamental to maintaining mitochondrial redox 
equilibrium. The immediate consequence of reduced copper availability is mitochondrial iron 
overload76,77.

The discussion below focuses on the autosomal recessive CSA form associated with muta琀椀ons in the 
mitochondrial transporter SLC25A38, a member of the mitochondrial protein family named Solute 
Carrier Family 25 (SLC25).
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2.3 SLC25 Mitochondrial carrier family
SLC25, known as the 2.A.29 family according to the Transporter Classi昀椀ca琀椀on Database, includes 
transport proteins with a characteris琀椀c primary structure. In humans, 53 proteins have been 
characterized as members of the SLC25 family, with the pivotal role of ensuring metabolite exchange 
between the mitochondrial matrix and the cytosol78. The most common transport mechanism 
operated by these proteins consists of a strict counter-exchange (an琀椀port); however, some 
transporters exhibit unidirec琀椀onal (uniport) or substrate-proton (symport) transport ac琀椀vi琀椀es. 
Furthermore, SLC25s can be subdivided based on the electrical nature of the transport ac琀椀vity, 
dis琀椀nguishing between electrophore琀椀c (electrogenic) or electroneutral5. Approximately half of the 
carriers have been characterized for substrate speci昀椀city by the EPRA (Expression Puri昀椀ca琀椀on 
Recons琀椀tu琀椀on Assay) method, which consists of the recombinant expression of carrier genes, 
puri昀椀ca琀椀on, and recons琀椀tu琀椀on of proteins into liposomes for transport assay78 by SLC25s, such as 
nucleo琀椀des, amino acids, cofactors, tricarboxylic acid cycle intermediates, and inorganic ions (Fig. 
2.6).

Figure 2.6: Overview of iden琀椀昀椀ed human SLC25 proteins catalysing transport through the IMM. SLC25 carriers are involved in 
oxida琀椀ve phosphoryla琀椀on (AAC, PiC, UCP); oxida琀椀on/reduc琀椀on pathways (AGC, OGC, DIC, CIC, CAC); synthesis and breakdown of 
mitochondrial DNA and RNA (PNC); homeostasis of the intramitochondrial adenine nucleo琀椀de pool (APC); methyla琀椀on of mtDNA, 
mtRNA and some intramitochondrial proteins (SAMC); import of thiamine pyrophosphate (ThPP) required for pyruvate- and 
oxoglutarate-dehydrogenase complex ac琀椀vi琀椀es (TPC); import of coenzyme A (CoA) required for fa琀琀y acid (FA) β-oxida琀椀on, Krebs cycle, 
biosynthesis of heme, branched chain amino acid catabolism, urea cycle and mitochondrial type II FA synthase (CoA carrier); and 
amino acid metabolism (AGC, ORC, GC, ODC). AAC, ADP/ATP carrier; AGC, aspartate glutamate carrier; APC, ATP-Mg/Pi carrier; CAC, 
carni琀椀ne-acylcarni琀椀ne carrier; CIC, citrate (tricarboxylate) carrier; CoA, coenzyme A carrier; DIC, dicarboxylate carrier; GC, glutamate 
carrier; ODC, oxoadipate carrier; OGC, oxoglutarate carrier; ORC, ornithine carrier; PiC, phosphate carrier; PNC, pyrimidine nucleo琀椀de 
carrier; SAMC, S-adenosylmethionine carrier; TPC, thiamine pyrophosphate carrier; UCP, uncoupling protein (Palmieri F. 2013).

Members of the SLC25 family have a common structure composed of three tandem-repeated 
homologous domains (SOLCAR), each of 100 amino acid residues. SOLCARs are characterized by two 
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alpha-helical transmembrane segments separated by a hydrophilic loop that faces the mitochondrial 
matrix and the Signature Mo琀椀f (SM) PX[D/E]XX[K/R]X[K/R]X20-30[D/E]GXXXX[W/Y/F][K/R]G. Both 
the N-terminal and C-terminal ends are located in the mitochondrial intermembrane space (Fig. 
2.7)5.

Figure 2.7: Topology of SLC25 mitochondrial carrier. SLC25 structure is composed of six helices (H1-H6) and N and C-termini both 
located in the mitochondrial intermembrane space. Each SOLCAR domain consists of about 100 residues forming two transmembrane 
segments joined by an elongated matrix loop containing a matrix helix. The three repeats are connected by shorter loops that face the 
intermembrane space (Palmieri, 2014).

In 2003, Pebay-Peyroula et al. solved the atomic structure of bovine SLC25A4 (ADP/ATP transporter) 
by x-ray crystallography (PDB accession code 1OKC), highligh琀椀ng important structural features of 
SLC25s79. The six transmembrane segments (H1-H6) are organized to de昀椀ne a deep cone-shaped 
depression in which the substrate binding-site is located. In this site, some amino acid residues called 
contact points I, II, and III play an important role in substrate binding. Par琀椀cularly, contact point II 
varies coherently with substrate changes, allowing discrimina琀椀on between diferent molecule types, 
namely keto-acids, amino acids, and nucleo琀椀des80.

Substrate binding triggers conforma琀椀onal modi昀椀ca琀椀ons responsible for the carrier's transi琀椀on from 
c-state to m-state (and vice versa). The substrate-induced conforma琀椀onal changes are largely due to 
"昀氀exible hinged helix movements" of the even and odd transmembrane α-helices, which consist of 
a 琀椀lt of the helical segments and a kink/swivel of their termini at the level of the conserved prolines 
and glycines81. In the c-state conforma琀椀on, the substrate enters the carrier from the cytosol. The 
carrier undergoes a transi琀椀on state where the substrate is at the center of the transloca琀椀on pore, 
and both the c-gate and m-gate (on the matrix side) are locked. Finally, in the m-state, the c-gate is 
locked while the m-gate is opened, allowing the substrate to exit into the matrix. In the an琀椀port 
mechanism, another substrate molecule completes the exchange reac琀椀on in the opposite 
direc琀椀on81.

Given the great variety of substrates transported, SLC25 proteins par琀椀cipate in a mul琀椀tude of 
biological processes involving amino acid, fa琀琀y acid, and nucleo琀椀de metabolism, as well as energy 
produc琀椀on. This is the main reason why muta琀椀ons in SLC25 genes are correlated with severe 
diseases characterized by neuropathy, encephalopathy, and myopathy with varying degrees of 
severity82. Mostly single nucleo琀椀de missense muta琀椀ons in SLCs contact points and SM conserved 
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residues lead to rare pathological phenotypes mainly inherited in an autosomal recessive manner. 
Currently, 23 diseases associated with 18 SLCs proteins have been characterized83. Examples include 
Combined D-2 and L-2-hydroxyglutaric aciduria (OMIM: 615182) and Congenital Myasthenic 
Syndrome (OMIM: 618197) due to SLC25A1 (Citrate Carrier CIC) gene muta琀椀ons84,85,86. AGC1 
(SLC25A12) and AGC2 (SLC25A13) proteins have been iden琀椀昀椀ed as aspartate-glutamate transporters 
involved in the malate-aspartate shu琀琀le system87. In SLC25A12 de昀椀ciency, malate-aspartate shu琀琀le 
ac琀椀vity is impaired, leading to the onset of Early Infan琀椀le Epilep琀椀c Encephalopathy (OMIM: 
612949)88. Lastly, modi昀椀ca琀椀ons in the ornithine carrier (ORC 1) SLC25A15 compromise the urea 
cycle, causing hyperornithinemia, hyperammonemia, and homocitrullinemia (HHH) syndrome 
(OMIM: 238970)89.
 

2.4 SLC25A38
The human SLC25A38 gene (Gene ID: 54977 in NCBI Gene Database) is located on the short arm of 
chromosome 3, near cytogene琀椀c band 22.1 (3p22.1) (Fig. 2.8).

Figure 2.8: Posi琀椀on of human SLC25A38 gene. In red is shown the posi琀椀on of SLC25A38 gene on the chromosome 3 (UCSC, hg38 
assembly).

A total of nine mRNA sequences and their corresponding proteins for the human SLC25A38 gene are 
reported in the RefSeq NCBI Nucleo琀椀de and Protein Database, as listed in the following table (Tab 
2.1).

Table 2.1: Human SLC25A38 mRNA and protein sequences. The table resumes mRNA and protein sequences associated with SLC25A38 
gene. The 昀椀rst isoform (NM_017875.4) codes for 304 aa long protein (NP_060345.2), the only showing the canonical carrier structures 
composed of three complete SOLCAR domains.

According to <The NCBI Handbook 2nd Edi琀椀on,= seven SLC25A38 mRNA and protein sequences with 
the pre昀椀xes XM or XP are computa琀椀onally predicted, whereas the remaining two sequences with 
the pre昀椀xes NM or NP are manually curated and considered more reliable. The mRNA sequences 
NM_017875.4 and NM_001354798.2 produce the proteins NP_060345.2 (SLC25A38-isoform 1) and 
NP_001341727.1 (SLC25A38-isoform 2), respec琀椀vely. The former is the longest isoform and the only 
one containing three complete SOLCAR mo琀椀fs. In contrast, isoform 2 is expected to be 240 amino 
acids long, containing only two SOLCAR mo琀椀fs. These are insu昀케cient to form the func琀椀onal 
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mitochondrial carrier structure with six transmembrane α-helices. In the following literature and in 
the rest of the thesis, only isoform NM_017875.4 (304 aa) is considered.
The 昀椀rst 昀椀ndings about the puta琀椀ve role of SLC25A38 were suggested by Guernsey et al. They 
iden琀椀昀椀ed a group of probands anicted with severe non-syndromic CSA due to muta琀椀ons in the 
SLC25A38 gene. Furthermore, they observed that Saccharomyces cerevisiae mutants for the HEM25 
gene (SLC25A38 orthologue) showed respira琀椀on and heme biosynthesis defects (Fig 2.9) and a 
signi昀椀cant reduc琀椀on in δ-ALA levels. The latest evidence suggested a poten琀椀al involvement of the 
SLC25A38 gene in expor琀椀ng δ-ALA from mitochondria or impor琀椀ng glycine into mitochondria from 
the cytosol4. Lune琀� et al. func琀椀onally characterized Hem25 and SLC25A38 proteins as mitochondrial 
glycine carriers.

Figure 2.9: Respira琀椀on and heme biosynthesis defects in yeast strain de昀椀cient SLC25A38 ortholog, Hem-25. Abbrevia琀椀ons reported 
on the top indicate the wild-type (WT), the HEM-25 knocked-out (∆) strains, the knocked-out yeast strain transformed with empty 
vector (∆+V) and with a vector expressing wild-type HEM-25 (∆+I). (i) Yeast strains were plated on minimal medium plus dextrose (SD) 
or glycerol (SG). Contrary to the SG condi琀椀on, no defec琀椀ve growth of the ∆ strain was observed in presence of dextrose. The evidence 
suggested a respira琀椀on defect in the yeast strain lacking for HEM-25. (ii) Yeast strains were plated on SD supplemented with sodium 
nitroprusside (NP) and 5-aminolevulinc acid (SD-ALA-NP) or glycine (SD-Gly-NP). Hem-25 defec琀椀ve strain was unable to metabolize 
sodium nitroprusside which reduc琀椀on is heme-dependent and imparts a blue colora琀椀on to the colonies. The 昀椀nding indicated a likely 
impairment of heme biosynthesis in ∆ yeast strain (Guernsey D. 2009).

Furthermore, zebra昀椀sh embryos knockdown for SLC25A38 orthologues (slc25a38a and slc25a38b) 
showed an anemic phenotype similar to ALAS2 de昀椀ciency6,90 (Fig. 2.10). All these important 昀椀ndings 
suggested a pivotal role of the SLC25A38 protein in the erythropoiesis process and heme 
biosynthesis.
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Figure 2.10: Anemic phenotype detected in zebra昀椀sh embryos following knockdown of SLC25A38 orthologous genes, slc25a38a 
and b. Zebra昀椀sh embryos stained for hemoglobin following microinjec琀椀on with water control or an琀椀sense morpholino reagents. The 
diferent sec琀椀ons show the control and the morpholino reagent targe琀椀ng orthologous slc25a38a, slc25a38b or both orthologous genes 
simultaneously.

Consistent with SLC25A38 involvement in heme biosynthesis, the expression of this protein occurs 
mainly in lymphoid 琀椀ssues and bone marrow, where, besides mitochondrial glycine synthesis, an 
external glycine supply is also required to sustain the erythropoiesis process91. Furthermore, 
SLC25A38 expression is also detectable in the brain, liver, and gallbladder in terms of both mRNA 
and protein (Human Protein Atlas).

2.4.1 Congenital Sideroblas琀椀c Anemia due to SLC25A38 muta琀椀ons (A38-CSA)
Muta琀椀ons in the SLC25A38 gene cause the second most common recessive form of CSA (A38-CSA 
OMIM:205950)4. Unlike X-linked ALAS2-CSA, which can onset from childhood to adulthood, A38-CSA 
arises in the early stages of life. Phenotypically, A38-CSA presents similari琀椀es with X-linked forms, 
namely the presence of ringed sideroblasts and re琀椀culocytopenic hypochromic and microcy琀椀c 
anemia92. Although A38-CSA is considered non-syndromic, it is some琀椀mes correlated with other 
clinical condi琀椀ons such as intellectual disability, facial dimorphism, and hypotonia93. Compared to 
the X-linked forms, A38-CSA is refractory to pyridoxine treatment; moreover, pa琀椀ents need 
con琀椀nuous transfusions and chela琀椀on therapy to avoid iron overload4.

Forty-seven pathological muta琀椀ons have been characterized in probands from various countries and 
ethnic backgrounds. Most pa琀椀ents carry homozygous mutant alleles, or in some cases, they exhibit 
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compound heterozygosity. Only one proband shows homozygosity due to parental isodisomy8. 
Missense muta琀椀ons are most frequently detected in probands (31%), mainly in the transmembrane 
domain. Stop-gained (27%), frameshiv (27%), splicing (9%), and stop-loss (1%) muta琀椀ons occur with 
progressively lower frequency94. Approximately one-third of proband families carry the 324_325 
dele琀椀on and 349C>T subs琀椀tu琀椀on occurring at CT and CpG dinucleo琀椀de sites, respec琀椀vely. Moreover, 
two missense muta琀椀ons, namely the 560G>C and 625G>C subs琀椀tu琀椀ons, are associated with 
introducing a cryp琀椀c splice acceptor within the 昀椀vh exon95.

Glycine and combined glycine and folate treatments, ameliorate the anemic phenotype respec琀椀vely 
in yeast and zebra昀椀sh mutants for SLC25A38 orthologous genes90,96. However, a trial treatment with 
oral high-dose glycine has been inefec琀椀ve in three pa琀椀ents afected by A38-CSA96. Moreover, 
allogenic hematopoie琀椀c stem cell transplants have proven efec琀椀ve in a few cases 97. Currently, A38-
CSA lacks efec琀椀ve therapeu琀椀c strategies.
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3. Materials and Method
3.1 Reagents, cell lines, and culture condi琀椀ons
Lymphoblastoid cell lines obtained from a healthy control and a pa琀椀ent afected by A38-CSA were 
cultured in RPMI 1640 (Euroclone) supplemented with 20% fetal bovine serum (FBS), 2mM L-
glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin. Erythroleukemic cell line K562 wild type 
(K562 WT) and defec琀椀ve for the SLC25A38 gene were cultured in RPMI 1640 medium enriched with 
16% FBS, 2mM L-glutamine, 100 U/ml penicillin and 0.1 mg/ml streptomycin. Cell cultures were 
seeded in 25cm² culture 昀氀asks posi琀椀oned upright and maintained at 37°C in a humidi昀椀ed 
atmosphere with 5% CO2. Fresh medium was provided to culture cells every 2-3 days. Furthermore, 
cell concentra琀椀ons were maintained at 5-7x105 cells/ml for both K562 and lymphoblastoid cell lines 
to ensure an exponen琀椀al growth phase. Regarding drugs and vitamers, treatments lasted 2 or 3 
days; the medium used lacked an琀椀bio琀椀cs and was changed daily. All chemicals and reagents used 
in the study were obtained from Sigma Aldrich.

3.2 CRISPR/Cas9 edi琀椀ng of the SLC25A38 gene
Op琀椀mized protocols provided by Amaxa Biosystem (Cologne, Germany, h琀琀ps://www.amaxa.com) 
were followed to accomplish the nucleofec琀椀on of K562 cells. Cells were resuspended in 100 µL of SF 
Cell-line 4D-Nucleofector Solu琀椀on (Amaxa Biosystems), to which 1 µg of gRNA (CB-9571.2 IVT gRNA) 
and 1 µg of Cas9 protein (TrueCut Cas9 protein, Thermo Fisher) were added. The mixture was pulsed 
using the FF120 program. Aver nucleofec琀椀on, cells were resuspended in pre-warmed medium and 
seeded in a six-well plate. Aver 48h, the GeneArt Genomic Cleavage Detec琀椀on Kit (Thermo Fisher) 
was employed on cells to con昀椀rm in situ mutagenesis. Through serial dilu琀椀ons, single cells were 
obtained. Each clone was tested by sequencing using two primers (CB-9571.2_GCD1_F/R) (Table 3.1) 
located upstream and downstream of the muta琀椀on site of interest.

