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Abstract: One of the most prevalent types of congenital myopathy is nemaline myopathy
(NM), which is recognized by histopathological examination of muscle fibers for the pres-
ence of “nemaline bodies” (rods). Mutations in the actin alpha 1 (ACTA1) and nebulin (NEB)
genes result in the most prevalent types of NM. Muscle weakness and hypotonia are the
main clinical characteristics of this disease. Unfortunately, the pathogenetic mechanisms
are still unknown, and there is no cure. In previous work, we showed that actin filament
polymerization defects in patient-derived fibroblasts were associated with mitochondrial
dysfunction. In this manuscript, we examined the pathophysiological consequences of
mitochondrial dysfunction in patient-derived fibroblasts. We analyzed iron and lipofuscin
accumulation and lipid peroxidation both at the cellular and mitochondrial level. We
found that fibroblasts derived from patients harboring ACTA1 and NEB mutations showed
intracellular iron and lipofuscin accumulation, increased lipid peroxidation, and altered
expression levels of proteins involved in iron metabolism. Furthermore, we showed that
actin polymerization inhibition in control cells recapitulates the main pathological alter-
ations of mutant nemaline cells. Our results indicate that mitochondrial dysfunction is
associated with iron metabolism dysregulation, leading to iron/lipofuscin accumulation
and increased lipid peroxidation.

Keywords: nemaline myopathy; iron accumulation; lipid peroxidation

1. Introduction
Congenital myopathy is a genetically heterogeneous group of hereditary muscle

diseases categorized according to the histological characteristics identified in muscle
biopsy [1,2]. Specifically, nemaline myopathy (NM) is the most common subtype of con-
genital myopathy, characterized by the presence of inclusions in muscle fibers known
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as nemaline bodies. NM, a rare genetic skeletal muscle disease affecting 1 in 50,000 live
births [3,4], was first described in 1963 by Conen et al. [5] and Shy et al. [6]. NM manifests
clinical features such as muscle weakness and hypotonia, decreased respiratory function,
and impaired motor development.

Currently, 14 genes have been identified as responsible for NM [2]. Most of the
genes code for components of the thin filament of the sarcomere or additional structural
or regulatory components to the sarcomere. The genes most associated with NM are
ACTA1 and NEB genes, which code for actin alpha 1 (ACTA1) and nebulin (NEB) proteins,
respectively [7]. It is estimated that over 50% of NM cases are caused by mutations in the
NEB gene, while 15–20% can be attributed to mutations in ACTA1 gene. Due to its large
molecular weight (600–800 kDa), NEB is often referred to as the giant actin-binding protein.
It is crucial for maintaining and controlling the length of the actin filament. Actin isoform
ACTA1 is predominantly located in the thin filaments of skeletal muscles and is necessary
for muscular contraction together with myosin [2,8].

The diagnosis of NM is mainly made by examining histopathological findings in
muscle biopsies [9]. Histopathological alterations in NM are characterized by the presence
of nemaline bodies, which are electron-dense protein aggregates that are distributed in the
form of rods, which can be visualized within the muscle fibers of muscle biopsies from
patients [9–11]. Disorganized sarcomere Z-disk proteins, including actin, tropomyosin,
myotilin, γ-phylamine, cofilin-2, tetonin, nebulin, and actin-like thin filaments, constitute
the protein aggregates of these nemaline bodies [7,8]. In addition, muscle enzyme levels
such as creatinine kinase are analyzed, which may show normal or slightly elevated
values. However, the origin of these nemaline bodies is uncertain, although, because of the
accumulated proteins, they are believed to be derived from the Z-line of the sarcomere [12].

Consequently, histopathological findings obtained with electron microscopy are the
main evidence for the diagnosis of the disease. In addition to the nemaline bodies, other
peculiarities can be found in muscle biopsies, such as changes in the proportion and size
of muscle fibers, since patients with NM present a predominance of type I (slow twitch)
muscle fibers [7,10].

NM disease has been related to mitochondria dysfunction, particularly complex I
dysfunction or deficiency [13,14]. It has been described that ACTA1 mutants present a
“down regulation” of mitochondrial complex I due to the disruption of the integrity of the
thin filaments, impaired muscle function, and a reduced production of adenosine triphos-
phate (ATP) [14]. Furthermore, actin filaments are crucial for the correct mitochondrial
morphology and function [15–17]. Therefore, actin filaments mainly control mitochondrial
dynamics, metabolism, trafficking, and autophagy [18–21].

The close connections between mitochondria dysfunction and actin cytoskeleton—including
actin filament depolymerization, a deficiency of mitochondrial bioenergetics, and a down-
regulation of the expression levels of mitochondrial proteins—were described in a previous
investigation by our group [16].

Elevated intracellular iron levels are associated with a wide range of pathological
conditions [22,23]. Iron is an essential element for several cellular processes, serving as a co-
factor for enzymes involved in oxygen metabolism (such as oxidases, peroxidases, catalases,
and hydroxylases), electron transport (cytochromes), and oxygen delivery (hemoglobin).
It also plays a vital role in neuronal function and the immune system [24]. Within cells,
iron is primarily utilized in the mitochondria, where it contributes to the biosynthesis
of heme and iron–sulfur clusters [22]. Iron overload can participate in the generation of
reactive oxygen species (ROS) through Fenton reaction, causing oxidative stress, decreasing
respiratory function, and damaging mitochondrial DNA and cellular components such as
lipids [25–27].
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The relationship between mitochondrial dysfunction and iron accumulation was
recently examined by our research group in several rare neurogenetic disorders under
the classification of neurodegeneration with brain iron accumulation (NBIA), such as
β-propeller protein-associated neurodegeneration (BPAN) [25] and pantothenate kinase-
associated neurodegeneration (PKAN) [28]. Moreover, this connection has been also
demonstrated in rare mitochondrial diseases induced by mutation in lipoyltransferase 1
(LIPT1) gene [29].

This study aimed to analyze intracellular iron content and lipid peroxidation in
fibroblasts derived from two patients with ACTA1 and two patients with NEB pathogenic
variants. Additionally, we examined the effect of actin depolymerizing agents such as
ROCK (Rho-associated protein kinase) inhibitors and Cytochalasin D on control fibroblasts
to confirm whether actin depolymerization mimics the physiopathology of NM patient-
derived fibroblasts by analyzing intracellular iron content, lipid peroxidation, and the
expression levels of proteins involved in iron metabolism, among others.