Table 3.1: Primers and gRNA used for the CRISPR/Cas9 edi琀椀ng of the SLC25A38 gene.

3.3 Western blot analysis
Pre-washed cells were lysed with lysis bufer (0.15 M NaCl, 5 mM EDTA, 1% NP-40, and 10 mM Tris-
Cl at pH 7.4) and cell extract was collected in a microcentrifuge tube. To quan琀椀fy the protein 
amount, the Bradford assay was performed using Bio-Rad reagent. Equivalent to 50µg of proteins 
was loaded and separated on 12% polyacrylamide gels and transferred onto nitrocellulose 
membranes (Bio-Rad) through electroblo琀�ng technique98. Membranes were incubated with a 
blocking solu琀椀on composed of 2% BSA in TBST (50 mM Tris, 150 mM NaCl, 0.5% (v/v) Tween 20) 

https://www.amaxa.com/


27

bufer for 1h at RT. Aver incuba琀椀on, membranes were washed for 20 min with TBST bufer. 
Appropriate dilu琀椀ons of primary an琀椀bodies were incubated for 1h at RT, namely an琀椀-SLC25A38 
(1:500, Thermo Fisher) and an琀椀-βATPase (1:10000, BD Bioscience). Membranes were washed three 
琀椀mes with TBS for 15 min. Each membrane sec琀椀on was incubated with HRP secondary an琀椀bodies, 
speci昀椀cally an琀椀-rabbit (Pierce, 1:10000) and an琀椀-mouse (Pierce, 1:10000). Finally, membranes were 
washed three 琀椀mes with TBS and immunoreac琀椀ve bands were visualized using Immobilon Western 
Chemiluminescent HRP Substrate (Millipore).

3.4 Cytotoxicity assay
To es琀椀mate cell viability, Resazurin (alamarBlue, Life Technologies) and Trypan Blue assays were 
performed on cells treated with H2O2. In the Resazurin Assay, cells were resuspended in 2ml of RPMI 
and seeded in a 96-well plate at a density of 5x104 cells per well. Cells were incubated for 24 or 48h 
with concentra琀椀ons of H2O2 ranging from 0 to 1000 µM, at 37°C in a humidi昀椀ed atmosphere with 
5% CO2. Each point was analyzed in triplicate. The Resazurin assay depends on the cell's metabolic 
capacity to reduce resazurin into resoru昀椀n. Resazurin is a permeable, non-toxic molecule that is 
converted into pink-colored resoru昀椀n by redox enzymes accep琀椀ng electrons from NADH, NADPH, 
and FADH2. Resoru昀椀n forma琀椀on causes a color shiv which is measured by colorimetry or 
昀氀uorimetry, providing quan琀椀ta琀椀ve informa琀椀on about cell viability and toxicity99. A resazurin stock 
solu琀椀on (600 µM) was prepared in Phosphate Bufer Saline (PBS) and media was replaced by 
working solu琀椀on composed of 10% resazurin in RPMI medium. Plates were incubated for 4h, and 
absorbance was detected at 570 and 600 nm using a microplate spectrophotometer (Victor 3, Perkin 
Elmer). Cell viability was expressed as the ra琀椀o of viable cells treated and untreated. In the Trypan 
Blue exclusion method, cells were seeded in a 12-well plate at a density of 2x105 per well and treated 
for 24 or 48h with diferent concentra琀椀ons of H2O2. Aver incuba琀椀on, cells were washed with PBS 
and counted with a hemocytometer. Cell survival was expressed as the percentage of viable cells on 
the total cells counted. 

3.5 Protoporphyrin IX and heme content assays
To assess PPIX synthesis measurement, the method proposed by Novak and colleagues was 
performed100. For each condi琀椀on, an amount of 2x106 cells was lysed with 20 µL of lysis bufer (125 
mM Tris/HCl, pH 7.8; 2 mM DTT; 2 mM EDTA; 10% (v/v) glycerol; 1% (v/v) Triton X-100) and 
incubated for 30 min with gentle shaking. Subsequently, 80 µL of PPIX extrac琀椀on bufer (50% 
methanol, 33.7% dis琀椀lled water, 14.3% perchloric acid pre-dissolved to 70% in water, all v/v) was 
added, and cells were shaken for 45 min. The Bradford assay (Bio-Rad) was simultaneously 
performed to quan琀椀fy protein amount in cell extracts. Cell extracts were transferred in a 96-well 
plate and 昀氀uorescence signal was evaluated using the Victor Mul琀椀label Plate Reader (Perkin Elmer). 
The instrument was set up with 405nm and 620nm as the excita琀椀on and emission 昀椀lter, respec琀椀vely, 
and an integrated read-out period of 10 sec per well. Fluorescence rela琀椀ng to a mixture of 80 µL of 
lysis bufer and 20 µL of extrac琀椀on bufer was subtracted from the sample 昀氀uorescence. Finally, data 
obtained were normalized to the protein content (mg) per sample. The PPIX synthesis amount was 
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expressed as Rela琀椀ve PPIX Content (arbitrary unit). Heme content evalua琀椀on was assessed using a 
commercial hemin colorimetric assay provided by Sigma. As displayed in guidelines, cells were 昀椀rst 
homogenized in 4 volumes of cold Hemin Assay Bufer. Insoluble material was removed by 
centrifuga琀椀on at 4°C, at 13,000 x g, for 10 min. The resul琀椀ng supernatant was diluted 1000-fold with 
Hemin Assay Bufer and included in the reac琀椀on mix containing the enzyme mix, the substrate, and 
the 昀氀uorescent probe. A blank sample without enzyme mix was also assessed. The reac琀椀on was 
incubated at RT for 20-30 min and protected from light. The absorbance was detected with the 
Victor Mul琀椀label Plate Reader set up at 570 nm, and heme amount was expressed as Rela琀椀ve Heme 
Content (arbitrary unit).

3.6 Flow cytometry analysis
To evaluate cellular and mitochondrial ROS content, 2',7'-dichlorodihydro昀氀uorescein diacetate 
(DCF-DA, Life Technologies) and dihydrorhodamine (DHR, Life Technologies) 昀氀uorescent probes 
were respec琀椀vely employed. For each condi琀椀on, a total of 1x106 cells were collected by 
centrifuga琀椀on and washed with PBS bufer. For cellular ROS analysis, cells were resuspended in 1 
ml of PBS and incubated with 5µM of DCF solubilized in dimethyl sulfoxide (DMSO) for 30 min, at 
37°C in the dark. Cells were then washed and resuspended in 1 ml of Hank’s Balanced Salt Solu琀椀on 
(HBSS). Following the same protocol, mitochondrial ROS content was evaluated using 5 µM of DHR. 
Fluorescence analysis was performed using the A琀琀une NxT Flow Cytometer (Life Technologies, 
Thermo Fisher)101. Viability informa琀椀on was obtained by Propidium Iodide (PI) staining; speci昀椀cally, 
cells were washed with HBSS and resuspended in 1 ml of PI staining solu琀椀on (0.050 mM PI; TRIS 0.05 
M; MgCl2 15 mM; pH 7.7) for analysis.

Mitochondrial iron content was assessed through the Mito-FerroGreen (Dojindo Laboratories) 
昀氀uorescent probe assay102. An amount of 1x106 cells was washed with PBS bufer and resuspended 
in 1 ml of serum-free RPMI medium. Mito-FerroGreen, previously solubilized in DMSO, was added 
to cells at a 昀椀nal concentra琀椀on of 5µM. Aver an incuba琀椀on of 30 min, at 37°C in the dark, cells were 
washed and resuspended in HBSS bufer for subsequent analysis.

The 昀氀uorescent probe AcRAB6 was employed to detect PLP content. As suggested by Jun and 
colleagues, cells were seeded at a density of 1x106 in a 12-well plate and treated with AcRAB6 at a 
昀椀nal concentra琀椀on of 10µM. Cells were incubated at 37°C for 12h in the dark103. Aver incuba琀椀on, 
cells were washed twice, resuspended in HBSS, and analyzed using the BL1 channel excited by the 
488 nm laser. The 昀氀uorescence intensi琀椀es of the histograms were measured based on the geometric 
mean of the 昀氀uorescence intensity. The acquisi琀椀on was performed on a total of 10,000 events.

3.7 Epi昀氀uorescence PLP content analysis
To appreciate PLP content, epi昀氀uorescence analysis was employed. Firstly, cells were seeded on 
glass coverslips (3x105 cells/coverslip) pre-coated with poly-lysine (0.01%). To guarantee proper 
adhesion and to achieve 60% con昀氀uence, cells were incubated for 16h at 37°C and 5% CO2. Cells 
were treated with 10µM of AcRAB6 and 50µM of diferent B6 vitamers, namely pyridoxine (PN), 
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pyridoxal (PL), and pyridoxamine (PM) for 12h at 37°C and 5% CO2. Aver incuba琀椀on, cells were 
washed twice with HBSS and treated with 25nM of Mitotracker Red for 30 min at 37°C and 5% CO2. 
Sequen琀椀ally, cells were washed twice with HBSS and analyzed using the Zeiss Axiovert 200 inverted 
epi昀氀uorescence microscope equipped with a 63x/1.30 Ph3 oil objec琀椀ve. Analysis was set up with 
appropriate 昀椀lter sets for AcRAB6 (Excita琀椀on Bandpass 450-490, Emission Bandpass 515-565) and 
Mitotracker Red (Excita琀椀on Bandpass 546/12 and Emission Long Pass 590) signals acquisi琀椀ons. The 
microscope was equipped with a CoolSNAP HQ CCD camera (Roper Scien琀椀昀椀c, Trenton NJ, USA) and 
image acquisi琀椀on and elabora琀椀on were carried out by MetaFluor 6.1 (Universal Imaging 
Corpora琀椀on, Downington PA, USA) and ImageJ sovware.

3.8 High-resolu琀椀on respirometry
Basal living-cell respira琀椀on was evaluated using the Oxygraph-2K system (Oroboros, Innsbruck, 
Austria) equipped with two chambers opera琀椀ng at a s琀椀rrer speed of 750 rpm, at 37°C. An amount 
of 3x106 cells were previously washed with PBS bufer and resuspended in 2.3 ml of MIR05 bufer 
(0.5 mM EGTA, 3 mM MgCl2, 60 mM Lactobionic Acid, 20 mM Taurine, 10 mM KH2PO4, 20 mM 
HEPES, 110 mM D-Sucrose, 1 g/L BSA, pH 7.1, h琀琀ps://www.oroboros.at). A preliminary digitonin 
琀椀tra琀椀on experiment was performed to evaluate the op琀椀mal concentra琀椀on useful for permeabilizing 
plasma membranes but not mitochondrial ones. In this experiment, cells were exposed to 10mM of 
succinate, 0.5mM of rotenone, and 1mM of ADP, and subsequently, small amounts of digitonin (5 
mg/ml) were gradually added. The op琀椀mal digitonin concentra琀椀on leads to constant respira琀椀on 
while over-digitonin 琀椀tra琀椀on causes respiratory inhibi琀椀on, impairment of the OMM, and 
cytochrome c release104,105. The op琀椀mal digitonin concentra琀椀on es琀椀mated for both K562 and 
lymphoblastoid cell lines was 18 µg/ml per 1x106 cells. Aver permeabiliza琀椀on, the ac琀椀vity of 
complex I+II was analyzed by introducing into the chamber diferent substrates at appropriate 昀椀nal 
concentra琀椀ons, namely 2mM of malate, 5mM of pyruvate, 1.25mM of ADP, 5mM of glutamate and 
5mM of succinate. Data acquisi琀椀on and analysis were performed using the DatLab sovware.

3.9 Sta琀椀s琀椀cal analysis
The experimental results are presented as mean ± SD (Standard Devia琀椀on). Sta琀椀s琀椀cal evalua琀椀ons 
were carried out u琀椀lizing Graph Prism version 8.0.1 (GraphPad Sovware Inc., La Jolla, CA, USA). In 
assessing the sta琀椀s琀椀cal signi昀椀cance of data sets, Student’s t Test was performed.

https://www.oroboros.at/
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4.Results
4.1 Characteriza琀椀on of the A38-low and A38-CSA cell lines
A38-CSA anemia lacks a suitable human cell model useful for studying this condi琀椀on. With this 
purpose, two cell lines were considered: speci昀椀cally, the erythroleukemic K562 cells knocked down 
for the SLC25A38 gene (A38-low) and a lymphoblastoid cell line derived from a young pa琀椀ent with 
microcy琀椀c anemia, paternal isodisomy, and carrying a homozygous recessive muta琀椀on at the 
SLC25A38 locus (A38-CSA)8. The 昀椀rst line was obtained by CRISPR/Cas9 technology, where a clone 
carrying a heterozygous dele琀椀on of 11 nucleo琀椀des was selected (Fig. 4.1 A and B). In terms of 
protein, the dele琀椀on implicated a frameshiv muta琀椀on aver the Gln 13, consequently leading to 
truncated pep琀椀de forma琀椀on (Fig. 4.1 C).

Figure 4.1: Analysis of the SLC25A38 CRISPR/Cas9 induced muta琀椀on in A38- low cell line. Sequence alignment between the SLC25A38 
wild type gene sequence and the related mutated sequence in the A38-low clone. The deleted DNA sequence is underlined, and the 
mutated sequence in A38-low is in bold (A). Electropherogram of the SLC25A38 gene in A38-low genomic DNA. The arrow indicates 
the heterozygous dele琀椀on site (B). Truncated SLC25A38 pep琀椀de. The mutated amino acid sequence is in bold (C).

As shown in the Western blot assay (Fig. 4.2), A38-low exhibited a considerable reduc琀椀on in the 
SLC25A38 protein amount compared to K562 wild type (K562 WT). Furthermore, when loading the 
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same protein amount, no other diferences were detected between K562 WT and A38-low. Unlike 
A38-low, A38-CSA showed no signi昀椀cant varia琀椀on in SLC25A38 expression compared with healthy 
control (HC). The muta琀椀on in the SLC25A38 protein, described in the A38-CSA cell line, introduced 
a premature stop codon (p.Arg278*)8. This trunca琀椀on led to the loss of 26 residues, including the 
H6 helix, which is crucial for the protein's structure. Despite the truncated protein being detectable 
on a polyacrylamide gel, its func琀椀onality was signi昀椀cantly impaired due to the missing structural 
elements essen琀椀al for its proper ac琀椀vity. 

Figure 4.2: Expression level of SLC25A38 in A38-low and A38-CSA cell lines. Total cellular proteins (50 µg) from the indicated cells 
were probed by western blot analysis for SLC25A38 expression. β-ATP synthase and free staining gel served as loading control. 

Cell lines were characterized to underline peculiar features of CSAs, namely heme and PPIX content 
reduc琀椀on, iron overload, and increased oxida琀椀ve stress level9. Through colorimetric assay, hemin 
content was detected90. Results showed that A38-low cells exhibited a reduc琀椀on in cellular heme 
content compared to K562 WT cells, equal to 47.4 ± 12.7%. The heme defect was rescued by the 
plasmid expression of the WT SLC25A38 gene. A higher reduc琀椀on in heme content was also 
observed in A38-CSA cells compared to control, equal to 65.9 ± 13.8% (Fig. 4.3).
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Figure 4.3: Heme content in CSA cell models. Heme content was determined in K562 WT (white), A38-low (blue) (n= 5) and A38-low 
cells transfected with pcDNA3.1-SLC25A38 plasmid (pA38-low) (grey) (n=5). Heme content was also assessed in lymphoblastoid cells 
from HC (white) and A38-CSA cells (red) (n=5). Results are expressed as fold change of related control (**pf 0.01*** p f 0.001, 
Student’s t test).

As men琀椀oned before, ringed sideroblasts are commonly detected in the bone marrow of pa琀椀ents 
anicted by CSA forms. Ringed sideroblasts stand out for aberrant mitochondria surrounding cell 
nuclei and containing iron granules spread in the mitochondrial matrix. Iron overload was evaluated 
by combining the Mito-Ferro Green 昀氀uorescence probe, detec琀椀ng mitochondrial LIP, and 
cyto昀氀uorimetric analysis102. Compared with their counterpart, A38-low showed an increase in LIP. 
On the contrary, no diferences emerged between A38-CSA and HC cells (Fig. 4.4).

Figure 4.4: Mitochondrial LIP in CSA cell models. A38-low, A38-CSA cells and their related controls were stained with 5 µM of Mito-
Ferro Green and analyzed using an A琀琀une Acous琀椀c Focusing Cytometer.

Iron overload primarily leads to an increase in oxida琀椀ve stress106. Oxida琀椀ve stress was assessed 
through cyto昀氀uorimetric analysis and 昀氀uorescent probes speci昀椀c for cellular and mitochondrial ROS, 
namely 2’,7’-dichlorodihydro昀氀uorescein diacetate (DCF-DA) and dihydrorhodamine 123 (DHR), 
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respec琀椀vely. Results showed that unlike K562 WT, A38-low exhibited an increase in both cellular 
and mitochondrial ROS content (Fig. 4.5 A). In A38-CSA cells, neither cellular nor mitochondrial ROS 
levels were altered, which was consistent with the absence of mitochondrial LIP increase (Fig. 4.5 
B).

Figure 4.5: ROS levels in A38-low (A), A38-CSA cells (B) and related controls. Cellular and mitochondrial ROS levels in the indicated 
cell lines were expressed as fold change in median 昀氀uorescence intensity determined by cyto昀氀uorimetric analysis, using DCF-DA and 
DHR, respec琀椀vely.
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PPIX is the last heme precursor before iron inser琀椀on31. Cellular PPIX content was assessed to con昀椀rm 
that the heme reduc琀椀on detected in A38-low was due to the lack of its precursors and not to 
secondary efects correlated with the altera琀椀on of mitochondrial iron homeostasis. A reduc琀椀on of 
37.6 ± 7.5% in PPIX levels was observed in A38-low cells compared to wild-type control, in 
agreement with the previously reported role of SLC25A386 (Fig. 4.6). The assump琀椀on that the 
reduc琀椀on of heme content in A38-low cells directly depended on the lack of heme precursors and 
not on secondary efects is also supported by the decrease in PPIX content found in A38-CSA. Taken 
together, these results suggest that SLC25A38 is directly involved in the biosynthesis of heme 
precursors, and that the other defects observed in A38 mutant cells are likely secondary and cell 
speci昀椀c.

Figure 4.6: PPIX contents in K562 WT and A38-low cells, and in HC and A38-CSA cells. PPIX contents in K562 WT (white) and A38-low 
cells (blue) (n=4), and in HC (white) and A38-CSA cells (red) (n=4). PPIX was determined in total cellular extracts by a 昀氀uorescence 
method100. The 昀氀uorescence values were normalized to mg/ml of each sample. PPIX content is expressed as control-related fold change 
(*p f 0.05, **p f 0.01, ***p f 0.001, Student’s t test). 
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Resazurin colorimetric assay was performed to detect poten琀椀al diferences in oxida琀椀ve stress 
sensi琀椀vity following treatment for 48 hours with H2O2. A38-low cells showed higher oxida琀椀ve stress 
sensi琀椀vity; par琀椀cularly, the lower concentra琀椀on of hydrogen peroxide caused a 60% reduc琀椀on in 
cell viability. In contrast, K562 WT did not show any viability varia琀椀on following hydrogen peroxide 
treatments (Fig. 4.7A). Unlike A38-low, A38-CSA cells exhibited a marked viability reduc琀椀on (50%) 
only aver treatment with 750 μM of hydrogen peroxide (Fig. 4.7B). Viability data were con昀椀rmed 
by Trypan Blue exclusion method (data not shown).

Figure 4.7: Oxida琀椀ve stress sensi琀椀vity of CSA cell models. A38-low (A) and A38-CSA (B) viability was assessed through the resazurin 
assay, was determined following a 48-hour treatment with H2O2 at the indicated concentra琀椀ons. Data are presented as mean ± SD of 
the percentage of the untreated control group (* p f 0.05; ** p f 0.01; *** p f 0.001; ****pf 0.0001), Student’s t test (n=3). 
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4.2 Impact of folic acid, glycine and B6 vitamers on the phenotypic defects 
of A38-low and A38-CSA cell lines
Once cell lines were characterized for their metabolic features, compounds and drugs were tested 
to de昀椀ne a poten琀椀al therapeu琀椀c strategy. Unlike ALAS2-CSA, the anemia form due to SLC25A38 
gene muta琀椀ons is weakly responsive to B6 vitamers, par琀椀cularly pyridoxine (PN)94. However, glycine 
and combined folic acid and glycine treatment, respec琀椀vely rescued the heme defect in yeast and 
zebra昀椀sh models defec琀椀ve for the SLC25A38 locus6,90. Cell lines were treated for 48h with B6 
vitamers, namely PN, pyridoxal (PL), pyridoxamine (PM), and pyridoxal phosphate (PLP), and with a 
combined treatment consis琀椀ng of folic acid and glycine (F/G). Speci昀椀cally, the synergis琀椀c treatment 
consisted of 1 mM of folate and 100 mM of glycine, whereas vitamers were used at a 昀椀nal 
concentra琀椀on of 0.1 mM in A38-low and 1 μM for A38-CSA cells. Unlike the A38-low cell line (Fig. 
4.8 A), the combined treatment (F/G) but not the single compounds (data not shown) increased 
cellular heme content only in A38-CSA model (Fig. 4.8 B). Vitamers were inefec琀椀ve in both cell lines 
except for PLP (Fig. 4.8 A and B).

Figure 4.8: E昀昀ect of folic acid with glycine and B6 vitamers on heme content in CSA cell models.  Heme contents were assessed in 
K562 WT (n=5) as well as in A38-low cell line untreated (NT) (n=5) or treated for 48h with a mixture of 1 mM folic acid and 100 mM 
glycine (F/G) (n=4), with PLP (n=4), or pyridoxine (PN), pyridoxal (PL), pyridoxamine (PM) (n=4) at the concentra琀椀ons of 0.1 mM (A). 
Heme contents were assessed in lymphoblastoid cell model HC (n=5) as well as in A38-CSA cell line untreated (NT) (n=5) or treated for 
48h with a mixture of 1 mM folic acid and 100 mM glycine (F/G) (n=4), with PLP (n=4), or pyridoxine (PN), pyridoxal (PL), pyridoxamine 
(PM) (n=4) at the concentra琀椀ons of 1 µM (B). The values are expressed as fold change related to the control cells (* p f 0.05; ** p f 
0.01; *** p f 0.001; Student’s t-test).

In the A38-low cell line, 0.1 mM of PLP was the most efec琀椀ve concentra琀椀on, leading to a heme 
content increase of 30 ± 8% within 48h compared with untreated cells (Fig. 4.9 A). Regarding the 
A38-CSA model, 1 μM of PLP was the most restora琀椀ve concentra琀椀on, increasing heme synthesis by 
2.41 ± 0.28-fold within 48h compared with the untreated sample (Fig. 4.9 B). Furthermore, in K562 
WT and HC cells, no heme content varia琀椀on was observed following treatments (data not shown).
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Figure 4.9: E昀昀ect of PLP treatment on heme content in A38-low (A) and A38-CSA (B) cells. Several concentra琀椀ons of PLP were 
evaluated on A38-low model and heme assay was carried out. The absorbance values were normalized to the cell number of each 
sample and related to the WT-untreated sample (A). The heme content was also determined in A38-CSA a昀琀er treatment with indicated 
PLP concentra琀椀on for 48h (B). Data were expressed as fold changes related to the values in the HC sample and represent mean ± SD 
of at least three independent experiments. Student’s t-test (n=3).



38

Furthermore, to exclude poten琀椀al PLP cell toxicity, a viability test was performed. Compared with 
their respec琀椀ve controls, neither A38-low (white column) nor A38-CSA (black column) viability was 
impaired following treatment for 48h with diferent PLP concentra琀椀ons (Fig. 4.10).

 

Figure 4.10: Viability of A38-low and A38-CSA cells following treatments with several PLP concentra琀椀ons. A38-low (white columns) 
and A38-CSA (black columns) cells were treated for 48h with diferent PLP concentra琀椀ons. Data are expressed as mean ± SD of at least 
three independent experiments. Student’s t-test (n=3).

Given the posi琀椀ve efects elicited by PLP treatment on cellular heme content, other bene昀椀ts were 
inves琀椀gated. A38-low cells, where cellular and mitochondrial ROS were increased, were treated 
with PLP to verify a poten琀椀al ROS content rescue. Both cellular and mitochondrial ROS levels 
decreased following treatment for 48h with 0.1 mM of PLP (Fig. 4.11).

Figure 4.11: PLP treatment decreases ROS levels in A38-low cells. Cellular and mitochondrial ROS levels in A38-low cells untreated 
(-) or treated with 0.1 mM PLP (+) were expressed as fold change in median 昀氀uorescence intensity determined by cyto昀氀uorimetric 
analysis, using DCF-DA and DHR, respec琀椀vely. Data represent mean ± SD of at least three independent experiments, Student’s t-test 
(n=3).
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The impact of PLP treatment was also inves琀椀gated on the respiratory capacity of A38-low and A38-
CSA cell lines using high-resolu琀椀on respirometry104,105. Results showed a signi昀椀cant reduc琀椀on of 
basal respira琀椀on in both, A38-low and A38-CSA cell lines (Fig. 4.12).

Figure 4.12: Basal oxygen consump琀椀on in CSA models. Basal respira琀椀on was assessed in A38-low (n=8) and rela琀椀ve control (n=5) 
(A), in A38-CSA (n=6) and HC (n=6) cell lines (B), using high resolu琀椀on respirometry. Addi琀椀onally, both A38-low and A38-CSA cell lines 
were treated with either 0.1 mM or 1 µM pyridoxal phosphate (PLP) (n=4), respec琀椀vely, for 48h. Compara琀椀ve measurements were 
conducted in a pairwise manner against their respec琀椀ve control counterparts. (* p f 0.05; ** p f 0.01; Student’s t-test).

Furthermore, it was observed a decrease in state III respira琀椀on in permeabilized cells of both CSA 
models in the presence of ADP and complex I and II substrates (malate, pyruvate, glutamate, and 
succinate). These results collec琀椀vely indicate a decline in the respiratory performance exhibited by 
the mutant cells. The addi琀椀on of 0.1 mM and 1 μM of PLP in the reac琀椀on medium restored 
respira琀椀on defects in both the A38-low and A38-CSA cells, respec琀椀vely (Fig. 4.13). This evidence 
con昀椀rms the bene昀椀cial efect of PLP on both models.

Figure 4.13: State III respira琀椀on in CSA models. State III respira琀椀on, in the presence of malate, pyruvate, glutamate, succinate and 
ADP were assessed in A38-low (n=5) and rela琀椀ve control (n=4) (A), in A38-CSA (n=7) and HC (n=5) cells (B), using high resolu琀椀on 
respirometry. Addi琀椀onally, both A38-low and A38-CSA cell lines were treated with either 0.1 mM or 1 µM pyridoxal phosphate (PLP) 
(n=4), respec琀椀vely, for 48 h. Compara琀椀ve measurements were conducted in a pairwise manner against their respec琀椀ve control 
counterparts. (* p f 0.05; ** p f 0.01; Student’s t-test).
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4.3 Decrease in PLP content in both CSA cell models and its restora琀椀on by 
vitamin B6 deriva琀椀ves
The unexpected posi琀椀ve efects observed following PLP treatment suggested a poten琀椀al decrease 
in cellular PLP levels. To detect intracellular PLP content, the speci昀椀c 昀氀uorescent probe AcRAB6 was 
employed103. The cyto昀氀uorimetric analysis underlined a reduc琀椀on in intracellular PLP amount in 
both A38-low (Fig. 4.14 A) and A38-CSA cells (Fig. 4.14 B) compared to their respec琀椀ve controls.

Figure 4.14: Endogenous PLP content in CSA cell lines. Representa琀椀ve histograms illustra琀椀ng the intracellular PLP content, determined 
by cyto昀氀uorimetric analysis using AcRAB6 probe103, were obtained for the K562 WT and A38-low cell lines (A), and for HC and A38-
CSA cells (B).

It is known that B6 vitamers (PL, PN, and PM) can enter cells where they are subsequently converted 
into PLP107. Given the efec琀椀veness of only PLP treatment, it was speculated that the anemic 
phenotype was correlated with improper acquisi琀椀on of vitamers and/or a defect in their conversion 
into PLP108,109. To evaluate this hypothesis, both cell lines were treated with 50 μM of PL, PN, and 
PM for 48h, and PLP levels were detected with the AcRAB6 probe incubated for 12h. Epi昀氀uorescence 
microscopy images showed the ability of vitamers to restore PLP intracellular content in A38-low 
and A38-CSA cell lines (data not shown) (Fig. 4.15). These 昀椀ndings suggested that the ameliora琀椀ve 
efects of PLP did not relate to the restora琀椀on of intracellular PLP content.
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Figure 4.15: PLP content in CSA cell models. Epi昀氀uorescence images showing untreated K562 WT and A38-low cells (NT), along with 
A38-low cells treated with 50µM PN, PM, and PL, and stained with AcRAB6 for 12h as reported103.
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4.4 Efect of P2 receptor antagonists on A38-low and A38-CSA cell lines
The inability of B6 vitamers (PN, PL, and PM) to rescue the heme content defect in CSA models 
indicated a dis琀椀nct role of PLP in this process. Extracellular phosphorylated B6 vitamers are unable 
to penetrate cell membranes and need to be converted into non-phosphorylated forms by external 
phosphatases before cellular uptake107,110. Consequently, PLP added to the cell culture medium is 
transported across the cell membrane as PL and then converted back to PLP by intracellular 
pyridoxal kinase. These data, together with the inability of non-phosphorylated B6 vitamers to 
rescue the heme content defect in A38-low and A38-CSA cell lines, suggested that the efects of PLP 
in these cells were primarily exerted extracellularly. Interes琀椀ngly, PLP has been shown to act as an 
efec琀椀ve antagonist of purinergic P2 receptors, which are cell membrane receptors playing pivotal 
roles in numerous physiological processes10,11. To evaluate whether the restora琀椀ve efect of PLP was 
dependent on purinergic P2 receptors, we inves琀椀gated the impact of pyridoxal phosphate-6-
azophenyl-2’-4’-disulfonic acid (PPADS), a synthe琀椀c PLP analogue known for its P2 receptor 
antagonist proper琀椀es. Addi琀椀onally, we tested the efect of suramin, which is a mul琀椀-target drug 
that displays broad-spectrum P2 receptor antagonist ac琀椀vity, with a structure unrelated to PLP12. 
Surprisingly, both PPADS and suramin treatments exhibited the same extent of heme biosynthesis 
enhancement as PLP in both A38-low (Fig. 4.16 A) and A38-CSA (Fig. 4.16 B) cell lines, while PL was 
inefec琀椀ve in this process.

Figure 4.16: Involvement of P2 receptor in PLP-mediated e昀昀ect. Heme content was determined in total cell extracts from K562 WT 
(white circle) and A38-low cells (grey circle) (A) and from HC (white circle) and A38-CSA (grey circle) (B) a昀琀er treatment with PLP, PL, 
pyridoxalphosphate-6-azophenyl-2',4'-disulfonic acid (PPADS), suramin (SUR) at the indicated concentra琀椀ons (µM) for 48h. Data were 
indicated as control-related ra琀椀o (* p<0.05; **p<0.01; ***p<0.001; Student’s t test untreated-related).
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As a control, the treatments with PPADS (Fig. 4.17 A) and suramin (Fig. 4.17 B) did not exert any 
change in cell viability compared to untreated cells.

Figure 4.17: Viability of A38-Low and A38-CSA cells. Cells were treated for 48h with 1 and 15 μM PPADS (A) and with 0.1, 1 and 10 
μM suramin (SUR) (B). Data are expressed as mean ± SD of at least three independent experiments. Student’s t-test (n=3).
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5.Discussion
In order to understand the molecular mechanisms underlying diseases and 昀椀nd therapeu琀椀c 
strategies, the availability of suitable cellular or animal models proves to be indispensable. As 
men琀椀oned above, combined treatment with glycine and folate restored heme defects in the 
zebra昀椀sh model; however, no bene昀椀ts were appreciated in pa琀椀ents anicted with A38-CSA90,96. 
Currently, no human cell lines have been iden琀椀昀椀ed for studying this rare and inherited form of 
anemia.