2. Results
2.1. NM Patient-Derived Fibroblasts Show Iron Accumulation

As mitochondrial dysfunction can be associated with impaired iron metabolism [30], we
first examined intracellular iron accumulation by Prussian Blue staining in both control and
NM fibroblasts P1, P2, P3, and P4. The results revealed a significant increase in iron staining
in NM mutant cells compared to controls. To serve as a negative control and validate the
specificity of Prussian Blue staining for iron, P1 fibroblasts were treated with deferiprone
(Def), an iron-chelating drug (Figures 1A,B and S1). To confirm the abnormal cellular iron
content in NM fibroblasts, we next determined intracellular iron levels by inductively coupled
mass spectrometry (ICP-MS). Mutant NM fibroblasts P1, P2, P3, and P4 showed a significant
increase in total iron content with respect to control cells (Figure 1C).
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Figure 1. Iron accumulation in NM cells. (A) Prussian Blue staining of control cells (C1) and NM
fibroblasts (P1, P2, P3, and P4) was carried out as described in Section 4, Materials and Methods.
P1 fibroblasts were exposed to 100 µM deferiprone (Def), an iron chelating agent, for 24 h as a
negative control. Images were made in brightfield by an Axio Vert A1 inverted optical microscope
(Zeiss, Oberkochen, Germany) with a 40× objective and were analyzed using Fiji-ImageJ software
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(version 2.9.0/1.53t) (National Institute of Health, Bethesda, MD, USA). Scale bar = 20 µm. (B) Quan-
tification of Prussian Blue staining images was performed by the Image J software (version 1.54f).
(C) Iron content determined by ICP-MS in NM fibroblast. ICP-MS was used to measure the total
iron content of control and NM patients as detailed in the Material and Methods. Data represent the
mean ± SD of three separate experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 between NM fibroblasts
and controls; aa p < 0.01 between untreated and treated NM cells between the presence and the
absence of deferiprone (Def). A.U., arbitrary units.

2.2. NM Patient-Derived Fibroblasts Present Lipofuscin-like Aggregate Accumulation

As abnormal accumulation of lipofuscin has been reported in several cell types present-
ing iron overload [28,31] and lipofuscin accumulation can result from lipid peroxidation,
a process stimulated by iron [24], we next examined the presence of lipofuscin by Sudan
Black staining and autofluorescence analysis in control and NM fibroblasts. Compared
to control cells, NM mutant cells displayed significantly higher levels of Sudan Black
staining (Figures 2A,B and S2). In addition, NM fibroblasts presented higher levels of
autofluorescence (Figure 3A,B), indicating increased lipofuscin accumulation.
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Figure 2. Lipofuscin accumulation in NM fibroblasts. (A) Sudan black staining of control cells (C1)
and NM fibroblasts (P1, P2, P3, and P4) was performed as described in Section 4, Materials and
Methods. P1 fibroblasts were exposed to 100 µM deferiprone (Def), an iron chelating agent, for
24 h, as a negative control. Images were made in brightfield by an Axio Vert A1 inverted optical
microscope (Zeiss, Oberkochen, Germany) with a 40× objective and were analyzed using Fiji-ImageJ
software (version 2.9.0/1.53t) (National Institute of Health, Bethesda, MD, USA). Scale bar = 20 µm.
(B) Quantification of Sudan Black in control and NM fibroblasts was performed by ImageJ software
(version 1.54f). Data represent the mean ± SD of three separate experiments. ** p < 0.01, *** p < 0.001
between NM fibroblasts and controls; aa p < 0.01 between untreated and treated NM cells between
the presence and the absence of deferiprone (Def). A.U., arbitrary units.
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Figure 3. Lipofuscin-like aggregates in NM fibroblasts. (A) Representative autofluorescence and
bright field (BF) images of control (C1) and NM fibroblasts (P1, P2, P3, and P4). Control cell and
P1 were treated with 100 µM deferiprone (Def) for 24 h as a negative control. Scale bar = 20 µm.
(B) Quantification of cell autofluorescence was determined by image analysis using the Fiji software
(version 2.9.0/1.53t). (C) The autofluorescence spectra of lipofuscin granules were measured by
confocal laser scanning microscopy (Nikon A1R, Shinagawa, Tokyo, Japan) in control, NM fibroblasts
(P1, P2, P3, and P4), and negative controls (control and P1 treated with 100 µM deferiprone (Def)).
Excitation laser source: 405 nm. The emission spectra were recorded in 20 large lipofuscin granules in
20 cells. Results are expressed as mean ± SD of autofluorescence intensity. ** p < 0.01, *** p < 0.001
between NM fibroblasts and controls; aa p < 0.01 between the presence and the absence of DEF in
controls and Patient 1 cells. A.U., arbitrary units.

Autofluorescence and Sudan Black staining in patient fibroblasts were significantly
reduced after treatment with 100 µM deferiprone (Def) [28], suggesting that iron is contribut-
ing to the accumulation of the autofluorescence and Sudan Black-positive lipofuscin-like
material (Figure 2A,B, Figure 3A,B and Figure S2). Furthermore, to confirm the lipofuscin-
like features of the aggregates, the fluorescence spectral characteristics of lipofuscin gran-
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ules in NM cells were measured by confocal laser scanning microscopy. Under excitation at
405 nm, lipofuscin granules showed an emission peak at 520–540 nm (Figure 3C). These
results are consistent with the characteristics of lipofuscin granules observed in retinal
pigment epithelial cells [32] and in pantothenate kinase-associated neurodegeneration
(PKAN) cellular models [28].

The presence of elevated intracellular lipofuscin-like granules in NM fibroblasts was
validated using TEM analysis (Figure 4A,B). In addition, the examination of mitochondrial
alterations in NM cells showed mitochondrial vacuolization and condensation of damaged
areas of mitochondrial membranes, which eventually were extruded to the cytosol, forming
dense lipofuscin-like granules (Figure 4C).
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Figure 4. Electron microscopy images of control and P2 (ACTA1) and P3 (NEB) fibroblasts. (A) Repre-
sentative electron microscopy images of control (C1) and NM fibroblasts (P2 and P3). Red arrows
were used to highlight the lipofuscin-like granules. (B) Quantification of lipofuscin-like aggregates.
(C) P2 cells showed mitochondrial vacuolization, and condensation/lateralization of mitochondrial
membranes (orange arrow). Scale bar = 2 µm. Data represent the mean ± SD of the examination of
50 cells per condition. *** p < 0.001 between NM cells and controls.

2.3. Mitochondrial Iron Accumulation in NM Fibroblasts

Next, we examined the levels of mitochondrial Fe2+ by MitoFerroGreen staining. This
assay was carried out in control, mutants’ fibroblasts P1 and P2 harboring ACTA1 mutations,
and P3 and P4 harboring NEB mutations (Figure 5A). Mutant NM cells presented elevated
levels of mitochondrial Fe2+. Cellular models of pantothenate kinase-associated neurode-
generation (PKAN) were used as a positive control [28]. Additionally, PKAN-derived
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fibroblasts were treated with 100 µM deferiprone as a negative control. Colocalization
analysis with MitoTrackerTM Deep Red FM, a mitochondria marker, demonstrated that the
signal colocalizes with MitoFerroGreen staining (Pearson correlation coefficient > 0.75).
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Figure 5. Mitochondrial ferrous iron (Fe2+) in control and NM cells. (A) Levels of mitochondrial
ferrous iron in control (C1) and NM fibroblasts (P1, P2, P3, and P4) were assayed by MitoFerroGreen
staining as described in Materials and Methods. Cellular models of pantothenate kinase-associated
neurodegeneration (PKAN) were used as a positive control. PKAN cells were exposed to 100 µM
deferiprone (Def), an iron chelating agent, for 24 h as a negative control. (B) MitoFerroGreen staining
quantification was conducted by using Fiji software (version 2.9.0/1.53t). Cells were incubated with
MitoTrackerTM Deep Red FM to demonstrate that MitoFerroGreen signal colocalizes with a mitochon-
drial marker. The colocalization of both markers was assessed by the DeltaVision software (version
softWoRx 7.0; Applied Precision; Issaquah, Washington (WA), United states (USA)) calculating the
Pearson correlation coefficient. Pearson correlation coefficient was >0.75 in NM fibroblasts and
control. Scale bar = 20 µm. *** p < 0.001 between control and NM fibroblasts; aaa p < 0.001 between the
presence and the absence of DEF between treated and untreated PKAN patient cells. Data represent
the mean ± SD of four separate experiments. A.U., arbitrary units.
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2.4. Lipid Peroxidation in NM Fibroblasts

As iron accumulation in NM cells can induce the oxidation of intracellular lipids by
Fenton reaction [24], we next addressed cellular and mitochondrial lipid peroxidation by
BODIPY® and MITOPeDPP staining, respectively. Cellular lipid peroxidation was notably
increased in mutant NM cells (Figure 6A,B). In addition, mutant NM cells showed increased
levels of mitochondrial lipid peroxidation (Figure 7A,B). Control fibroblasts were treated
with 500 µM Luperox (Tert-butyl hydroperoxide) as a positive control of lipid peroxidation.
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Figure 6. Cellular lipid peroxidation in control and NM cells. (A) Levels of cellular lipid peroxidation
in control (C1) and NM fibroblasts (P1, P2, P3, and P4) were measured using BODIPY® staining as
detailed in Section 4, Material and Methods. (B) BODIPY® staining quantification was performed by
using the Fiji software (version 2.9.0/1.53t). Images were made in by an Axio Vert A1 inverted optical
microscope (Zeiss, Oberkochen, Germany) with a 40× objective. Control fibroblasts were treated with
500 µM Luperox (Tert-butyl hydroperoxide) for 15 min as positive control of lipid peroxidation. Scale
bar = 20 µm. *** p < 0.001 between control and NM fibroblasts; aaa p < 0.001 between the presence and
the absence of Luperox between treated and untreated Control cells. Data represent the mean ± SD
of four separate experiments. A.U., arbitrary units.
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Figure 7. Mitochondria lipid peroxidation in control and NM cells. (A) Levels of mitochondrial lipid
peroxidation in control (C1) and NM fibroblasts (P1, P2, P3, and P4) were assayed by MitoPeDPP
staining as detailed in Section 4, Material and Methods. (B) MitoPeDPP staining quantification was
performed by using the Fiji software (version 2.9.0/1.53t). Cells were incubated with MitoTrackerTM

Deep Red FM to demonstrate that MitoPeDPP signal colocalizes with a mitochondrial marker. Control
fibroblasts were treated with 500 µM Luperox (Tert-butyl hydroperoxide) for 15 min as positive control
of lipid peroxidation. Colocalization of both markers MitoPeDPP and MitoTrackerTM was assessed
by the DeltaVision software (version softWoRx 7.0Applied Precision; Issaquah, Washington (WA),
United states (USA)). Scale bar = 20 µm. ** p < 0.01, *** p < 0.001 between control and NM fibroblasts;
aaa p < 0.001 between the presence and the absence of Luperox between treated and untreated control
cells. Data represent the mean ± SD of four separate experiments. A.U., arbitrary units.

2.5. NM Patient-Derived Fibroblasts Also Presented Altered Expression Levels of Proteins Involved
in Iron Metabolism

We next assessed iron metabolism dysregulation by examining the expression levels
of key proteins involved in iron trafficking, storage, and regulation, such as TFR1, DMT1,
IRP1, Ferritin, Mitoferritin, Mitoferrin2, FXN, ISCU, Mt-ACP, and PANK2. NM mutant
fibroblasts showed increased expression levels of TFR1, DMT1, IRP1, and Ferritin respect to
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control cells (Figure 8A). As impaired iron metabolism has been previously associated with
defective ISC (iron-sulfur cluster) biogenesis [33,34], we also explored the expression levels
of FXN and ISCU in control and NM fibroblasts. Expression levels of FXN and ISCU were
dramatically reduced in NM fibroblasts, suggesting disorganization of the ISC complex
(Figure 8A).
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Protein extracts (50 µg) were separated on a SDS polyacrylamide gel and immunostained with an-
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Figure 8. Iron metabolism-related protein expression levels in NM fibroblast. (A) Immunoblotting
analysis of cellular extracts from controls (C1 and C2) and NM patient cell lines P1, P2, P3, and
P4. Protein extracts (50 µg) were separated on a SDS polyacrylamide gel and immunostained with
antibodies against TFR, DMT1, IRP1, Ferritin, Mitoferritin, Mitoferrin2, FXN, ISCU, Mt-ACP, and
PANK2. Tubulin was used as a loading control. (B) Densitometry of Western blotting. For control
cells (C1 and C2), data are the mean ± SD of the two control cell lines. Data represent the mean ± SD
of three separate experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 between NM cells and controls.
A.U., arbitrary units.

Moreover, we examined the expression level of IRP1 involved in the control of iron
metabolism. We observed a significant increase of IRP1, suggesting a misregulation in
iron metabolism.
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In addition, the levels of labile iron pool (LIP) were also quantified by a calcein assay.
Interestingly, LIP was significantly decreased in NM cells, indicating a deficiency of free
iron and abnormal iron handling by mutant cells (Figure 9).
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Since in our previous work we demonstrated that actin polymerization defects were 
associated with mitochondrial dysfunction in NM-derived fibroblasts [16], we hypothe-
sized that the treatment of control fibroblasts with actin depolymerizing agents such as 
Y27632 (ROCK inhibitor) or Cytochalasin D would mimic the NM fibroblast physio-
pathology. Rhodamine–Phalloidin staining of control cells treated with Y27632 or Cyto-
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Figure 9. Labile iron pool (LIP). LIP in control (C1) and NM fibroblasts (P1, P2, P3, and P4) were
measured as described in Section 4, Materials and Methods. As a negative control, control cells
were exposed to 100 µM deferiprone (Def) for 24 h. For control cells, data are mean ± SD of three
control cell lines. * p < 0.05 between control and NM fibroblasts. a p < 0.05 between the presence and
the absence of DEF between treated and untreated Control cells. Data represent the mean ± SD of
six separate experiments.