With this purpose, two human cell lines showing key features of A38-CSA were selected. Concerning 
the cell lines, ringed sideroblasts would be the best choice due to the signi昀椀cant impact of SLC25A38 
muta琀椀ons in the erythropoiesis process. However, the complex procedure required to isolate these 
cells from bone marrow aspirates of anicted pa琀椀ents makes ringed sideroblasts imprac琀椀cal. 
Alterna琀椀vely, a commercial cell line widely used for studying other forms of CSA, namely the K562 
erythroleukemic cell line, was chosen111,112. The second cell model was obtained by immortalizing 
lymphocytes from a young pa琀椀ent anicted with A38-CSA. Although the mitochondrial carrier 
SLC25A38 is primarily expressed in the erythroid lineage, lymphocytes express the protein following 
the immortaliza琀椀on procedure. Furthermore, literature reports SLC25A38 expression in the 
lymphocytes of pa琀椀ents afected by acute lymphoblas琀椀c leukemia (h琀琀ps://depmap.org/portal/)4,113. 
Consistent with this, SLC25A38 protein expression was detected in both cell lines (Fig. 4.2).

Characteriza琀椀on of the cell lines revealed that some key features, such as the reduc琀椀on of heme 
content (Fig. 4.3) and respiratory defects (Figs. 4.12, 4.13), are present in both A38-low and A38-
CSA cells. The fact that heme de昀椀ciency is a common feature between cell lines is congruent with 
the role of SLC25A38 as a glycine transporter, which is closely related to heme biosynthesis6.

As men琀椀oned before, improper erythropoiesis, the presence of ringed sideroblasts in the bone 
marrow and iron overload are key hallmarks of the various forms of CSA. Speci昀椀cally, iron overload 
disrupts normal mitochondrial func琀椀on, impairs oxida琀椀ve phosphoryla琀椀on and leads to an increase 
of ROS produc琀椀on22,66. The A38-low line displayed characteris琀椀c anemic metabolic altera琀椀ons, 
including iron overload (Fig. 4.4), elevated cellular and mitochondrial reac琀椀ve oxygen species (Fig. 
4.5A) and increased sensi琀椀vity to oxida琀椀ve stress (Fig. 4.7A). These secondary efects detected only 
in A38-low could likely be a琀琀ributed to the similarity between erythroleukemic K562 and erythroid 
cells.

Regarding therapeu琀椀c strategies, combined treatment with glycine and folate improved heme 
content in A38-CSA (Fig. 4.8B), as was appreciated in the zebra昀椀sh model90. In contrast, no efects 
were detected in A38-low cells or in pa琀椀ents anicted with A38-CSA96. These 昀椀ndings suggest that 
A38-low cells are a more reliable model for studying this form of anemia. Literature reports bene昀椀ts 
in pa琀椀ents anicted with CSA associated with muta琀椀ons in the ALAS2 gene following treatment with 
B6 vitamers, including pyridoxine114,115. Data indicated the exclusive efec琀椀veness of the PLP vitamer, 
which rescued heme and respiratory defects in both A38-low and A38-CSA cells (Figs. 4.9, 4.13). Two 
explana琀椀ons have been proposed to jus琀椀fy the bene昀椀ts mediated by PLP. Treatment with external 
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PLP could enhance endogenous coenzyme availability, which is reduced in both tested cell lines (Fig. 
4.14). However, treatments with vitamers PL, PN, and PM restored PLP content to WT levels but 
were not su昀케cient to rescue the heme defect in CSA models. The second hypothesis suggests that 
PLP-mediated efects may depend on the molecule's antagonist ac琀椀vity on purinergic P2 
receptors10,116. Two generic P2 antagonists tested on CSA models, namely PPADS and suramin, 
showed heme defect rescue similar to PLP treatment (Fig. 4.16).

In conclusion, the results indicate new poten琀椀al therapeu琀椀c applica琀椀ons of suramin, PLP, and related 
compounds in SLC25A38-CSA, as well as aiding in elucida琀椀ng the pathogene琀椀c mechanisms of this 
rare anemia.
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Friedreich’s Ataxia Disease
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6. Introduc琀椀on
6.1. Frataxin protein
Frataxin (FRX) is a nuclear-encoded mitochondrial protein highly conserved in most organisms from 
prokaryotes to eukaryotes117. The human FRX gene (Gene ID: 2395 in NCBI Gene Database) is located 
on the long arm of chromosome 9 (9q21.11) (Fig. 6.1), comprises 5 exons, and is correlated with 5 
transcript variants.

Figure 6.1: Posi琀椀on of human Frataxin gene. In red is indicated the posi琀椀on of Frataxin gene on the chromosome 9 (UCSC, hg38 
assembly)

In this work, the only considered variant corresponds to isoform 1 (NM_000144) coding for a protein 
of 210 amino acids (ID: Q16595-1 in UniProt KB Database). Concerning the protein structure, FRX 
exhibits two helical regions 昀氀anking a β-sheet composed of seven β-strands. The N-term tail is poorly 
conserved, also among eukaryotes, and contains a consensus sequence for mitochondrial protein 
targe琀椀ng. On the contrary, the C-terminus contains a region of 100-120 residues which is highly 
conserved in diferent organisms118,119. Human FRX must be transported in mitochondria where it 
undergoes a progressive matura琀椀on by mitochondrial processing pep琀椀dase (MPP) ac琀椀vity. The 
matura琀椀on process generates the intermediate (19 kDa) and mature (14 kDa) protein forms, 
respec琀椀vely120,121. In 2018, Guo and colleagues discovered in erythrocytes a novel isoform of frataxin 
(isoform E) with 135-amino acids and an N-terminally acetylated methionine residue. Isoform E is 
obtained by alterna琀椀ve splicing, is lacking in a mitochondrial targe琀椀ng sequence and is distributed 
to both cytosol and the nucleus when expressed in cultured cells122 (Fig. 6.2). It has been suggested 
that extra-mitochondrial frataxin could facilitate Fe-S cluster assembly for proteins involved in DNA 
repair and telomere length control123. Concerning the expression, frataxin is abundant in several 
琀椀ssues such as dorsal root ganglia (DRG), cerebellar cortex, cerebellar dentate nuclei, liver, and 
pancreas (Human Protein Atlas h琀琀ps://www.proteinatlas.org.).

https://www.proteinatlas.org/
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Figure 6.2: Frataxin isoforms in cells. Frataxin precursor (210 aa) is targeted to mitochondria where undergoes progressive matura琀椀on 
by MPP, with consequent Frataxin mature form forma琀椀on. Frataxin isoform E (135 aa) lacks in mitochondrial targe琀椀ng sequence, it is 
retained in the cytosol and processed by MPP-like protease to give extra-mitochondrial mature frataxin. The mature E isoform is 
iden琀椀cal with that found in the mitochondria.

6.2. Frataxin func琀椀ons
The underlying sec琀椀ons summarise the leading func琀椀ons a琀琀ributed to FRX protein.

6.2.1 Frataxin as iron-storage protein
Although the involvement of FRX in cellular iron homeostasis preserva琀椀on is widely recognized, its 
speci昀椀c func琀椀on is s琀椀ll unknown. Studies on yeast (Yn1) and bacterial (CyaY) frataxin homologs 
suggest that FRX acts as an iron-storage protein. Under aerobic condi琀椀ons and in the presence of 
excess iron, protein oligomeriza琀椀on has been observed, leading to the forma琀椀on of high molecular 
weight FRX aggregates that bind iron ions in a non-toxic and available form124,125. In contrast, human 
FRX exists mainly in monomer form, has a lower iron-binding capacity than Yn1, and 
oligomeriza琀椀on, which is not essen琀椀al for protein func琀椀ons, occurs only in extreme situa琀椀ons and 
in an iron-independent manner126. Using NMR approaches, the primary iron-binding site has been 
mapped to a semi-conserved, nega琀椀vely charged stretch of amino acids located on the 昀椀rst helix and 
the β-strand. Furthermore, literature reports several constructs of human FRX binding 6 to 7 Fe2+ or 
Fe3+ ions per monomer127. The iden琀椀昀椀ca琀椀on of mitochondrial ferri琀椀n (FtMt) has led to reconsidering 
the role of frataxin as an iron-storage protein, a role which is now considered obsolete128.

6.2.2 Frataxin par琀椀cipates in Iron-Sulfur cluster biosynthesis
One of the most important func琀椀ons proposed for the FRX protein is its involvement in 
mitochondrial Fe-S cluster biosynthesis. Found in a wide range of proteins, Fe-S clusters play a pivotal 
role in fundamental cellular func琀椀ons such as electron transfer, catalysis, and gene expression 
regula琀椀on129. Diferent cluster con昀椀gura琀椀ons have been iden琀椀昀椀ed, namely rhomboid [2Fe-2S], 
cuboidal [3Fe-3S] and cubane [4Fe-4S] where the iron atoms exist either in ferric or ferrous state. 
Three Fe-S cluster biosynthesis systems have been discovered in diferent organisms: the nitrogen 
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昀椀xa琀椀on (NIF) system found in bacteria; the sulfur mobiliza琀椀on (SM) system in E. coli and plas琀椀ds; 
and the iron-sulfur cluster (ISC) system found in mitochondria of eukaryo琀椀c cells and 
bacteria130,131,132 (Fig 6.3). Addi琀椀onally, a cytosolic Fe-S cluster assembly system (CIA) has been 
recently characterized123.

These systems commonly consist of several steps:

1. Sulfur removal from cysteine residue by cysteine desulfurase enzymes (NifS, SufS, and NFS1) aided 
by the PLP cofactor in humans. In eukaryotes, two monomers of accessory protein ISD11 bind to 
NFS1 dimeric enzyme promo琀椀ng its stability.

2. Fe-S cluster assembly with the support of scafold proteins (NifU, SufU, ISCU), which provide a 
backbone for the emerging cluster. In mammals, ferredoxin reductase and ferredoxin 1 and 2 
mediate electron transfer from NADPH to achieve the appropriate electron cluster 
con昀椀gura琀椀on132.

3. In an addi琀椀onal step speci昀椀c to the ISC system, frataxin is proposed to act as a chaperone and iron 
donor to complete cluster forma琀椀on17. This hypothesis is supported by in vitro studies in human 
and yeast models, where interac琀椀ons between frataxin and diferent components of the ISC 
system have been demonstrated16,133,134.

4. Transfer of the newly formed Fe-S cluster to acceptor apoproteins bufered by chaperon proteins 
(in mammals HSC20 and HSP70 proteins).

Figure 6.3: Iron-sulfur cluster (ISC) biogenesis. Schema琀椀c representa琀椀on of ISC biogenesis occurring in the mitochondria of human 
cells. ISCU scafold protein binds to the dimeric cysteine desulfurase which stability is enhanced by accessory proteins ISD11. NFS1 
removes sulfur from cysteine (Cys), providing the sulfur for the cluster forma琀椀on while frataxin is probably involved in iron transport. 
Op琀椀mal ISC con昀椀gura琀椀on is obtained by ferredoxin reductase and ferredoxins 1 and 2 which u琀椀lize electrons from NADPH to reduce 
sulfane (S0) to sul昀椀de (S2-). A昀琀er ISCs assembly, chaperon proteins HSC2o and HSP70 bufer the transfer of the newly formed ISC from 
scafold protein to recipient protein (Lane D.J.R, 2015)135. 

Frataxin de昀椀ciency is correlated with impaired Fe-S-containing proteins in several models, such as 
knockout mice and plants42,136. In par琀椀cular, a decrease in Fe-S-containing enzymes, including 
succinate dehydrogenase and aconitase, has been detected in yeast model mutants for the frataxin 
protein137.
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6.2.3 Frataxin and heme biosynthesis 
Evidence suggests the involvement of frataxin in heme metabolism. Firstly, frataxin has been 
reported to have a high binding a昀케nity for the Fe-S-containing enzyme ferrochelatase, which 
catalyzes the inser琀椀on of Fe2+ into the protoporphyrin IX ring, genera琀椀ng heme18,138. Addi琀椀onally, an 
increase in the amount of protoporphyrin IX downregulates frataxin protein expression, leading to 
the diversion of iron usage towards heme biosynthesis139. Finally, yeast cells de昀椀cient in frataxin 
protein show an increase in ROS species, which is a consequence of defec琀椀ve expression of 
cytochrome c and heme present in respiratory complexes III and IV140.

6.3. Friedreich’s Ataxia
The paragraphs below explore diferent aspects related to Friedreich’s Ataxia disease par琀椀cularly, 
the gene琀椀c cause underlying the phenotype and the metabolic altera琀椀ons due to FRX disfunc琀椀on. 
Furthermore, the paragraph 6.3.3 summarizes therapeu琀椀c strategies proposed to mi琀椀gate the 
pathological condi琀椀on.

6.3.1 Clinical features and pathogenesis
Frataxin muta琀椀ons have been correlated with the onset of Friedreich’s Ataxia (FRDA, OMIM: 
229300), the most common form of inherited ataxia in Europe, with an occurrence ranging from 
1:20,000 to 1:250,000 people afected13,15. The onset of the disease typically occurs between 10-15 
years of age, with symptoms that include limb and gait ataxia, dysarthria, and loss of lower limb 
re昀氀exes14. Progressive neurodegenera琀椀on is primarily due to the impairment of sensory neurons 
located in the dorsal root ganglia (DRG), afec琀椀ng both the central and peripheral nervous 
systems141. Addi琀椀onally, neurological manifesta琀椀ons result from altera琀椀ons in the dentate nuclei of 
the cerebellum, various spinal cord tracts, and peripheral nerves142. Complica琀椀ons such as 
cardiomyopathy and diabetes mellitus reduce life expectancy, with death primarily occurring due to 
cardiac failure142.

Campuzano and colleagues iden琀椀昀椀ed a trinucleo琀椀de GAA expansion within intron 1 of the FRX gene 
as the gene琀椀c cause underlying FRDA15 (Fig 6.4). This expansion follows an autosomal recessive 
inheritance pa琀琀ern and afects both alleles in the majority of pa琀椀ents. However, 4% of probands 
exhibit compound heterozygosity, where diferent pathogenic muta琀椀ons afect the second allele143. 
The expansion is characterized by mito琀椀c and meio琀椀c instability, with possible varia琀椀ons in the 
number of GAA repeats, par琀椀cularly soma琀椀c instability in organs such as the heart and pancreas144. 
Normally, the number of repeats is fewer than 36, but in pa琀椀ents, the range is from 56 to 1300 
repeats. The length of the expansion correlates with some clinical features, with an inverse 
correla琀椀on between the length of the expansion on the smaller allele and the age of onset and 
severity of symptoms145. Although the expansion occurs in an untranslated region, it causes a 
defec琀椀ve transcrip琀椀onal process146. Speci昀椀cally, the GAA expansion leads to the forma琀椀on of 
repressive chroma琀椀n that spreads to the gene promoter, resul琀椀ng in its silencing147.
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Figure 6.4: GAA repeat expansion. Schema琀椀c representa琀椀on of GAA expansion in FXN intron 1. The length of the expansion is 
directly correlated with disease severity and a decrease of FRX mRNA and protein synthesis. 

6.3.2 Metabolic altera琀椀ons due to Frataxin de昀椀ciency
Important metabolic repercussions are correlated with FRX de昀椀ciency, par琀椀cularly regarding iron 
homeostasis. In FRDA mouse models with a selec琀椀ve frataxin dele琀椀on in skeletal muscle and heart, 
an increase in iron in昀氀ux and a reduc琀椀on in iron release and storage have been detected148. The 
increase in cellular iron, leads to greater mitochondrial iron uptake due to the over-expression of 
the mitochondrial carrier SLC25A28 (Mitoferrin 2)32. Addi琀椀onally, mitochondrial iron u琀椀liza琀椀on by 
ISC systems and heme biosynthesis is limited because of frataxin de昀椀ciency. The impairment of iron-
u琀椀lizing mechanisms and the down-regula琀椀on of FtMt implicate mitochondrial iron overload148. The 
increase in oxida琀椀ve stress is a direct consequence of iron overload. Studies conducted on FRDA 
mouse models underline the enhancement of cytosolic and mitochondrial ROS species in the central 
nervous system, an abundance of oxidized proteins and lipid peroxida琀椀on, and a reduc琀椀on of 
glutathione and aconitase149,150. Furthermore, Co琀�celli and colleagues demonstrated ferroptosis 
pathway ac琀椀va琀椀on in an FRDA cell model151.

6.3.3 Therapeu琀椀c Strategies 
Currently, FRDA lacks resolu琀椀ve therapeu琀椀c strategies. Various approaches are being developed to 
correct mechanisms involved in transcrip琀椀onal repression and reac琀椀vate the silenced FRX 
gene152,153. Genome edi琀椀ng strategies have also been proposed to correct or reduce the GAA 
expansion154. Restoring FRX protein availability could be useful to bypass the transcrip琀椀onal impasse 
caused by the expansion. To this end, some studies propose increasing FRX levels by direct protein 
delivery or by gene therapy providing correct copies of the FRX gene155,156. Furthermore, molecules 
such as diazoxide and interferon-gamma have demonstrated a small increase in FRX protein without 
afec琀椀ng transcript levels19,157.