2.6. Actin Polymerization Defects and Mitochondrial Dysfunction Are Present in Control
Fibroblasts Treated with Actin Depolymerizing Agents

Since in our previous work we demonstrated that actin polymerization defects were
associated with mitochondrial dysfunction in NM-derived fibroblasts [16], we hypothe-
sized that the treatment of control fibroblasts with actin depolymerizing agents such as
Y27632 (ROCK inhibitor) or Cytochalasin D would mimic the NM fibroblast physiopathol-
ogy. Rhodamine–Phalloidin staining of control cells treated with Y27632 or Cytochalasin
D showed unstructured actin filaments of shorter length compared to untreated control
fibroblasts (Figure 10A,B). Furthermore, control cells were stained with MitotrackerTM

DeepRed, a mitochondrial marker, to analyze the mitochondrial morphology by fluores-
cence microscopy. Comparing treated and untreated control fibroblasts, we observed that
treated fibroblasts with both inhibitors presented altered mitochondrial morphology along
with a lower percentage of tubular mitochondria (Figure 10C).
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Figure 10. Actin staining by Rhodamine–Phalloidin and MitotrackerTM DeepRed of control fibroblasts
treated with Y27632 or Cytochalasin D inhibitors. (A) Control fibroblasts (C1) were treated with
10 µM Y27632 for 3 h or with 20 µM Cytochalasin D for 24 h. Control fibroblasts were stained with
Rhodamine–Phalloidin and MitotrackerTM DeepRed and visualized under a widefield fluorescence
microscope. Nuclei were revealed by DAPI staining. Treated control fibroblasts presented smaller and
unstructured actin filaments compared to untreated control fibroblasts. Images were taken using the
40× lens and processed by the ImageJ software (version 1.54f). (B) Measurement of the length of actin
filaments (µm). The length of the actin filaments was measured in triplicate with the ImageJ software
(version 1.54f) in 30 images. (C) Quantification of tubular and rounded percentage of mitochondria
in control cells. Data represent the mean ± SD of three separate experiments (at least 100 cells for
each condition and experiment were analyzed). *** p < 0.001 between treated and untreated control
cells. Scale bar = 20 µm.

2.7. Alterations in Mitochondrial Bioenergetics Are Presented in Control Fibroblasts Treated with
Depolymerizing Agents

As actin polymerization defects in NM patient-derived fibroblasts presented mitochon-
drial dysfunction [16], we next analyzed the effect of actin depolymerization by Y27632
inhibitor or Cytochalasin D on mitochondrial bioenergetics in control cells. Actin depoly-
merization in control fibroblasts induced a significant decrease in basal, spare, and maximal
respiration as well as a lower mitochondrial ATP production (Figure 11A,B).
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Figure 11. Bioenergetic analysis of control cells untreated and treated with Y27632 inhibitor or
Cytochalasin D. (A) Respiratory profile of untreated and treated control cells (C1). (B) Basal, maximal,
and spare respiratory capacity and ATP production were determined in untreated and treated control
fibroblast using the Seahorse analyzer. Control fibroblasts were treated with 10 µM of Y27632 for
24 h or with 20 µM of Cytochalasin D for 3 h. ** p < 0.01, *** p < 0.001 between untreated and treated
control cells.

2.8. Actin Depolymerizing Agents Induce Alterations in the Expression Levels of Iron
Metabolism-Related Proteins

We also analyzed the effects of actin depolymerization by Y27632 or Cytochalasin
D treatments on iron metabolism by studying the expression levels of several proteins
involved in iron trafficking, storage, and regulation, including TFR1, DMT1, IRP1, Ferritin,
Mitoferritin, Mitoferrin2, FXN, ISCU, Mt-ACP, and PANK2.

As expected, actin depolymerization in controls cells treated with Y27632 or Cytocha-
lasin D mimicked the dysregulated expression levels of iron metabolism-related proteins
that were also observed in mutant nemaline cells (Figure 12A,B).
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Figure 12. Expression levels of iron metabolism-related proteins in control fibroblasts treated with
acting depolymerizing agents. (A) Immunoblotting analysis of cellular extracts from control cells (C1)
treated with 10 µM of Y27632 for 24 h or 20 µM Cytochalasin D for 3 h. Protein extracts (50 µg) were
separated on a SDS polyacrylamide gel and immunostained with antibodies against TFR, DMT1,
IRP1, Ferritin, Mitoferritin, Mitoferrin2, FXN, ISCU, Mt-ACP, and PANK2. Tubulin was used as
a loading control. (B) Densitometry of Western blotting. Data represent the mean ± SD of three
separate experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 between untreated and treated controls.
A.U., arbitrary units.

2.9. Actin Depolymerizing Agents Induce Iron and Lipofuscin Accumulation in Control Fibroblasts

To confirm the role of actin polymerization defects in iron overload, we analyzed the
effects of Y27632 or Cytochalasin D treatments on iron accumulation in control cells by
Prussian Blue staining.

Control fibroblasts treated with Y27632 or Cytochalasin D presented iron accumulation
compared to untreated controls (Figure 13A,B).

In addition, we analyzed the effect of Y27632 or Cytochalasin D inhibitors on the
presence of lipofuscin accumulation in control fibroblasts by Sudan Black staining. As is
shown in Figure 14, both actin depolymerizing agents induced an increased Sudan Black
staining, suggesting lipofuscin accumulation.
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Prussian Blue staining of control (C1) (  (−) and control cells treated with 10 µM Y27632 for 24 h, 
or with 20 µM Cytochalasin D for 3 h. Images were made in brightfield by an Axio Vert A1 inverted 
optical microscope (Zeiss, Oberkochen, Germany) with a 40× objective and were analyzed using Fiji-
ImageJ software (version 2.9.0/1.53t) (National Institute of Health, Bethesda, MD, USA). Scale bar = 
20 µm. (B) Quantification of Prussian Blue staining images was performed by the Image J software 
(version 1.54f). Data represent the mean ± SD of three separate experiments. ** p < 0.01, *** p < 0.001 
between untreated and treated control cells. A.U., arbitrary units. 

In addition, we analyzed the effect of Y27632 or Cytochalasin D inhibitors on the 
presence of lipofuscin accumulation in control fibroblasts by Sudan Black staining. As is 
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Figure 14. Lipofuscin accumulation in control cells treated with Y27632 or Cytochalasin D inhibitor. 
(A) Sudan Black staining of control cells (C1) treated with 10 µM Y27632 for 24 h, or with 20 µM 

Figure 13. Iron accumulation in control cells treated with Y27632 or Cytochalasin D inhibitors.
(A) Prussian Blue staining of control (C1) (−) (−) and control cells treated with 10 µM Y27632 for
24 h, or with 20 µM Cytochalasin D for 3 h. Images were made in brightfield by an Axio Vert A1
inverted optical microscope (Zeiss, Oberkochen, Germany) with a 40× objective and were analyzed
using Fiji-ImageJ software (version 2.9.0/1.53t) (National Institute of Health, Bethesda, MD, USA).
Scale bar = 20 µm. (B) Quantification of Prussian Blue staining images was performed by the Image J
software (version 1.54f). Data represent the mean ± SD of three separate experiments. ** p < 0.01,
*** p < 0.001 between untreated and treated control cells. A.U., arbitrary units.
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Figure 14. Lipofuscin accumulation in control cells treated with Y27632 or Cytochalasin D inhibitor.
(A) Sudan Black staining of control cells (C1) treated with 10 µM Y27632 for 24 h, or with 20 µM
Cytochalasin D for 3 h. Images were made in brightfield by an Axio Vert A1 inverted optical
microscope (Zeiss, Oberkochen, Germany) with a 40× objective and were analyzed using Fiji-ImageJ
software(version 2.9.0/1.53t) (National Institute of Health, Bethesda, MD, USA). Scale bar = 20 µm.
(B) Quantification of Sudan Black staining images was performed by the Image J software (version
1.54f). Data represent the mean ± SD of three separate experiments. *** p < 0.001 between untreated
and treated control cells. A.U., arbitrary units.
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2.10. Increased Lipid Peroxidation in Control Fibroblasts Treated with Y27632or Cytochalasin D

Next, we analyzed the effects of Y27632 or Cytochalasin D treatments on cellular
lipid peroxidation. Comparing treated and untreated control fibroblasts, we observed that
controls fibroblasts treated with both inhibitors showed elevated cellular lipid peroxidation
(Figure 15A,B). Control fibroblasts were also treated with 500 µM Luperox (Tert-butyl
hydroperoxide) as a positive control of lipid peroxidation.

Int. J. Mol. Sci. 2025, 26 16 
 

 

Cytochalasin D for 3 h. Images were made in brightfield by an Axio Vert A1 inverted optical micro-
scope (Zeiss, Oberkochen, Germany) with a 40× objective and were analyzed using Fiji-ImageJ soft-
ware(version 2.9.0/1.53t) (National Institute of Health, Bethesda, MD, USA). Scale bar = 20 µm. (B) 
Quantification of Sudan Black staining images was performed by the Image J software (version 
1.54f). Data represent the mean ± SD of three separate experiments. *** p < 0.001 between untreated 
and treated control cells. A.U., arbitrary units. 

2.10. Increased Lipid Peroxidation in Control Fibroblasts Treated with Y27632or Cytochalasin D 

Next, we analyzed the effects of Y27632 or Cytochalasin D treatments on cellular lipid 
peroxidation. Comparing treated and untreated control fibroblasts, we observed that con-
trols fibroblasts treated with both inhibitors showed elevated cellular lipid peroxidation 
(Figure 15A,B). Control fibroblasts were also treated with 500 µM Luperox (Tert-butyl 
hydroperoxide) as a positive control of lipid peroxidation. 

 

Figure 15. Cellular lipid peroxidation in control cells treated with Y27632 or Cytochalasin D inhibi-
tors. (A) Control cells (C1) were treated with 10 µM Y27632 for 24 h, or with 20 µM Cytochalasin D 
for 3 h. The levels of cellular lipid peroxidation were measured using BODIPY® staining as detailed 
in the Material and Methods. (B) BODIPY® staining quantification was performed by using the Fiji 
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butyl hydroperoxide) for 15 min as positive control of lipid peroxidation. Scale bar = 20 µm. ** p < 
0.01, *** p < 0.001 between treated and untreated control fibroblasts. Data represent the mean ± SD 
of four separate experiments. A.U., arbitrary units. 
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ACTA1 and NEB pathogenic variants. 

Figure 15. Cellular lipid peroxidation in control cells treated with Y27632 or Cytochalasin D inhibitors.
(A) Control cells (C1) were treated with 10 µM Y27632 for 24 h, or with 20 µM Cytochalasin D for
3 h. The levels of cellular lipid peroxidation were measured using BODIPY® staining as detailed in
the Material and Methods. (B) BODIPY® staining quantification was performed by using the Fiji
software (version 2.9.0/1.53t). Control fibroblasts were treated with 500 µM Luperox (LUP, Tert-butyl
hydroperoxide) for 15 min as positive control of lipid peroxidation. Scale bar = 20 µm. ** p < 0.01,
*** p < 0.001 between treated and untreated control fibroblasts. Data represent the mean ± SD of four
separate experiments. A.U., arbitrary units.

3. Discussion
Nemaline myopathy (NM) is a rare subtype of congenital myopathy characterized by

muscle weakness, hypotonia, and the presence of rods in the cytoplasm of muscle fibers,
also known as nemaline bodies [7,8,10]. In this work, we analyzed iron accumulation
and lipid peroxidation in NM cellular models using patient-derived fibroblasts harboring
ACTA1 and NEB pathogenic variants.

Recently, Piñero et al. described the interactions between actin polymerization de-
ficiency and mitochondria function in ACTA1 and NEB mutants [16]. Patient-derived
fibroblasts stained by Rhodamine–Phalloidin showed defects and unstructured actin poly-
merization, as well as shorter length than control fibroblasts. The results obtained from
the analysis of the expression levels of mitochondrial proteins such as NDUFA9 (complex
I), NDUFS4 (complex I), mtND1 (complex I), SDHB (complex II), UQCRC2 (complex III),
mtCO2 (complex IV), COX4 (complex IV), ATP5A (complex V), and VDAC1 showed that
mutant fibroblasts exhibited reduced expression levels of these mitochondrial proteins.
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In addition, mitochondrial morphology and dysfunction were analyzed using
MitotrackerTM staining, and mitochondrial respiratory function was evaluated by the
Mitostress test assay in a XF24 extracellular flux analyzer [16]. The bioenergetic parameters
analyzed showed significantly lower levels of mitochondrial respiration, basal and maximal
respiration, reserve respiratory capacity, and mitochondrial ATP production. Moreover,
mitochondrial dynamics were also found to be compromised in NM mutant fibroblasts.
Two key proteins involved in mitochondrial fusion and fission, dynamin-related protein 1
(DRP1) and optic atrophy protein 1 (OPA1) [17,35], were also analyzed [16]. The results
demonstrated elevated expression levels of DRP1 and reduced levels of OPA1, suggesting
an imbalance between the processes of mitochondrial fusion and fission [16].

Particularly relevant for understanding NM pathophysiology is the relationship be-
tween mitochondrial dysfunction and iron metabolism. The mitochondrion upholds the
synthesis of iron–sulfur clusters (ISCs) and heme, the most abundant iron-containing
prosthetic groups in a large variety of proteins; therefore, a fraction of incoming iron
must go through this organelle before reaching its final destination [30]. Apart of de-
creased ATP synthesis, mitochondrial dysfunction also results in decreased synthesis of
ISCs and heme prosthetic groups and as a consequence may induce a dysregulation of
iron metabolism [36]. In turn, the mitochondrial respiratory chain is the source of reactive
oxygen species (ROS) derived from leaks in the electron transport chain. The co-existence
of both iron and ROS in the secluded space of the mitochondrion makes this organelle
particularly prone to hydroxyl radical-mediated damage. Mitochondrial dysfunction/iron
overload has long been associated with several neurodegenerative diseases that include
NBIA disorders, Alzheimer’s disease (AD), Huntington’s disease (HD), Parkinson’s disease
(PD), amyotrophic lateral sclerosis (ALS), and Friedrich’s Ataxia (FA) [24,28,31,37–39].

In this work, for the first time, we described the association of mitochondrial dysfunc-
tion with iron accumulation in cellular models of NM (Figure 1 and Figure S1). Given that
mutant cells showed increased autofluorescence spots which are positively stained with
Sudan black, iron is presumably accumulated in the form of lipofuscin aggregates (Figure 2,
Figure 3 and Figure S2). This hypothesis is also supported by the fact that deferiprone treat-
ment eliminated both iron and autofluorescence/Sudan black spots. Lipofuscin granules
have been previously reported in diaphragm and tibialis anterior muscles in NM mouse
model carrying the human Met9Arg mutation of alpha-tropomyosin slow (Tpm3) [40]
and muscle biopsies of a patient harboring a homozygous RYR1 c.8888T>C mutation [41].
Additionally, the TEM analysis shows the presence of elevated intracellular lipofuscin-like
granules in NM fibroblasts harboring ACTA1 and NEB mutations (Figure 4A,B).