In 2023, an important milestone was achieved. The United States Food and Drug Administra琀椀on 
(FDA) approved omaveloxolone as a treatment for FRDA in pa琀椀ents older than 16 years 
(h琀琀ps://www.fda.gov/drugs/news-events-human-drugs/fda-approves-昀椀rst-treatment-friedreichs-
ataxia). Although omaveloxolone represents a signi昀椀cant turning point, its comprehensive 
efec琀椀veness, par琀椀cularly concerning neurological symptoms, has not been fully proven158.

https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-first-treatment-friedreichs-ataxia
https://www.fda.gov/drugs/news-events-human-drugs/fda-approves-first-treatment-friedreichs-ataxia
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Besides the approaches men琀椀oned, others have been developed to correct metabolic altera琀椀ons 
occurring in FRDA. An琀椀oxidants (e.g., vitamin E and coenzyme Q10) and iron-chela琀椀ng molecules 
(e.g., Deferiprone) have also been tested to ameliorate oxida琀椀ve stress and iron overload159,160.

6.4. Diazoxide
Diazoxide (DZX) (Fig. 6.5) is a benzothiazine-derived molecule widely used in medical approaches, 
par琀椀cularly as a vasodilator to treat acute hypertension and to ameliorate pulmonary vascular 
resistance in pa琀椀ents anicted by pulmonary hypertension20,161. The drug is also known as an opener 
of mitochondrial ATP-dependent potassium channels (mitoK+ ATP channels) involved in the 
modula琀椀on of ROS produc琀椀on, mitochondrial respira琀椀on, and neuronal survival162,163. The high 
sensi琀椀vity of the mitoK+ ATP channel to DZX allows this molecule to modulate mitochondrial 
func琀椀ons and ROS produc琀椀on at sub-micromolar concentra琀椀ons. Furthermore, at low 
concentra琀椀ons, DZX is 2000 琀椀mes more selec琀椀ve for mitoK+ ATP channels than their sarcolemmal 
counterparts164. While opening mitoK+ ATP channels, DZX promotes a cytoprotec琀椀ve mechanism 
against ischemia-reperfusion damage in cardiac 琀椀ssue and ofers neuroprotec琀椀on21,165.

Figure 6.5: Diazoxide (Pub Chem h琀琀ps://pubchem.ncbi.nlm.nih.gov/).

Santoro and colleagues tested the efects of DZX in lymphoblastoid cell lines obtained from pa琀椀ents 
anicted by FRDA and in a mouse model de昀椀cient in the FRX protein, YG8sR. The study demonstrated 
that 100 µM of DZX increased FXN protein levels in tested FRDA models via the mammalian target 
of rapamycin (mTOR) pathway19. In YG8sR, oral administra琀椀on of 3 mg/kg of DZX enhanced 昀椀ne 
motor coordina琀椀on and balance. Furthermore, the an琀椀oxida琀椀ve response was exerted by the 
ac琀椀va琀椀on of the mTOR pathway, linked to the ac琀椀va琀椀on and nuclear transloca琀椀on of nuclear factor 
erythroid 2-related factor 2 (NRF2). NRF2 is a transcrip琀椀on factor ubiquitously expressed that 
regulates cellular redox homeostasis166. Speci昀椀cally, DZX treatment increased mRNA and protein 
levels of FRX and NRF2 in the cerebellum and heart of YG8sR. Addi琀椀onally, an enhancement of 
aconitase ac琀椀vity was detected in the brain, pancreas, and liver19,167.

Despite encouraging results, the use of diazoxide shows some cri琀椀cal issues. The 100 μM 
concentra琀椀on established in the FRDA lymphoblastoid cell model corresponds to the drug 
concentra琀椀on detected in human blood following oral administra琀椀on of 600 mg of DZX. This is the 
highest DZX dose administered in humans19,168. The limited ability to traverse the blood-brain barrier 
(BBB) or inadequate availability in the nervous system could be the reasons for DZX treatment failure 
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in a clinical trial involving pa琀椀ents with mul琀椀ple sclerosis169. Finally, DZX treatment could lead to 
dose-dependent toxicity with metabolic repercussions, par琀椀cularly an increase in ROS produc琀椀on 
due to succinate dehydrogenase ac琀椀vity170.

To overcome poten琀椀al limita琀椀ons related to BBB permeability and bioavailability, in the present 
work, DZX was encapsulated in solid lipid nanopar琀椀cles (SLNs), which have already demonstrated 
the ability to penetrate the BBB without the need for func琀椀onaliza琀椀on171–173. The DZX-loaded SLNs 
were prepared using a micro昀氀uidic technique, which allowed the produc琀椀on of nanosystems with a 
reduced size distribu琀椀on and improved batch-to-batch reliability174,175. Speci昀椀cally, the study 
inves琀椀gated the ability of DZX-loaded SLNs:

1. to traverse a BBB in vitro model consis琀椀ng of a monolayer of polarized endothelial cells seeded in 
transwell support;

2. to enhance the func琀椀onal and biochemical characteris琀椀cs in a 昀椀broblast cell line obtained from a 
pa琀椀ent afected by FRDA.

The purpose is to further inves琀椀gate the efects of DZX and provide an administra琀椀on strategy useful 
to improve drug penetra琀椀on through the BBB and reduce side efects.
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7. Material and Methods
7.1 Reagent, cell lines and culture condi琀椀ons 
All chemicals were acquired at the highest possible purity and u琀椀lized exactly as received, no 
puri昀椀ca琀椀on or dis琀椀lla琀椀on was performed. Diazoxide, 3-(4,5- Dimethylthiazolyl-2)-2,5-
diphenyltetrazolium bromide (MTT) and double-dis琀椀lled water were purchased from Sigma-Aldrich 
(Italy). Dihydrorhodamine 123 (DHR) and 2’,7’-dichlorodihydro昀氀uorescein diacetate (H2DCFDA) 
were provided by Life Technologies. Dulbecco’s Modi昀椀ed Eagle Medium F-12 (DMEM F-12), penicillin 
(100 U/mL), streptomycin (100 μg/mL), and Fetal Bovine Serum (FBS) were purchased from 
EuroClone. Culture 昀氀asks and Petri dishes were provided from Corning (Glassworks) and EuroClone.

Fibroblast cells (Table 7.1) were isolated from a pa琀椀ent afected by FRDA disease, carrying 
homozygous pathological alleles that exhibit 830/900 GAA repeat expansions. The healthy control 
and 昀椀broblast cell lines from FRDA pa琀椀ent were cultured in DMEM F-12 medium supplemented with 
2 mM of glutamine, 10% of FBS, 100U/ml of penicillin and 0.1 mg/ml of streptomycin. The cells were 
maintained at 37°C in a humidi昀椀ed atmosphere with 5 % CO2 in culture 昀氀asks. The pharmacological 
compound assays were carried out without an琀椀bio琀椀cs in the medium.

Table 7.1: Fibroblast cell lines. The table summarizes features of 昀椀broblast cells donors. Fibroblast cell lines were respec琀椀vely obtained 
from a healthy control (HC Fibroblasts) and FRDA pa琀椀ent (FRDA Fibroblasts).

7.2 Cell viability
To evaluate possible efects of empty (eSLN) and diazoxide-loaded SLN (SLN-DZX) on 昀椀broblast cell 
viabili琀椀es, MTT assay was performed176. Cells were seeded into 96-well plates at a density of 66,000 
cells per well and cultured with medium added with eSLNs and SLN-DZX at DZX concentra琀椀ons of 
75, 25, 10, 5, and 1 μM. Cells were incubated with SLNs for 24h at 37°C and 5 % CO2. Following 
incuba琀椀on, the medium was removed and replaced with 100 μL per well of MTT solu琀椀on (0.5 mg/mL 
in cell culture medium). Cells were subsequently incubated for 2h at 37°C and 5 % CO2. Completed 
the incuba琀椀on, 150μL of a DMSO/ethanol (1:1) solu琀椀on was added to each well. Absorbance at 570 
nm was measured using a spectrometer (SPECTROstar Nano, BMG Labtech). The untreated cells 
served as the control. Each Diazoxide concentra琀椀on was tested in triplicate, and the experiments 
were repeated three 琀椀mes. MTT assay is based on the ability of living cells to convert water-soluble 
MTT into water-insoluble formazan crystals by reduc琀椀ve mitochondrial ac琀椀vity 19,177.
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7.3 SLN-uptake
The internaliza琀椀on of the SLN-DZX in FRDA 昀椀broblasts was inves琀椀gated by 昀氀uorescence imaging. 
Firstly, cells were seeded on glass coverslips at a density of 3x104 cells/ coverslip and allowed to 
a琀琀ach for 24h. Obtained the 60 % con昀氀uence, cells were treated with BODIPY (BDP)-loaded SLNs at 
a 昀椀nal concentra琀椀on of 28.7 nM corresponding to 75 μg/ml of lipid core of SLN. Cells were incubated 
for 30 min at 4°C. Image acquisi琀椀on occurred at speci昀椀c 琀椀me points using a Zeiss Axiovert 200 
inverted epi昀氀uorescence microscope equipped with 63x/1.30 Ph3 oil objec琀椀ve and 昀椀lter sets for BDP 
acquisi琀椀on. The acquired images were captured using a CoolSNAP HQ CCD camera manufactured by 
Roper Scien琀椀昀椀c (Trenton NJ, USA) and MetaFluor 6.1 sovware developed by Universal Imaging 
Corpora琀椀on (Downington, PA, USA). 

7.4 ROS analysis
To detect cellular ROS content, a 昀氀uorogenic probe 2’,7’-dichlorodihydro昀氀uorescein diacetate 
(H2DCFDA) was employed. Firstly, basal ROS level was evaluated and compared between pa琀椀ent and 
healthy control 昀椀broblasts. Cells were seeded in a 96-well at a density of 50.000 cells per well and 
treated with H2DCFDA, resuspended in DMEM F-12 medium without serum, and at a 昀椀nal 
concentra琀椀on of 5μM. Time course 昀氀uorescence detec琀椀on was performed for 80 minutes. ROS 
content evalua琀椀on was also detected in FRDA 昀椀broblast treated with SLN-DZX (DZX 1μM) and eSLN 
(equivalent concentra琀椀on of lipid core) for 24h, at 37°C and 5% CO2. Aver the incuba琀椀on, cells were 
washed twice with sterile PBS and incubated with H2DCFDA at a 昀椀nal concentra琀椀on of 5μM in fresh 
medium without supplemented serum. Fluorescence was evaluated by 琀椀me course detec琀椀on for 80 
min on average. Upon entering the cell, H2DCFDA, was converted into a non-昀氀uorescent compound 
by cellular esterases. Subsequently, the compound oxidized by ROS, resul琀椀ng in the produc琀椀on of 
the 昀氀uorescent 2,7′-dichloro昀氀uorescein (DCF)178. The 琀椀me course of ROS produc琀椀on was evaluated 
by a microplate reader (Victor 3, PerkinElmer) (excita琀椀on/emission wavelengths 488/535 nm) and 
results were normalized using each sample protein concentra琀椀on. Data were expressed as Rela琀椀ve 
Fluorescence Unit (RFU).

Mitochondrial speci昀椀cally ROS produc琀椀on was assessed using the 昀氀uorescent probe 
dihydrorhodamine 123 (DHR). Cells from FRDA pa琀椀ents were seeded on a slide, treated and 
incubated with SLN-DZX and eSLN for 24h, at 37°C, 5% CO2. Subsequently, the medium was replaced 
with DMEM F-12 without supplemented serum and containing DHR at 昀椀nal concentra琀椀ons of 5μM. 
The incuba琀椀on with the 昀氀uorescent probe was conducted for 30 minutes, at 37°C, 5% CO2. DHR can 
enter the mitochondria and emit 昀氀uorescence upon oxida琀椀on by ROS, primarily peroxynitrite, 
leading to the forma琀椀on of the posi琀椀vely charged rhodamine 123 deriva琀椀ve179,180. Cells were 
washed twice with sterile PBS and 昀氀uorescence was therefore captured using a Zeiss Axiovert 200 
inverted epi昀氀uorescence microscope using a 63x/1.30 Ph3 oil objec琀椀ve and 昀椀lter sets for DHR 
acquisi琀椀on (excita琀椀on/emission at 488/510 nm).
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7.5 Sta琀椀s琀椀cal analysis
The experimental results are presented as mean ± SD (Standard Devia琀椀on). Sta琀椀s琀椀cal evalua琀椀ons 
were carried out u琀椀lizing Graph Prism version 8.0.1 (GraphPad Sovware Inc., La Jolla, CA, USA). In 
assessing the sta琀椀s琀椀cal signi昀椀cance of data sets Student’s t Test was performed.
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8. Results
The present work was developed in collabora琀椀on with the research group headed by Professor 
Denora, who proceeded with the synthesis of SLNs using a micro昀氀uidic device. SLNs were primarily 
characterized for certain physical features related to the size and stability of the colloidal suspension, 
such as the polydispersity index (PDI) and zeta (ζ) poten琀椀al. The amount of DZX loaded in SLNs was 
also measured and expressed as Encapsula琀椀on E昀케ciency (%). Furthermore, the morphology of SLNs 
was examined using Transmission Electron Microscope imaging (TEM). The physical features are 
summarized in Table 8.1.

Table 8.1: Physical parameters es琀椀mated for empty SLNs and SLN-loaded DZX (SLN-DZX) (Arduino, 2024).

Once the ability of SLNs to release DZX was evaluated through the Franz cell test, nanopar琀椀cles were 
tested on an in vitro BBB model obtained by seeding immortalized human cerebral microvascular 
endothelial (hCMEC/D3) cells on transwell inserts. Aver excluding puta琀椀ve cytotoxic efects of SLNs 
on the in vitro BBB model, permeability tests were performed to verify the ability of nanopar琀椀cles 
to transport DZX across the BBB. As shown in Table 8.2, SLN-DZX demonstrated higher endothelial 
permeability (EP, Papp) than free DZX.

Table 8.2: Endothelial permeability of free DZX and SLN-DZX (Arduino et al. 2024).

Details concerning the experimental approaches u琀椀lized for SLN characteriza琀椀on, BBB in vitro model 
development, and permeability tests are discussed in the scien琀椀昀椀c paper <Micro昀氀uidic Formula琀椀on 
of Diazoxide-Loaded Solid Lipid Nanopar琀椀cles as a Novel Approach for Friedreich’s Ataxia 
Treatment=181.

The sec琀椀on <Results= reported below pertains to the experimental methods u琀椀lized to detect 
metabolic efects on the FRDA 昀椀broblast cell line following SLN-DZX treatment.
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8.1 Viability of 昀椀broblast cell line treated with DZX, empty SLN or SLN-DZX
To exclude the possible cytotoxic efects of free DZX and SLN prepara琀椀ons, an MTT viability test was 
performed. FRDA 昀椀broblasts were exposed to diferent concentra琀椀ons of free DZX, SLN-DZX, and 
eSLNs for 24h. The results showed no toxic efects of DZX, whether in its free form or encapsulated 
within SLNs. Furthermore, none of the tested concentra琀椀ons of empty SLNs exhibited cytotoxic 
efects. Compared with untreated cells, the 1 μM DZX-SLN treatment led to a notably more 
signi昀椀cant improvement in cell viability. Consequently, the treatment of choice was determined to 
be the use of 1 μM DZX-SLN (Fig. 8.1).

Figure 8.1: FRDA 昀椀broblasts viability. Cell viability of 昀椀broblast cells of FRDA pa琀椀ent assessed a昀琀er cells incuba琀椀on DZX (black bar), 
SLN-DZX (white bar) and eSLNs (grey bar) for 24h. NT corresponds to untreated cells. Each compound was tested in triplicate and the 
experiments were repeated three 琀椀mes (n=3). A diference was signi昀椀cant with *p < 0.05 and **p < 0.01, Student’s t test.
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8.2 In vitro uptake study of SLN
SLN uptake in FRDA 昀椀broblasts was detected by measuring the 昀氀uorescent signal following 
incuba琀椀on with SLN-BDP. Cells were seeded and treated according to the procedure outlined in the 
experimental sec琀椀on. Fluorescence was analyzed at speci昀椀c 琀椀mes, showing the 昀椀broblast uptake of 
SLN-BDP over 琀椀me. A more intense red 昀氀uorescence was observed inside the cells aver 6 min. The 
results suggested that 昀椀broblasts recognized SLNs as elements to be incorporated. Furthermore, the 
homogeneous distribu琀椀on of red 昀氀uorescence indicated efec琀椀ve SLN internaliza琀椀on (Fig. 8.2).