As previously described, mitochondria play a crucial role in iron metabolism, since
these organelles are a significant location for the use and accumulation of iron. Therefore,
mitochondrial iron levels should be strictly regulated [27]. To analyze them, we examined
the levels of mitochondrial ferrous iron (Fe2+) (Figure 5) in NM mutant and controls cells,
indicating a dysfunction of iron metabolism and mitochondrial iron accumulation. In addi-
tion, TEM analysis showed the condensation and lateralization of damaged mitochondrial
components which eventually formed lipofuscin granules (Figure 4C). This mechanism
of mitochondrial lipofuscinogenesis may provide cellular protection from malfunctioning
mitochondria [25].

Lipids are the primary structural elements of cellular membranes and subcellular
organelles and play a crucial role in biological processes. Cell signaling, molecular transport,
proliferation, energy storage, secretion, and survival are among their other crucial biological
roles [24,42]. Furthermore, the lipid composition of the inner and outer mitochondrial
membrane is also essential for the proper functioning of the electron transport chain, the
stability of respiratory chain supercomplexes, and ATP production [43,44]. Excessive lipid
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oxidation may alter proteins and nucleic acids covalently and change the physicochemical
characteristics of biological membranes. Lipid peroxidation and the oxidation of respiratory
chain proteins are the two mechanisms that may cause mitochondrial dysfunction by an
increase in ROS generation [45,46].

One of the main causes of cellular and tissue dysfunction that contributes to aging
and most age-related and oxidative stress-related disorders is the accumulation of lipid
peroxidation (LPO) products in human tissues [45,47]. It has been reported that lipid
peroxidation in iron-rich organelles such as mitochondria may lead to iron accumulation in
lipofuscin granules, which in turn may increase lipid peroxidation [24,31]. This vicious cycle
in which lipid peroxidation and iron accumulation reinforce each other may participate in
NM pathomechanisms.

Confirming this hypothesis, we demonstrated that iron overload in NM mutant cells
was accompanied by increased lipid peroxidation. This interconnection between both
pathological processes can aggravate the cellular damage, as recently described by our
group [24]. Corroborating iron handling dysregulation, we found that NM patient-derived
fibroblasts presented altered expression levels of proteins related to iron metabolism.
Figure 6 shows the expression levels of proteins involved in iron homeostasis: TFR1, DMT1,
IRP1, Ferritin, Mitoferritin, Mitoferrin2, FXN, ISCU, Mt- ACP, and PANK2. The elevated
expression levels of TFR, DMT1, and Ferritin, proteins responsible for the iron transport
and storage within cell, support the hypothesis of a dysregulation of iron metabolism in
NM mutants. In addition, the expression levels of Frataxin (FXN) and ISCU, mitochondrial
proteins involved in the biosynthesis of ISCs (iron–sulfur clusters), were downregulated
compared with control fibroblast. ISCs are prosthetic groups that are attached to cytosolic
and mitochondrial aconitases, as well as multiple subunits of mitochondrial respiratory
complexes [48]. Consequently, a lack of proteins involved in ISC biogenesis may interfere
with mitochondrial function, as previously described by our group [49]. Alterations in
iron homeostasis are another consequence of this deficiency that may ultimately lead to
mitochondrial iron excess. High iron levels in the mitochondria’s oxidative environment
can then lead to a rise in ROS production and mitochondrial lipid peroxidation [50].

The paradoxical results of decreased LIP and iron accumulation have been also re-
ported in PKAN cells by our research group. In additional works, PANK2 silencing by
siRNA in several human cell lines leads to a reduced proliferation rate, accompanied
by a paradoxical iron deficiency and increased TfR1 expression levels [51]. Considering
these observations, it has been proposed that the hypothesis that dysregulation of iron
metabolism in mitochondria induces mitochondrial iron overload and cytosolic iron defi-
ciency. The result is a vicious cycle characterized by increased iron uptake due to increased
expression of Fe2+ transporters and subsequent accumulation in mitochondria and, finally,
in lipofuscin granules [28,52]. This hypothesis could explain the mitochondrial dysfunction
present in patients’ cells.

Interestingly, iron accumulation, increased lipid peroxidation, and mitochondrial
dysfunction were reproduced in control cells treated with actin depolymerizing agents
(Figures 10–15), corroborating the essential role of actin filaments in mitochondrial function
and consequently in iron metabolism and lipid peroxidation. There are several limitations
in this study: (1) Only four patients have been included in this work. (2) Further research
is needed to determine iron/lipofuscin accumulation and lipid peroxidation in animal
models and muscle biopsies from patients.
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4. Materials and Methods
4.1. Reagents

The following antibodies were purchased from Abcam (Cambridge, United King-
dom, UK): alpha-tubuline (ab7291), MTFRN2 Mitoferrin2 (ab80467), MTFRN1 Mitofer-
rin 1 (ab56134) (anti-FXN Frataxine (ab219414), and TFR Transferrin receptor (ab84036).
The following antibodies were acquired from Santa Cruz (California (CA), United States
(USA)): IRP1 iron-responsive element-binding protein (sc-166022), Ferritin (sc-74513), and
PANK2 (sc-82288). ACP mit antibody was purchased from Invitrogen Thermo Fisher
Scientific (Whaltham, Massachusetts (MA), United States (USA)). DMT1 antibody (Divalent
Metal Transporter 1) ABS983 was acquired from EMD Millipore. ISCU antibody was ac-
quired from GeneTex (California, (CA), United States (USA)). Perl’s Prussian Blue, Trypsin,
dimethyl sulfoxide (DMSO), saponin, Tris base, 4′,6-diamidino-2-phenylindole (DAPI),
and tetramethylethylenediamine (TEMED) were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, Missouri (MO), United States (USA)). Dulbecco’s modified Eagle’s medium
(DMEM) with 4.5 g/L and 1 g/L glucose, L-glutamine, pyruvate, penicillin–streptomycin
(10,000:10,000), and fetal bovine serum (FBS) were all sourced from Gibco. Mowiol 4-88 Mw
was obtained from Sigma Chemical Co. (St. Louis, Missouri (MO), United States (USA)),
while bovine serum albumin (BSA) was purchased from Santa Cruz Biotechnology (Paso
Robles, California, (CA), United States (USA)). The Pierce™ BCA Protein Assay Kit was
procured from Fisher Scientific (Whaltham, Massachusetts (MA), United States (USA)).
Reagents to evaluate the mitochondrial activity were acquired from Santa Cruz Biotech-
nology (California, (CA), United States (USA)): oligomycin (sc-203342), carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP) (sc-203578), and antimycin A (sc-202467A).

Various reagents were acquired from Bio-Rad Laboratories Inc. (Hercules, California
(CA), United States (USA)), including Acrylamide 37.5:1 solution, Clarity™ Western ECL
substrate, electrophoresis buffer (TGS), sodium dodecyl sulfate (SDS), Triton X-100, blot
buffer (TG), Tween 20, and DC Protein Assay Reagents A, B, and S. Additional chemicals
such as 2-propanol, ethanol, methanol, sodium chloride (NaCl), ammonium persulfate
(APS), glacial acetic acid, potassium hydroxide (KOH), and potassium chloride (KCl) were
supplied by Panreac (Barcelona, Spain). The Protease Inhibitor Cocktail was obtained from
Roche (F. Hoffmann-La Roche Ltd., Basel, Switzerland). Y27632 (sc-3536) and paraformalde-
hyde (PFA; sc-25326B) were purchased from Santa Cruz Biotechnology (California (CA),
United States (USA)).

4.2. Patients and Cell Cultures

Two controls lines of primary human skin fibroblasts were purchased from ATCC,
and four lines of fibroblasts derived from patient skin biopsies from the Pediatric Depart-
ment of Hospital Universitario Virgen del Rocío, Sevilla, Spain. Patient 1 (P1) presents a
heterozygous pathogenic mutation c.133G>T (p.Val45Phe) in ACTA1 that causes a missense
variant. The second patient (P2) is also heterozygous, carrying changes in position c.760A>T
(p.Asn254Tyr) in ACTA1. The third patient (P3) presents heterozygous pathogenic vari-
ants c.10321A>C (p.Thr3441Pro) and c.13669C>T (pArg4557*) in NEB. The fourth patient
(P4) presents heterozygous pathogenic variants c.24407_24410dup (p.Leu8137Phefs*18)
c.8425C>T (p.Arg2809*) in NEB.

Control values were represented as means± SD of three control fibroblast cell lines.
Fibroblasts were maintained in Dulbecco’s modified Eagle’s medium DMEM (Gibco™,
ThermoFisher Scientific, Waltham, Massachusetts (MA), United States (USA)) supple-
mented with 10% FBS (Gibco™, ThermoFisher Scientific, Massachusetts (MA), United
States (USA)), 100 mg/mL penicillin/streptomycin. Fibroblasts were cultured at 37 ◦C and
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5% CO2. All the experiments were performed with fibroblasts’ cell cultures with a passage
number < 10.

4.3. Determination of Iron and Lipofuscin Accumulation

Iron overload was determined by Prussian Blue staining and quantified in a mi-
croplate reader (Polar Star Omega, BMG Labtech, Ortenberg, Germany) and by brightfield
microscopy. Images were taken by light and fluorescence Axio Vert A1 microscope (Zeiss,
Oberkochen, Germany) with a 20× and 40× objective. A quantification analysis was
performed by using the Image J software (version 1.54f). Moreover, iron content in cell
extracts was also measured by inductively coupled plasma mass spectrometry (ICP-MS).
Cell culture extracts were obtained by acid digestion with HNO3. Iron concentration was
expressed as ng Fe2+/µg protein. Data were presented as means± SD (standard deviation),
n = 3 in all cases.

Lipofuscin granules were visualized by Sudan Black B (SBB) staining as previously
described [53]. The quantification of SSB staining also was performed with the light and
fluorescence Axio Vert A1 microscope (Zeiss, Oberkochen, Germany) with a 20× and
40× objective. The cell’s autofluorescence was measured by fluorescence microscopy
(excitation 366 nm; emission 420–600 nm). Confocal laser scanning microscopy (Nikon
A1R, Shinagawa, Tokyo, Japan) was used for obtaining the emission spectra of lipofuscin
granules as previously described [28]. The emission spectra were recorded in 20 lipofuscin
granules in 20 cells. All images were analyzed by Fiji-ImageJ software (version 2.9.0/1.53t).

In both determinations, fibroblasts were treated with 100 µM deferiprone (Def) [28],
an iron chelating drug which were used as a negative control to corroborate the specificity
of the conducted staining’s and techniques.

4.4. TEM Analysis

Transmission electron microscopy was performed following the protocol previously
described by our group [28,54]. Control and patients’ cells were seeded on 8-well Permanox
chamber slides (Nunc, Thermo Scientific) and were subsequently fixed in tempered 3.5%
glutaraldehyde in 0.1 M phosphate buffer (PB) for 5 min at 37 ◦C and 55 min for 4 ◦C. Cells
were postfixed in 2% OsO4 for 1 h at room temperature, rinsed, dehydrated, and embedded
in Durcupan resin (Fluka, Sigma-Aldrich). Semithin sections (1.5 µm) were cut with a
diamond knife and stained lightly with 1% toluidine blue. Later, ultra-thin (70 nm) sections
of the cells were cut with a diamond knife, stained with lead citrate (Reynolds solution),
and examined under a transmission electron microscope (FEI Tecnai G2 Spirit BioTwin)
with a Xarosa (20 Megapixel resolution) digital camera using Radius image acquisition
software (version 2.1, EMSIS GmbH, Münster, Germany).

4.5. Measurement of Mitochondrial Iron Accumulation (Mito-FerroGreen)

Mitochondrial iron levels were measured by Mito-FerroGreen staining, a novel fluo-
rescent probe for the detection of ferrous ion (Fe2+) in mitochondria where Fe-S clusters
and heme proteins are synthesized and enables live cell fluorescent imaging of intracellular
Fe2+. Mito-FerroGreen was obtained from the Dojindo Laboratory (Kumamoto, Japan).
Fibroblasts were washed three times with HBSS supplemented with Ca2+ and Mg2+ and
incubated for 30 min at 37 ◦C with 5 µM Mito-FerroGreen and 100 nM MitoTracker™ Deep
Red FM for 45 min at 37 ◦C. Then, cells were washed three times with HBSS supplemented
with Ca2+ and Mg2+. Images were taken using a DeltaVision system (version softWoRx 7.0;
Applied Precision; Issaquah, Washington (WA), United States (USA)) with an Olympus
IX-71 fluorescence microscope (Olympus Corporation, Shinjuku, Tokyo, Japan) with a 40×
oil objective and analyzed by Fiji-ImageJ software (version 2.9.0/1.53t). To corroborate
the specific Mito-FerroGreen presence in the mitochondria, cells were co-stained with
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MitoTracker™ Deep Red FM, and the Pearson correlation coefficient was calculated using
the JaCoP plugin from Fiji-ImageJ software (version 2.9.0/1.53t). A positive correlation was
considered when Pearson coefficient >0.75. Mitochondrial iron levels were determined
by quantification of the Mito-FerroGreen fluorescence intensity from 30 cells. Data were
presented as means± SD (standard deviation), n = 3 in all cases.

4.6. Inmunoblotting

Western blotting was performed using standard methods. After protein transfer, the
membrane was incubated with various primary antibodies diluted 1:1000 and then with
the corresponding secondary antibody coupled to horseradish peroxidase at a 1:10,000
dilution. Specific protein complexes were identified using the Immun-Star HRP substrate
kit (Biorad Laboratories Inc., Hercules, California (CA), United States (USA)).