Figure 8.2: Uptake of SLN-BDP in 昀椀broblast assessed by 昀氀uorescence microscope. Cells were seeded on a microscopy slide. 
Fluorescence images were acquired over 琀椀me as 昀椀broblast internalized SLN-BDP. BDP concentra琀椀on was 28.7 nM equivalent to 75 
μg/mL of lipid core of SLN. Scale bar 20 μm.
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8.3 SLN-DZX treatment decreases oxida琀椀ve cell damage in 昀椀broblast from 
FRDA pa琀椀ent
As men琀椀oned before, iron overload and oxida琀椀ve stress are typical metabolic features of FRDA 
disease148,149. To inves琀椀gate cellular and speci昀椀cally mitochondrial ROS content, 昀氀uorogenic probes 
H2DCFDA and DHR123 were employed. Data obtained from 琀椀me-course analysis of H2DCFDA 
昀氀uorescence emission demonstrated that the pa琀椀ent cells showed a higher level of cytosolic ROS 
content compared with healthy control 昀椀broblast cells (Fig. 8.3A). To clarify whether the efect of 
DZX on FRDA 昀椀broblasts involved the ac琀椀va琀椀on of an琀椀oxidant pathways, ROS produc琀椀on was 
evaluated aver 24 hours of SLNs treatment. In the FRDA 昀椀broblasts treated with 1 μM SLN-DZX, the 
ROS level was decreased compared with eSLN treatment (Fig. 8.3B).

Figure 8.3: E昀昀ect of SLN-DZX on ROS produc琀椀on in FRDA 昀椀broblast. Time course of ROS produc琀椀on in 昀椀broblasts from healthy control 
(circle) and from FRDA pa琀椀ent (square) was assessed by DCF 昀氀uorescence (A). Time-related changes of ROS level was evaluated by 
DCF 昀氀uoresce in 昀椀broblasts from FRDA pa琀椀ent a昀琀er 24h-treatment with eSLN (triangle) and SLN-DZX (diamond) (B). DCF 昀氀uorescence 
was measured with a microplate reader (excita琀椀on/emission wavelengths 488/535 nm). Results are expressed as Rela琀椀ve 
Fluorescence Unit (RFU). Values represent mean ± S.D, Student’s t test (n = 3).

To gain deeper insights into the impact of SLN-DZX on FRDA 昀椀broblasts, mitochondrial ROS 
produc琀椀on was evaluated using 昀氀uorescence microscopy and the DHR 昀氀uorescent probe. As shown 
in Fig. 8.4, a 24h treatment with 1 μM SLN-DZX resulted in a notable decrease in the 昀氀uorescence 
linked to mitochondrial ROS in FRDA 昀椀broblasts when compared to both the eSLN treatment and 
the untreated sample (NT). Consequently, these 昀椀ndings strongly indicate that the SLNs can release 
the encapsulated DZX into the cells, leading to its an琀椀oxidant efects on both total and mitochondrial 
ROS.
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Figure 8.4: Fluorescence microscopy of FRDA 昀椀broblasts. Cells were seeded on a microscopy slide. A昀琀er 24h treatment with SLNs 
were washed twice with PBS and incubated with DHR (5 μM) for ROS detec琀椀on and DAPI (1 μg/ml) for nuclei blue-staining. NT, not 
treated. eSLN, empty SLNs, SLN-DZX diazoxide-loaded SLN. Scale bar 20 μm.
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9. Discussion
The iden琀椀昀椀ca琀椀on of therapeu琀椀c strategies able to alleviate neurological symptoms represents the 
main goal for several diseases in which the nervous system is compromised. However, the presence 
of the BBB notably complicates the achievement of this purpose182. FRDA is part of this 
heterogeneous group of diseases. Several therapeu琀椀c approaches aimed at enhancing FRX mRNA 
expression and protein levels have been tested on cellular and animal models of FRDA. An example 
is the mitoK+ATP channel agonist, DZX, which has been shown to increase FRX protein levels and 
provide a protec琀椀ve efect against oxida琀椀ve stress in FRDA cellular and mouse models19. Although 
the poten琀椀al therapeu琀椀c bene昀椀ts of DZX and other mitoK+ATP agonists have been tested in 
preclinical trials for neurodegenera琀椀ve diseases (e.g., Alzheimer's and Parkinson’s syndromes), their 
ability to traverse the BBB and their availability in the central nervous system is s琀椀ll debated183,184.

To overcome this issue and improve bioavailability, SLNs loaded with DZX were developed using a 
micro昀氀uidic technique and tested on an FRDA 昀椀broblast cell line and an in vitro BBB model. SLNs, 
characterized for certain physical proper琀椀es (Table 8.1), showed a higher ability than 
unencapsulated DZX to traverse the in vitro BBB (Table 8.2). The treatment with 1 μM of SLN-DZX in 
FRDA 昀椀broblasts demonstrated that the formula琀椀on, internalized in the cells (Fig. 8.2), efec琀椀vely 
releases the drug, resul琀椀ng in a discernible reduc琀椀on in mitochondrial ROS produc琀椀on (Figs. 8.3 and 
8.4) and an increase in cell viability (Fig. 8.1). In summary, the research underscores the e昀케cacy of 
treatment with SLN-DZX as a potent pharmacological tool for modula琀椀ng ROS produc琀椀on and 
metabolic ac琀椀vi琀椀es. The collec琀椀ve evidence from this inves琀椀ga琀椀on ofers a compelling case for 
considering SLN-DZX as a promising and innova琀椀ve formula琀椀on for safeguarding against oxida琀椀ve 
stress-induced damage and func琀椀onal impairments in the context of FRDA.

Given its poten琀椀al to mi琀椀gate oxida琀椀ve stress, SLN-DZX could represent a useful tool for trea琀椀ng 
several diseases (or disorders) associated with altera琀椀ons in iron metabolism, including CSA forms. 
Furthermore, encapsulated DZX might be inves琀椀gated for the management of neurological 
condi琀椀ons, such as Mul琀椀ple Sclerosis, for which a previous phase 2 clinical trial assessing plain DZX’s 
e昀케cacy did not produce posi琀椀ve results169. Lastly, nanopar琀椀cles could be employed to deliver 
various agonists and antagonists of mitoK+ channels, allowing for a comprehensive inves琀椀ga琀椀on of 
the poten琀椀al role of these channels in neurological disorders and to ameliorate pathological 
condi琀椀ons in pa琀椀ents.



63

References
1. Tang, J. X., Thompson, K., Taylor, R. W. & Oláhová, M. Mitochondrial OXPHOS biogenesis: Co-

regula琀椀on of protein synthesis, import, and assembly pathways. Int J Mol Sci 21, (2020).

2. Muckenthaler, M. U., Rivella, S., Hentze, M. W. & Galy, B. A Red Carpet for Iron Metabolism. Cell vol. 
168 Preprint at h琀琀ps://doi.org/10.1016/j.cell.2016.12.034 (2017).

3. Dixon, S. J. & Stockwell, B. R. The role of iron and reac琀椀ve oxygen species in cell death. Nature 
Chemical Biology vol. 10 Preprint at h琀琀ps://doi.org/10.1038/nchembio.1416 (2014).

4. Guernsey, D. L. et al. Muta琀椀ons in mitochondrial carrier family gene SLC25A38 cause nonsyndromic 
autosomal recessive congenital sideroblas琀椀c anemia. Nat Genet 41, (2009).

5. Palmieri, F. The mitochondrial transporter family SLC25: Iden琀椀昀椀ca琀椀on, proper琀椀es and 
physiopathology. Molecular Aspects of Medicine vol. 34 Preprint at 
h琀琀ps://doi.org/10.1016/j.mam.2012.05.005 (2013).

6. Lune琀�, P. et al. Characteriza琀椀on of human and yeast mitochondrial glycine carriers with implica琀椀ons 
for heme biosynthesis and anemia. Journal of Biological Chemistry 291, (2016).

7. Taylor, J. L. & Brown, B. L. Structural basis for dysregula琀椀on of aminolevulinic acid synthase in human 
disease. Journal of Biological Chemistry vol. 298 Preprint at 
h琀琀ps://doi.org/10.1016/j.jbc.2022.101643 (2022).

8. Andolfo, I. et al. Apparent recessive inheritance of sideroblas琀椀c anemia type 2 due to uniparental 
isodisomy at the SLC25A38 locus. Haematologica vol. 105 Preprint at 
h琀琀ps://doi.org/10.3324/haematol.2020.258533 (2020).

9. Fleming, M. D. Congenital sideroblas琀椀c anemias: iron and heme lost in mitochondrial transla琀椀on. 
Hematology / the Educa琀椀on Program of the American Society of Hematology. American Society of 
Hematology. Educa琀椀on Program vol. 2011 Preprint at h琀琀ps://doi.org/10.1182/asheduca琀椀on-
2011.1.525 (2011).

10. Trezise, D. J. et al. P2 purinoceptor antagonist proper琀椀es of pyridoxal-5-phosphate. Eur J Pharmacol 
259, (1994).

11. North, R. A. Molecular physiology of P2X receptors. Physiological Reviews vol. 82 Preprint at 
h琀琀ps://doi.org/10.1152/physrev.00015.2002 (2002).

12. Lambrecht, G. et al. Structure-Ac琀椀vity Rela琀椀onships of Suramin and Pyridoxal-5-phosphate 
Deriva琀椀ves as P2 Receptor Antagonists. Curr Pharm Des 8, (2005).

13. Vankan, P. Prevalence gradients of Friedreich’s Ataxia and R1b haplotype in Europe co-localize, 
sugges琀椀ng a common Palaeolithic origin in the Franco-Cantabrian ice age refuge. Journal of 
Neurochemistry vol. 126 Preprint at h琀琀ps://doi.org/10.1111/jnc.12215 (2013).

14. Delatycki, M. B. & Corben, L. A. Clinical features of Friedreich ataxia. in Journal of Child Neurology 
vol. 27 (2012).



64

15. Campuzano, V. et al. Friedreich’s ataxia: Autosomal recessive disease caused by an intronic GAA 
triplet repeat expansion. Science (1979) 271, (1996).

16. Gerber, J., Mühlenhof, U. & Lill, R. An interac琀椀on between frataxin and Isu1/Nfs1 that is crucial for 
Fe/S cluster synthesis on Isu1. EMBO Rep 4, (2003).

17. Yoon, T. & Cowan, J. A. Iron-sulfur cluster biosynthesis. Characteriza琀椀on of frataxin as an iron donor 
for assembly of [2Fe-2S] clusters in ISU-type proteins. J Am Chem Soc 125, (2003).

18. Lesuisse, E. et al. Iron use for haeme synthesis is under control of the yeast frataxin homologue 
(Yn1). Hum Mol Genet 12, (2003).

19. Santoro, A. et al. Efect of diazoxide on friedreich ataxia models. Hum Mol Genet 27, (2018).

20. HUTCHEON, D. E., HARMAN, M. A. & SCHWARTZ, M. L. Diazoxide in the Treatment of Hypertension. J 
New Drugs 2, (1962).

21. Shimizu, K. et al. MitoKATP opener, diazoxide, reduces neuronal damage aver middle cerebral artery 
occlusion in the rat. Am J Physiol Heart Circ Physiol 283, (2002).

22. Chen, X., Yu, C., Kang, R. & Tang, D. Iron Metabolism in Ferroptosis. Fron琀椀ers in Cell and 
Developmental Biology vol. 8 Preprint at h琀琀ps://doi.org/10.3389/fcell.2020.590226 (2020).

23. Papanikolaou, G. & Pantopoulos, K. Iron metabolism and toxicity. Toxicology and Applied 
Pharmacology vol. 202 Preprint at h琀琀ps://doi.org/10.1016/j.taap.2004.06.021 (2005).

24. Choi, J. et al. Duodenal reductase ac琀椀vity and spleen iron stores are reduced and erythropoiesis is 
abnormal in Dcytb knockout mice exposed to hypoxic condi琀椀ons. Journal of Nutri琀椀on 142, (2012).

25. Troadec, M. B., Ward, D. M. V., Lo, E., Kaplan, J. & De Domenico, I. Induc琀椀on of FPN1 transcrip琀椀on by 
MTF-1 reveals a role for ferropor琀椀n in transi琀椀on metal enux. Blood 116, (2010).

26. Pantopoulos, K., Porwal, S. K., Tartakof, A. & Devireddy, L. Mechanisms of mammalian iron 
homeostasis. Biochemistry vol. 51 Preprint at h琀琀ps://doi.org/10.1021/bi300752r (2012).

27. Muckenthaler, M. U., Galy, B. & Hentze, M. W. Systemic iron homeostasis and the iron-responsive 
element/iron-regulatory protein (IRE/IRP) regulatory network. Annual Review of Nutri琀椀on vol. 28 
Preprint at h琀琀ps://doi.org/10.1146/annurev.nutr.28.061807.155521 (2008).

28. Hamdi, A. et al. Erythroid cell mitochondria receive endosomal iron by a <kiss-and-run= mechanism. 
Biochim Biophys Acta Mol Cell Res 1863, (2016).

29. Shvartsman, M., Kikkeri, R., Shanzer, A. & Cabantchik, Z. I. Non-transferrin-bound iron reaches 
mitochondria by a chelator-inaccessible mechanism: Biological and clinical implica琀椀ons. Am J Physiol 
Cell Physiol 293, (2007).

30. Breuer, W., Epsztejn, S. & Cabantchik, Z. I. Iron acquired from transferrin by K562 cells is delivered 
into a cytoplasmic pool of chelatable iron(II). Journal of Biological Chemistry 270, (1995).

31. Severance, S. & Hamza, I. Tra昀케cking of heme and porphyrins in metazoa. Chem Rev 109, (2009).



65

32. Shaw, G. C. et al. Mitoferrin is essen琀椀al for erythroid iron assimila琀椀on. Nature 440, (2006).

33. Poulos, T. L. Heme enzyme structure and func琀椀on. Chemical Reviews vol. 114 Preprint at 
h琀琀ps://doi.org/10.1021/cr400415k (2014).

34. Ponka, P., Shevel, A. D., English, A. M., Sco琀琀 Bohle, D. & Garcia-Santos, D. Do Mammalian Cells Really 
Need to Export and Import Heme? Trends in Biochemical Sciences vol. 42 Preprint at 
h琀琀ps://doi.org/10.1016/j.琀椀bs.2017.01.006 (2017).

35. Paul, B. T., Manz, D. H., Tor琀椀, F. M. & Tor琀椀, S. V. Mitochondria and Iron: current ques琀椀ons. Expert 
Review of Hematology vol. 10 Preprint at h琀琀ps://doi.org/10.1080/17474086.2016.1268047 (2017).

36. Lill, R. Func琀椀on and biogenesis of iron-sulphur proteins. Nature vol. 460 Preprint at 
h琀琀ps://doi.org/10.1038/nature08301 (2009).

37. Drysdale, J. et al. Mitochondrial ferri琀椀n: A new player in iron metabolism. Blood Cells Mol Dis 29, 
(2002).

38. Nie, G., Shevel, A. D., Kim, S. F. & Ponka, P. Overexpression of mitochondrial ferri琀椀n causes cytosolic 
iron deple琀椀on and changes cellular iron homeostasis. Blood 105, (2005).

39. Cazzola, M. et al. Mitochondrial ferri琀椀n expression in erythroid cells from pa琀椀ents with sideroblas琀椀c 
anemia. Blood 101, (2003).

40. Bo琀琀omley, S. S. & Fleming, M. D. Sideroblas琀椀c anemia diagnosis and management. 
Hematology/Oncology Clinics of North America vol. 28 Preprint at 
h琀琀ps://doi.org/10.1016/j.hoc.2014.04.008 (2014).

41. Stemmler, T. L., Lesuisse, E., Pain, D. & Dancis, A. Frataxin and mitochondrial FeS cluster biogenesis. 
Journal of Biological Chemistry vol. 285 Preprint at h琀琀ps://doi.org/10.1074/jbc.R110.118679 (2010).

42. Puccio, H. et al. Mouse models for Friedreich ataxia exhibit cardiomyopathy, sensory nerve defect 
and Fe-S enzyme de昀椀ciency followed by intramitochondrial iron deposits. Nat Genet 27, (2001).

43. Mochel, F. et al. Splice Muta琀椀on in the Iron-Sulfur Cluster Scafold Protein ISCU Causes Myopathy 
with Exercise Intolerance. Am J Hum Genet 82, (2008).

44. Ward, D. M. & Cloonan, S. M. Mitochondrial Iron in Human Health and Disease. Annual Review of 
Physiology vol. 81 Preprint at h琀琀ps://doi.org/10.1146/annurev-physiol-020518-114742 (2019).

45. Ajioka, R. S., Phillips, J. D. & Kushner, J. P. Biosynthesis of heme in mammals. Biochimica et Biophysica 
Acta - Molecular Cell Research vol. 1763 Preprint at h琀琀ps://doi.org/10.1016/j.bbamcr.2006.05.005 
(2006).

46. Hunter, G. A. & Ferreira, G. C. 5-Aminolevulinate synthase: Catalysis of the 昀椀rst step of heme 
biosynthesis. Cellular and Molecular Biology vol. 55 Preprint at h琀琀ps://doi.org/10.1170/T844 (2009).

47. Burch, J. S. et al. Glutamine via a-ketoglutarate dehydrogenase provides succinyl-CoA for heme 
synthesis during erythropoiesis. Blood 132, (2018).



66

48. Labbe, R. E., Kurumada, T. & Onisawa, J. The role of succinyl-CoA synthetase in the control of heme 
biosynthesis. BBA - General Subjects 111, (1965).

49. Co琀琀er, P. D., Drabkin, H. A., Varkony, T., Smith, D. I. & Bishop, D. F. Assignment of the human 
housekeeping δ-aminolevulinate synthase gene (ALAS1) to chromosome band 3p21.1 by PCR 
analysis of soma琀椀c cell hybrids. Cytogenet Cell Genet 69, (1995).

50. Bishop, D. F., Henderson, A. S. & Astrin, K. H. Human δ-aminolevulinate synthase: Assignment of the 
housekeeping gene to 3p21 and the erythroid-speci昀椀c gene to the X chromosome. Genomics 7, 
(1990).

51. Liu, G. et al. Heme biosynthesis depends on previously unrecognized acquisi琀椀on of iron-sulfur 
cofactors in human amino-levulinic acid dehydratase. Nat Commun 11, (2020).

52. Schubert, H. L., Erskine, P. T. & Cooper, J. B. 5-Aminolaevulinic Acid Dehydratase, Porphobilinogen 
Deaminase and Uroporphyrinogen III Synthase. in Tetrapyrroles (2009). doi:10.1007/978-0-387-
78518-9_3.

53. Mogi, T., Saiki, K. & Anraku, Y. Biosynthesis and func琀椀onal role of haem O and haem A. Mol Microbiol 
14, (1994).

54. Bowman, S. E. J. & Bren, K. L. The chemistry and biochemistry of heme c: Func琀椀onal bases for 
covalent a琀琀achment. Natural Product Reports vol. 25 Preprint at h琀琀ps://doi.org/10.1039/b717196j 
(2008).

55. Rive琀琀, E. D., Heo, L., Feig, M. & Hegg, E. L. Biosynthesis and tra昀케cking of heme o and heme a: new 
structural insights and their implica琀椀ons for reac琀椀on mechanisms and prenylated heme transfer. 
Cri琀椀cal Reviews in Biochemistry and Molecular Biology vol. 56 Preprint at 
h琀琀ps://doi.org/10.1080/10409238.2021.1957668 (2021).

56. Kubota, Y. et al. Novel mechanisms for heme-dependent degrada琀椀on of ALAS1 protein as a 
component of nega琀椀ve feedback regula琀椀on of heme biosynthesis. Journal of Biological Chemistry 
291, (2016).

57. Fleischhacker, A. S., Sarkar, A., Liu, L. & Ragsdale, S. W. Regula琀椀on of protein func琀椀on and 
degrada琀椀on by heme, heme responsive mo琀椀fs, and CO. Cri琀椀cal Reviews in Biochemistry and 
Molecular Biology vol. 57 Preprint at h琀琀ps://doi.org/10.1080/10409238.2021.1961674 (2022).

58. Piel, R. B. et al. A Novel Role for Progesterone Receptor Membrane Component 1 (PGRMC1): A 
Partner and Regulator of Ferrochelatase. Biochemistry 55, (2016).

59. Galmozzi, A. et al. PGRMC2 is an intracellular haem chaperone cri琀椀cal for adipocyte func琀椀on. Nature 
576, (2019).

60. Sweeny, E. A. et al. Glyceraldehyde-3-phosphate dehydrogenase is a chaperone that allocates labile 
heme in cells. Journal of Biological Chemistry 293, (2018).

61. Maines, M. D. The heme oxygenase system: A regulator of second messenger gases. Annual Review 
of Pharmacology and Toxicology vol. 37 Preprint at 
h琀琀ps://doi.org/10.1146/annurev.pharmtox.37.1.517 (1997).



67

62. Kikuchi, G., Yoshida, T. & Noguchi, M. Heme oxygenase and heme degrada琀椀on. Biochemical and 
Biophysical Research Communica琀椀ons vol. 338 Preprint at 
h琀琀ps://doi.org/10.1016/j.bbrc.2005.08.020 (2005).

63. Yanatori, I., Richardson, D. R., Toyokuni, S. & Kishi, F. The iron chaperone poly(rC)-binding protein 2 
forms a metabolon with the heme oxygenase 1/cytochrome P450 reductase complex for heme 
catabolism and iron transfer. Journal of Biological Chemistry 292, (2017).

64. Paradkar, P. N., Zumbrennen, K. B., Paw, B. H., Ward, D. M. & Kaplan, J. Regula琀椀on of Mitochondrial 
Iron Import through Diferen琀椀al Turnover of Mitoferrin 1 and Mitoferrin 2. Mol Cell Biol 29, (2009).

65. Yoon, T. & Cowan, J. A. Frataxin-mediated iron delivery to ferrochelatase in the 昀椀nal step of heme 
biosynthesis. Journal of Biological Chemistry 279, (2004).

66. Shevel, A. D., Richardson, D. R., Prchal, J. & Ponka, P. Mitochondrial iron metabolism and 
sideroblas琀椀c anemia. Acta Haematologica vol. 122 Preprint at h琀琀ps://doi.org/10.1159/000243796 
(2009).

67. Cartwright, G. E. & Deiss, A. Sideroblasts, Siderocytes, and Sideroblas琀椀c Anemia. New England 
Journal of Medicine 292, (1975).

68. Boultwood, J. et al. The role of the iron transporter ABCB7 in Refractory Anemia with Ring 
Sideroblasts. PLoS One 3, (2008).

69. Pondarré, C. et al. The mitochondrial ATP-binding casse琀琀e transporter Abcb7 is essen琀椀al in mice and 
par琀椀cipates in cytosolic iron-sulfur cluster biogenesis. Hum Mol Genet 15, (2006).

70. Neufeld, E. J., Fleming, J. C., Tartaglini, E. & Steinkamp, M. P. Thiamine-responsive megaloblas琀椀c 
anemia syndrome: A disorder of high-a昀케nity thiamine transport. Blood Cells Mol Dis 27, (2001).

71. Boros, L. G. et al. Defec琀椀ve RNA ribose synthesis in 昀椀broblasts from pa琀椀ents with thiamine-
responsive megaloblas琀椀c anemia (TRMA). Blood 102, (2003).

72. Burrage, L. C. et al. Mitochondrial myopathy, lac琀椀c acidosis, and sideroblas琀椀c anemia (MLASA) plus 
associated with a novel de novo muta琀椀on (m.8969G>A) in the mitochondrial encoded ATP6 gene. 
Mol Genet Metab 113, (2014).

73. Visconte, V. et al. SF3B1, a splicing factor is frequently mutated in refractory anemia with ring 
sideroblasts. Leukemia vol. 26 Preprint at h琀琀ps://doi.org/10.1038/leu.2011.232 (2012).

74. Malcova琀椀, L. et al. Molecular and clinical features of refractory anemia with ringed sideroblasts 
associated with marked thrombocytosis. Blood 114, (2009).

75. Piso, R. J., Kriz, K. & Desax, M. C. Severe isoniazid related sideroblas琀椀c anemia. Hematol Rev 3, 
(2011).

76. Fiske, D. N., McCoy, H. E. & Kitchens, C. S. Zinc-induced sideroblas琀椀c anemia: Report of a case, 
review of the literature, and descrip琀椀on of the hematologic syndrome. Am J Hematol 46, (1994).

77. Simon, S. R., Branda, R. F., Tindle, B. H. & Burns, S. L. Copper de昀椀ciency and sideroblas琀椀c anemia 
associated with zinc inges琀椀on. Am J Hematol 28, (1988).



68

78. Palmieri, F. & Monné, M. Discoveries, metabolic roles and diseases of mitochondrial carriers: A 
review. Biochim Biophys Acta Mol Cell Res 1863, (2016).

79. Pebay-Peyroula, E. et al. Structure of mitochondrial ADP/ATP carrier in complex with 
carboxyatractyloside. Nature 426, (2003).

80. Robinson, A. J. & Kunji, E. R. S. Mitochondrial carriers in the cytoplasmic state have a common 
substrate binding site. Proc Natl Acad Sci U S A 103, (2006).

81. Palmieri, F., Pierri, C. L., De Grassi, A., Nunes-Nesi, A. & Fernie, A. R. Evolu琀椀on, structure and func琀椀on 
of mitochondrial carriers: A review with new insights. Plant Journal 66, (2011).

82. Palmieri, F. Mitochondrial transporters of the SLC25 family and associated diseases: A review. J 
Inherit Metab Dis 37, (2014).

83. Palmieri, F., Scarcia, P. & Monné, M. Diseases caused by muta琀椀ons in mitochondrial carrier genes 
SLC25: A review. Biomolecules vol. 10 Preprint at h琀琀ps://doi.org/10.3390/biom10040655 (2020).

84. Edvardson, S. et al. Agenesis of corpus callosum and op琀椀c nerve hypoplasia due to muta琀椀ons in 
SLC25A1 encoding the mitochondrial citrate transporter. J Med Genet 50, (2013).

85. Nota, B. et al. De昀椀ciency in SLC25A1, encoding the mitochondrial citrate carrier, causes combined D-
2- and L-2-hydroxyglutaric aciduria. Am J Hum Genet 92, (2013).

86. Chaouch, A. et al. Muta琀椀ons in the mitochondrial citrate carrier SLC25A1 are associated with 
impaired neuromuscular transmission. J Neuromuscul Dis 1, (2014).

87. Lasorsa, F. M. et al. Recombinant expression of the Ca2+-sensi琀椀ve aspartate/ glutamate carrier 
increases mitochondrial ATP produc琀椀on in agonist-s琀椀mulated Chinese hamster ovary cells. Journal of 
Biological Chemistry 278, (2003).

88. Wibom, R. et al. AGC1 De昀椀ciency Associated with Global Cerebral Hypomyelina琀椀on. New England 
Journal of Medicine 361, (2009).

89. Camacho, J. A. et al. Hyperornithinaemia-hyperammonaemia-homocitrullinuria syndrome is caused 
by muta琀椀ons in a gene encoding a mitochondrial ornithine transporter. Nat Genet 22, (1999).

90. Fernández-Murray, J. P. et al. Glycine and Folate Ameliorate Models of Congenital Sideroblas琀椀c 
Anemia. PLoS Genet 12, (2016).

91. Garcia-Santos, D., Schranzhofer, M., Bergeron, R., Shevel, A. D. & Ponka, P. Extracellular glycine is 
necessary for op琀椀mal hemoglobiniza琀椀on of erythroid cells. Haematologica 102, (2017).

92. Le Rouzic, M. A. et al. Non syndromic childhood onset congenital sideroblas琀椀c anemia: A report of 
13 pa琀椀ents iden琀椀昀椀ed with an ALAS2 or SLC25A38 muta琀椀on. Blood Cells Mol Dis 66, (2017).

93. Fouquet, C. et al. Genotype/phenotype correla琀椀ons of childhood-onset congenital sideroblas琀椀c 
anaemia in a European cohort. Br J Haematol 187, (2019).



69

94. Heeney, M. M. et al. SLC25A38 congenital sideroblas琀椀c anemia: Phenotypes and genotypes of 31 
individuals from 24 families, including 11 novel muta琀椀ons, and a review of the literature. Hum Mutat 
42, (2021).

95. Ducamp, S. & Fleming, M. D. The molecular gene琀椀cs of sideroblas琀椀c anemia. Blood vol. 133 Preprint 
at h琀琀ps://doi.org/10.1182/blood-2018-08-815951 (2019).

96. Leblanc, M. A. et al. Study of Glycine and Folic Acid Supplementa琀椀on to Ameliorate Transfusion 
Dependence in Congenital SLC25A38 Mutated Sideroblas琀椀c Anemia. Pediatr Blood Cancer 63, 
(2016).

97. Uminski, K. et al. Clinical characteriza琀椀on and hematopoie琀椀c stem cell transplant outcomes for 
congenital sideroblas琀椀c anemia caused by a novel pathogenic variant in SLC25A38. Pediatr Blood 
Cancer 67, (2020).

98. Giannuzzi, G. et al. Overexpression in E. coli and puri昀椀ca琀椀on of the L. pneumophila Lpp2981 protein. 
Mol Biotechnol 56, (2014).

99. Kumar, P., Nagarajan, A. & Uchil, P. D. Analysis of cell viability by the alamarblue assay. Cold Spring 
Harb Protoc 2018, (2018).

100. Novak, B., Schulten, R. & Lübbert, H. δ-Aminolevulinic acid and its methyl ester induce the forma琀椀on 
of Protoporphyrin IX in cultured sensory neurones. Naunyn Schmiedebergs Arch Pharmacol 384, 
(2011).

101. Marobbio, C. M. T., Pisano, I., Porcelli, V., Lasorsa, F. M. & Palmieri, L. Rapamycin reduces oxida琀椀ve 
stress in frataxin-de昀椀cient yeast cells. Mitochondrion 12, (2012).

102. Hirayama, T., Kadota, S., Niwa, M. & Nagasawa, H. A mitochondria-targeted 昀氀uorescent probe for 
selec琀椀ve detec琀椀on of mitochondrial labile Fe(ii). Metallomics 10, (2018).

103. Jun, Y. W., Hebenbrock, M. & Kool, E. T. A 昀氀uorescent hydrazone exchange probe of pyridoxal 
phosphate for the assessment of vitamin B6 status. Chemical Communica琀椀ons 56, (2019).

104. Krumschnabel, G. et al. Simultaneous high-resolu琀椀on measurement of mitochondrial respira琀椀on and 
hydrogen peroxide produc琀椀on. Methods in Molecular Biology 1264, (2015).

105. Pesta, D. & Gnaiger, E. High-resolu琀椀on respirometry: OXPHOS protocols for human cells and 
permeabilized 昀椀bers from small biopsies of human muscle. Methods in Molecular Biology 810, 
(2012).

106. Galaris, D., Barbou琀椀, A. & Pantopoulos, K. Iron homeostasis and oxida琀椀ve stress: An in琀椀mate 
rela琀椀onship. Biochimica et Biophysica Acta - Molecular Cell Research vol. 1866 Preprint at 
h琀琀ps://doi.org/10.1016/j.bbamcr.2019.118535 (2019).

107. Whi琀琀aker, J. W. Intracellular tra昀케cking of the pyridoxal cofactor. Implica琀椀ons for health and 
metabolic disease. Archives of Biochemistry and Biophysics vol. 592 Preprint at 
h琀琀ps://doi.org/10.1016/j.abb.2015.11.031 (2016).



70

108. Wang, H. S. et al. Pyridoxal phosphate is be琀琀er than pyridoxine for controlling idiopathic intractable 
epilepsy. Arch Dis Child 90, (2005).

109. Kuo, M. F. & Wang, H. S. Pyridoxal phosphate-responsive epilepsy with resistance to pyridoxine. 
Pediatr Neurol 26, (2002).

110. Waymire, K. G. et al. Mice lacking 琀椀ssue non–speci昀椀c alkaline phosphatase die from seizures due to 
defec琀椀ve metabolism of vitamin B–6. Nat Genet 11, (1995).

111. Crispin, A. et al. Muta琀椀ons in the iron-sulfur cluster biogenesis protein HSCB cause congenital 
sideroblas琀椀c anemia. Journal of Clinical Inves琀椀ga琀椀on 130, (2020).

112. Liu, G. et al. Func琀椀onal Analysis of GLRX5 Mutants Reveals Dis琀椀nct Func琀椀onali琀椀es of GLRX5 Protein. 
J Cell Biochem 117, (2016).

113. Chen, H. et al. Overexpression of SLC25A38 protein on acute lymphoblas琀椀c leukemia cells. Oncol Le琀琀 
7, (2014).

114. Harigae, H. & Furuyama, K. Hereditary sideroblas琀椀c anemia: Pathophysiology and gene muta琀椀ons. 
Interna琀椀onal Journal of Hematology vol. 92 Preprint at h琀琀ps://doi.org/10.1007/s12185-010-0688-4 
(2010).

115. Ohba, R. et al. Clinical and gene琀椀c characteris琀椀cs of congenital sideroblas琀椀c anemia: Comparison 
with myelodysplas琀椀c syndrome with ring sideroblast (MDS-RS). Ann Hematol 92, (2013).

116. Millart, H., Alouane, L., Oszust, F., Chevallier, S. & Robinet, A. Involvement of P2Y receptors in 
pyridoxal-5’-phosphate-induced cardiac precondi琀椀oning. Fundam Clin Pharmacol 23, (2009).