4.7. Measurement of Labile Iron Pool

Labile iron pool (LIP) determination was carried out as a slightly modified version of
what has been previously described [33]. Briefly, cells were seeded in 96-well plates. Control
and patients’ fibroblasts were incubated in the medium supplemented with 1 mg/mL BSA
and 0.25 µM calcein-AM for 30 min at 37 ◦C. After two washes with Hank’s Balanced Salt
Solution (HBSS), cells were maintained in HBSS supplemented with 5 mM glucose, 20 mM
HEPES, and 15 mM NaCl for 10 min at 37 ◦C. Basal fluorescence was measured using a
Polar Star Omega Microplate Reader at 485 nm (excitation) and 535 nm (emission). Cells
were then supplemented with Salicyladehyde Isonicotinoyl Hydrazone (0.1 mM), a specific
iron chelator, for 15 min. Fluorescence was monitored during incubation with the chelator,
and when a plateau was reached, that value was the LIP value. The final determination of
the LIP level is carried out using the ratio LIP value/basal measurement, and the results
were normalized to the protein content (mg of protein). The control cells were previously
treated with 100 µM deferiprone as a negative control. Data were presented as means± SD
(standard deviation), n = 3 in all cases.

4.8. Measurement of Membrane Lipid Peroxidation

Lipid peroxidation was determined using 4,4-difluoro-5-(4-phenyl-1,3-butadienyl)-
4-bora-3a,4a-diaza-s-indacene-3-undecanoic acid (BODIPY® 581/591 C11) (D3861, Ther-
moFisher Scientific), a lipophilic fluorescent dye [25,55]. Cells were incubated with 5 µM
BODIPY® 581/591 C11 for 30 min at 37 ◦C. Luperox® TBH70X (458139, Sigma-Aldrich) at
500 µM for 15 min was used as positive control of lipid peroxidation. Lipid peroxidation
in fibroblasts was evaluated by an Axio Vert A1 fluorescence microscope with a 40× ob-
jective. All images were analyzed by Fiji-ImageJ software (version 2.9.0/1.53t). Data were
presented as means± SD (standard deviation), n = 3 in all cases.

4.9. Measurement of Mitochondrial Lipid Peroxidation (MitoPeDPP)

Mitochondrial lipid peroxidation was evaluated using a [3-(4-phenoxyphenylpyreny
lphosphino) propyl] triphenylphosphonium iodide fluorescent probe (MitoPeDPP®) de-
veloped by Shioji K., et al. [56]. Localization of the MitoPeDPP signal in mitochondria
was addressed by a colocalization analysis with MitoTracker™ Deep Red FM, an in vivo
mitochondrial dye. Control and patients’ cells were treated with 300 nM MitoPeDPP® for
15 min at 37 ◦C and 100 nM MitoTracker™ Deep Red FM for 45 min at 37 ◦C. Luperox®

TBH70X (458139, Sigma-Aldrich) at 500 µM for 15 min was used as positive control of
lipid peroxidation. Images were taken by DeltaVision (version softWoRx 7.0; Applied
Precision; Issaquah, Washington (WA), United states (USA)) system with an Olympus IX-71
fluorescence microscope(Olympus Corporation, Shinjuku, Tokyo, Japan) with a 40× oil
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objective and analyzed by Fiji-ImageJ software (version 2.9.0/1.53t). Data were presented
as means± SD (standard deviation), n = 3 in all cases.

4.10. Analysis of Mitochondrial Network and Cytoskeletal F-Actin

In order to evaluate the effect of actin inhibitors Y27632 and Cytochalasin D on the
state of actin filaments and the mitochondrial network, control and patients’ fibroblasts
were stained with 1 µg/mL Rhodamine–Phalloidin for 30 min and 100 nM MitoTracker™
Deep Red FM for 45 min at 37 ◦C. Evaluation of mitochondrial network and cytoskeletal
F-actin was conducted following our previously described protocols [16]. All images were
taken by a DeltaVision (version softWoRx 7.0; Applied Precision; Issaquah, Washington
(WA), United states (USA)) system with an Olympus IX-71 fluorescence microscope with a
40× oil objective and analyzed by Fiji-ImageJ software (version 2.9.0/1.53t).

4.11. Bioenergetics and Oxidative Stress Analysis

An XF24 extracellular flux analyzer (Seahorse Bioscience, Billerica, Massachusetts
(MA), United States (USA)) was used to perform a Mitostress test experiment to assess the
mitochondrial respiratory performance of untreated and treated control with inhibitors
Y27632 and Cytochalasin D. In XF24 cell culture plates, cells were cultivated at a density
of 15,000 cells per well with 150 µL of growth media (DMEM supplemented with 20%
FBS) at 37 ◦C and 5% CO2. Only 50 µL of media remained after the growth medium from
each well was removed after the incubation period of 24 h. Following two rounds of cell
washing with 1 mL of pre-warmed assay medium (XF base media supplemented with
10 mM glucose, 1 mM glutamine, and 1 mM sodium pyruvate; pH 7.4), 450 µL of assay
medium (500 µL total) was added to each well. Fibroblasts pre-equilibrate with the test
media by being cultured for an hour at 37 ◦C without CO2. Four different compounds that
impact bioenergetics were injected sequentially to test mitochondrial activity. The final
doses of these four compounds were administered as follows: 1 µM oligomycin, 2 µM
FCCP (carbonyl cyanide-4-trifluoromethoxy-phenylhydrazone), and 2.5 µM antimycin
A/rotenone.

To determine the ideal cell seeding density and the ideal dose of each inhibitor and
uncoupler, preliminary tests were performed. A minimum of five wells have been used for
each treatment in each experiment. Important mitochondrial characteristics, including ATP
synthesis, spare respiratory capacity, and basal and maximal respiration, may be estimated
with this test. The XF24 analyzer’s results were standardized according to the 15,000 cells
that were planted. The BioTekTM CytationTM 1 Cell Imaging Multi-Mode Reader was used
to count the cells in each well both before and after the experiment to evaluate if the number
of cells remained constant.

4.12. Statistics

Statistical analysis was conducted in accordance with our research group’s previous
description [16]. We used non-parametric statistics, where there were few events (n < 30),
that do not have any distributional assumption, given the low reliability of normality testing
for small sample sizes used in this work. In these cases, multiple groups were compared
using a Kruskal–Wallis test. We used parametric tests when the number of events was
greater (n > 30). In these instances, a one-way ANOVA was used to compare multiple
groups. Statistical analyses were conducted using the GraphPad Prism 9.0 (GraphPad
Software, San Diego, CA, USA). All results were presented as the mean ± SD values
or as an example from 3 independent experiments, and p-values of less than 0.05 were
considered significant.
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5. Conclusions
In conclusion, our findings demonstrate that fibroblasts derived from patients with NM

are useful cellular models to study disease pathophysiology. Furthermore, we confirm the
close relationship between the actin cytoskeleton, mitochondria function, iron metabolism,
and lipid peroxidation. Patient-derived cellular models may complement ACTA1 and
NEB mouse and zebrafish models to understand disease pathomechanisms and enable the
evaluation of genomic or pharmacological therapies.
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