117. Gibson, T. J., Koonin, E. V., Musco, G., Pastore, A. & Bork, P. Friedreich’s ataxia protein: Phylogene琀椀c 
evidence for mitochondrial dysfunc琀椀on. Trends Neurosci 19, (1996).

118. Musco, G. et al. Towards a structural understanding of Friedreich’s ataxia: Solu琀椀on structure of 
frataxin. Structure 8, (2000).

119. Huynen, M. A., Snel, B., Bork, P. & Gibson, T. J. The phylogene琀椀c distribu琀椀on of frataxin indicates a 
role in iron-sulfur cluster protein assembly. Hum Mol Genet 10, (2001).

120. Koutnikova, H., Campuzano, V. & Koenig, M. Matura琀椀on of wild-type and mutated frataxin by the 
mitochondrial processing pep琀椀dase. Hum Mol Genet 7, (1998).

121. Schmucker, S., Argen琀椀ni, M., Carelle-Calmels, N., Martelli, A. & Puccio, H. The in vivo mitochondrial 
two-step matura琀椀on of human frataxin. Hum Mol Genet 17, (2008).

122. Guo, L. et al. Characteriza琀椀on of a new N-terminally acetylated extra-mitochondrial isoform of 
frataxin in human erythrocytes. Sci Rep 8, (2018).

123. Lill, R. et al. The role of mitochondria and the CIA machinery in the matura琀椀on of cytosolic and 
nuclear iron-sulfur proteins. European Journal of Cell Biology vol. 94 Preprint at 
h琀琀ps://doi.org/10.1016/j.ejcb.2015.05.002 (2015).

124. Cook, J. D. et al. Monomeric yeast frataxin is an iron-binding protein. Biochemistry 45, (2006).



71

125. Adinol昀椀, S. et al. Bacterial frataxin CyaY is the gatekeeper of iron-sulfur cluster forma琀椀on catalyzed 
by IscS. Nat Struct Mol Biol 16, (2009).

126. O’Neill, H. A. et al. Assembly of human frataxin is a mechanism for detoxifying redox-ac琀椀ve iron. 
Biochemistry 44, (2005).

127. Pandolfo, M. & Pastore, A. The pathogenesis of Friedreich ataxia and the structure and func琀椀on of 
frataxin. Journal of Neurology vol. 256 Preprint at h琀琀ps://doi.org/10.1007/s00415-009-1003-2 
(2009).

128. Huang, M. L. H., Lane, D. J. R. & Richardson, D. R. Mitochondrial mayhem: The mitochondrion as a 
modulator of iron metabolism and its role in disease. An琀椀oxidants and Redox Signaling vol. 15 
Preprint at h琀琀ps://doi.org/10.1089/ars.2011.3921 (2011).

129. Gerber, J. & Lill, R. Biogenesis of iron-sulfur proteins in eukaryotes: Components, mechanism and 
pathology. Mitochondrion 2, (2002).

130. Dos Santos, P. C., Dean, D. R., Hu, Y. & Ribbe, M. W. Forma琀椀on and Inser琀椀on of the Nitrogenase Iron-
Molybdenum Cofactor. Chemical Reviews vol. 104 Preprint at h琀琀ps://doi.org/10.1021/cr020608l 
(2004).

131. Patzer, S. I. & Hantke, K. Sufs is a nifs-like protein, and sufd is necessary for stability of the [2fe-2s] 
nuf protein in escherichia coli. J Bacteriol 181, (1999).

132. Lill, R. & Mühlenhof, U. Matura琀椀on of iron-sulfur proteins in eukaryotes: Mechanisms, connected 
processes, and diseases. Annual Review of Biochemistry vol. 77 Preprint at 
h琀琀ps://doi.org/10.1146/annurev.biochem.76.052705.162653 (2008).

133. Johnson, D. C., Dean, D. R., Smith, A. D. & Johnson, M. K. Structure, func琀椀on, and forma琀椀on of 
biological iron-sulfur clusters. Annual Review of Biochemistry vol. 74 Preprint at 
h琀琀ps://doi.org/10.1146/annurev.biochem.74.082803.133518 (2005).

134. Wang, T. & Craig, E. A. Binding of yeast frataxin to the scafold for Fe-S cluster biogenesis, Isu. Journal 
of Biological Chemistry 283, (2008).

135. Lane, D. J. R. et al. Cellular iron uptake, tra昀케cking and metabolism: Key molecules and mechanisms 
and their roles in disease. Biochimica et Biophysica Acta - Molecular Cell Research vol. 1853 Preprint 
at h琀琀ps://doi.org/10.1016/j.bbamcr.2015.01.021 (2015).

136. Busi, M. V. et al. De昀椀ciency of Arabidopsis thaliana frataxin alters ac琀椀vity of mitochondrial Fe-S 
proteins and induces oxida琀椀ve stress. Plant Journal 48, (2006).

137. Chen, O. S., Hemenway, S. & Kaplan, J. Inhibi琀椀on of Fe-S cluster biosynthesis decreases 
mitochondrial iron export: Evidence that Yn1p afects Fe-S cluster synthesis. Proc Natl Acad Sci U S A 
99, (2002).

138. Napier, I., Ponka, P. & Richardson, D. R. Iron tra昀케cking in the mitochondrion: Novel pathways 
revealed by disease. Blood vol. 105 Preprint at h琀琀ps://doi.org/10.1182/blood-2004-10-3856 (2005).



72

139. Becker, E. M., Greer, J. M., Ponka, P. & Richardson, D. R. Erythroid diferen琀椀a琀椀on and protoporphyrin 
IX down-regulate frataxin expression in Friend cells: Characteriza琀椀on of frataxin expression 
compared to molecules involved in iron metabolism and hemoglobiniza琀椀on. Blood 99, (2002).

140. Napoli, E., Taroni, F. & Cortopassi, G. A. Frataxin, iron-sulfur clusters, heme, ROS, and aging. An琀椀oxid 
Redox Signal 8, (2006).

141. Perdomini, M. et al. Preven琀椀on and reversal of severe mitochondrial cardiomyopathy by gene 
therapy in a mouse model of Friedreich’s ataxia. Nat Med 20, (2014).

142. Koeppen, A. H. Friedreich’s ataxia: Pathology, pathogenesis, and molecular gene琀椀cs. Journal of the 
Neurological Sciences vol. 303 Preprint at h琀琀ps://doi.org/10.1016/j.jns.2011.01.010 (2011).

143. Galea, C. A. et al. Compound heterozygous FXN muta琀椀ons and clinical outcome in friedreich ataxia. 
Ann Neurol 79, (2016).

144. Long, A. et al. Soma琀椀c instability of the expanded GAA repeats in Friedreich’s ataxia. PLoS One 12, 
(2017).

145. Filla, A. et al. The rela琀椀onship between trinucleo琀椀de (GAA) repeat length and clinical features in 
Friedreich ataxia. Am J Hum Genet 59, (1996).

146. Bidichandani, S. I., Ashizawa, T. & Patel, P. I. The GAA triplet-repeat expansion in friedreich ataxia 
interferes with transcrip琀椀on and may be associated with an unusual DNA structure. Am J Hum Genet 
62, (1998).

147. Chutake, Y. K., Costello, W. N., Lam, C. & Bidichandani, S. I. Altered nucleosome posi琀椀oning at the 
transcrip琀椀on start site and de昀椀cient transcrip琀椀onal ini琀椀a琀椀on in friedreich ataxia. Journal of Biological 
Chemistry 289, (2014).

148. Huang, M. L. H. et al. Elucida琀椀on of the mechanism of mitochondrial iron loading in Friedreich’s 
ataxia by analysis of a mouse mutant. Proc Natl Acad Sci U S A 106, (2009).

149. Al-Mahdawi, S. et al. GAA repeat expansion muta琀椀on mouse models of Friedreich ataxia exhibit 
oxida琀椀ve stress leading to progressive neuronal and cardiac pathology. Genomics 88, (2006).

150. Abe琀椀, R. et al. Mitochondrial energy imbalance and lipid peroxida琀椀on cause cell death in friedreich’s 
ataxia. Cell Death Dis 7, (2016).

151. Grazia Co琀�celli, M. et al. Ferroptosis as a novel therapeu琀椀c target for Friedreich’s ataxia. Journal of 
Pharmacology and Experimental Therapeu琀椀cs 369, (2019).

152. Soragni, E. et al. Epigene琀椀c Therapy for Friedreich ataxia. Ann Neurol 76, (2014).

153. Li, L., Matsui, M. & Corey, D. R. Ac琀椀va琀椀ng frataxin expression by repeat-targeted nucleic acids. Nat 
Commun 7, (2016).

154. Li, Y. et al. Excision of expanded GAA repeats alleviates the molecular phenotype of friedreich’s 
ataxia. Molecular Therapy 23, (2015).



73

155. Bri琀�, E. et al. Frataxin-de昀椀cient neurons and mice models of Friedreich ataxia are improved by TAT-
MTScs-FXN treatment. J Cell Mol Med 22, (2018).

156. Piguet, F. et al. Rapid and Complete Reversal of Sensory Ataxia by Gene Therapy in a Novel Model of 
Friedreich Ataxia. Molecular Therapy 26, (2018).

157. Tomassini, B. et al. Interferon gamma upregulates frataxin and corrects the func琀椀onal de昀椀cits in a 
Friedreich ataxia model. Hum Mol Genet 21, (2012).

158. Profeta, V., McIntyre, K., Wells, M., Park, C. & Lynch, D. R. Omaveloxolone: an ac琀椀vator of Nrf2 for 
the treatment of Friedreich ataxia. Expert Opin Inves琀椀g Drugs 32, (2023).

159. Cooper, J. M., Korlipara, L. V. P., Hart, P. E., Bradley, J. L. & Schapira, A. H. V. Coenzyme Q10 and 
vitamin e de昀椀ciency in Friedreich’s ataxia: Predictor of e昀케cacy of vitamin e and coenzyme Q10 
therapy. Eur J Neurol 15, (2008).

160. Pandolfo, M. & Hausmann, L. Deferiprone for the treatment of Friedreich’s ataxia. Journal of 
Neurochemistry vol. 126 Preprint at h琀琀ps://doi.org/10.1111/jnc.12300 (2013).

161. Campese, V. M. & Lakdawala, R. The challenges of blood pressure control in dialysis pa琀椀ents. Recent 
Advances in Cardiovascular Drug Discovery vol. 10 Preprint at 
h琀琀ps://doi.org/10.2174/1574890110666151116144725 (2015).

162. Szabò, I., Leanza, L., Gulbins, E. & Zora琀�, M. Physiology of potassium channels in the inner 
membrane of mitochondria. P昀氀ugers Archiv European Journal of Physiology vol. 463 Preprint at 
h琀琀ps://doi.org/10.1007/s00424-011-1058-7 (2012).

163. Mar琀nez-Moreno, M. et al. Diazoxide enhances excitotoxicity-induced neurogenesis and a琀琀enuates 
neurodegenera琀椀on in the rat non-neurogenic hippocampus. Neuroscience 333, (2016).

164. Facundo, H. T. F., de Paula, J. G. & Kowaltowski, A. J. Mitochondrial ATP-sensi琀椀ve K+ channels are 
redox-sensi琀椀ve pathways that control reac琀椀ve oxygen species produc琀椀on. Free Radic Biol Med 42, 
(2007).

165. Ichinose, M., Yonemochi, H., Sato, T. & Saikawa, T. Diazoxide triggers cardioprotec琀椀on against 
apoptosis induced by oxida琀椀ve stress. Am J Physiol Heart Circ Physiol 284, (2003).

166. Lim, J. L. et al. An琀椀oxida琀椀ve defense mechanisms controlled by Nrf2: state-of-the-art and clinical 
perspec琀椀ves in neurodegenera琀椀ve diseases. Archives of Toxicology vol. 88 Preprint at 
h琀琀ps://doi.org/10.1007/s00204-014-1338-z (2014).

167. Lew, S. Y. et al. Discovery of Therapeu琀椀cs Targe琀椀ng Oxida琀椀ve Stress in Autosomal Recessive 
Cerebellar Ataxia: A Systema琀椀c Review. Pharmaceu琀椀cals vol. 15 Preprint at 
h琀琀ps://doi.org/10.3390/ph15060764 (2022).

168. Calesnick, B., Katchen, B. & Black, J. Importance of dissolu琀椀on rates in producing efec琀椀ve diazoxide 
blood levels in man. J Pharm Sci 54, (1965).

169. Villoslada, P. et al. Efects of diazoxide in mul琀椀ple sclerosis: A randomized, double-blind phase 2 
clinical trial. Neurol Neuroimmunol Neuroin昀氀amm 2, (2015).



74

170. Busija, D. W. et al. Efects of ATP-sensi琀椀ve potassium channel ac琀椀vators diazoxide and BMS-191095 
on membrane poten琀椀al and reac琀椀ve oxygen species produc琀椀on in isolated piglet mitochondria. 
Brain Res Bull 66, (2005).

171. Iacobazzi, R. M. et al. Magne琀椀c implants in vivo guiding sorafenib liver delivery by 
superparamagne琀椀c solid lipid nanopar琀椀cles. J Colloid Interface Sci 608, (2022).

172. Sommonte, F. et al. The Complexity of the Blood-Brain Barrier and the Concept of Age-Related Brain 
Targe琀椀ng: Challenges and Poten琀椀al of Novel Solid Lipid-Based Formula琀椀ons. Journal of 
Pharmaceu琀椀cal Sciences vol. 111 Preprint at h琀琀ps://doi.org/10.1016/j.xphs.2021.08.029 (2022).

173. Arduino, I. et al. PEGylated solid lipid nanopar琀椀cles for brain delivery of lipophilic kitepla琀椀n Pt(IV) 
prodrugs: An in vitro study. Int J Pharm 583, (2020).

174. Arduino, I. et al. Micro昀氀uidic prepara琀椀on and in vitro evalua琀椀on of iRGD-func琀椀onalized solid lipid 
nanopar琀椀cles for targeted delivery of paclitaxel to tumor cells. Int J Pharm 610, (2021).

175. Iacobazzi, R. M. et al. Micro昀氀uidic-assisted prepara琀椀on of targeted ph-responsive polymeric micelles 
improves gemcitabine efec琀椀veness in pdac: In vitro insights. Cancers (Basel) 14, (2022).

176. Depalo, N. et al. NIR Emi琀�ng Nanoprobes Based on Cyclic RGD Mo琀椀f Conjugated PbS Quantum Dots 
for Integrin-Targeted Op琀椀cal Bioimaging. ACS Appl Mater Interfaces 9, (2017).

177. Laquintana, V. et al. Translocator protein ligand-plga conjugated nanopar琀椀cles for 5-昀氀uorouracil 
delivery to glioma cancer cells. Mol Pharm 11, (2014).

178. Gomes, A., Fernandes, E. & Lima, J. L. F. C. Fluorescence probes used for detec琀椀on of reac琀椀ve oxygen 
species. Journal of Biochemical and Biophysical Methods vol. 65 Preprint at 
h琀琀ps://doi.org/10.1016/j.jbbm.2005.10.003 (2005).

179. Kooy, N. W., Royall, J. A., Ischiropoulos, H. & Beckman, J. S. Peroxynitrite-mediated oxida琀椀on of 
dihydrorhodamine 123. Free Radic Biol Med 16, (1994).

180. Ma琀琀son, M. P., Goodman, Y., Luo, H., Fu, W. & Furukawa, K. Ac琀椀va琀椀on of NF-κB protects 
hippocampal neurons against oxida琀椀ve stress-induced apoptosis: Evidence for induc琀椀on of 
manganese superoxide dismutase and suppression of peroxynitrite produc琀椀on and protein tyrosine 
nitra琀椀on. J Neurosci Res 49, (1997).

181. Arduino, I. et al. Micro昀氀uidic formula琀椀on of diazoxide-loaded solid lipid nanopar琀椀cles as a Novel 
approach for Friedreich’s ataxia treatment. J Drug Deliv Sci Technol 97, 105837 (2024).

182. Wu, D. et al. The blood–brain barrier: structure, regula琀椀on, and drug delivery. Signal Transduc琀椀on 
and Targeted Therapy vol. 8 Preprint at h琀琀ps://doi.org/10.1038/s41392-023-01481-w (2023).

183. Liu, D. et al. The KATP channel ac琀椀vator diazoxide ameliorates amyloid-β and Tau pathologies and 
improves memory in the 3xTgAD mouse model of Alzheimer’s disease. Journal of Alzheimer’s Disease 
22, (2010).



75

184. Yang, Y. et al. Ac琀椀va琀椀on of mitochondrial ATP-sensi琀椀ve potassium channels improves rotenone-
related motor and neurochemical altera琀椀ons in rats. Interna琀椀onal Journal of 
Neuropsychopharmacology 9, (2006).


