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Abstract: Hemoglobin and iron overload is considered the major contributor to intracerebral hemor-
rhage (ICH)-induced brain injury. Accumulation of iron in the brain leads to microglia activation,
inflammation and cell loss. Current available treatments for iron overload-mediated disorders are
characterized by severe adverse effects, making such conditions an unmet clinical need. We assessed
the potential of α-lipoic acid (ALA) as an iron chelator, antioxidant and anti-inflammatory agent in
both in vitro and in vivo models of iron overload. ALA was found to revert iron-overload-induced
toxicity in HMC3 microglia cell line, preventing cell apoptosis, reactive oxygen species generation
and reducing glutathione depletion. Furthermore, ALA regulated gene expression of iron-related
markers and inflammatory cytokines, such as IL-6, IL-1β and TNF. Iron toxicity also affects mito-
chondria fitness and biogenesis, impairments which were prevented by ALA pre-treatment in vitro.
Immunocytochemistry assay showed that, although iron treatment caused inflammatory activation
of microglia, ALA treatment resulted in increased ARG1 expression, suggesting it promoted an
anti-inflammatory phenotype. We also assessed the effects of ALA in an in vivo zebrafish model
of iron overload, showing that ALA treatment was able to reduce iron accumulation in the brain
and reduced iron-mediated oxidative stress and inflammation. Our data support ALA as a novel
approach for iron-overload-induced brain damage.

Keywords: iron; neurodegeneration; neuroinflammation; α-lipoic acid; antioxidant; microglia; zebrafish

1. Introduction

Intracerebral hemorrhage (ICH) represents a leading cause of morbidity and mortality
in the world, frequently associated with severe long-term disability in surviving patients [1].
ICH is the most common hemorrhagic stroke subtype, with an estimated incidence rate per
year of 23.15 per 100,000 worldwide, with higher incidence in males [2]. Spontaneous and
non-traumatic ICH is usually due to an underlying lesion, although most of the cases in
the adult population are attributable to hypertension, which represents the most common
systemic risk factor, reported in up to 70% of ICH patients [3]. In addition to symptomatic
ICH, silent microbleeds in healthy adults could lead to asymptomatic conditions of ICH,
with higher rate in older people; however, the long-term impact of such micro-hemorrhages
is still not well defined [4]. ICH may be caused by several factors, including tumors, cerebral
venous thrombosis, ruptured saccular aneurysms, inflammation and malformation [5,6],
and is characterized by arteriole disruption in the brain, rapidly inducing primary brain
injuries. In consequence, extravasated blood within the skull and mechanical compression
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increase intracranial pressure (ICP), leading to secondary brain injuries [1,7]. Despite a
higher incidence associated with aging and the use of medications, such as anticoagulation
and antiplatelet drugs, there are still only a limited number of suitable therapies to address
ICH-derived primary and secondary damage [8,9]. The common approaches used to
control primary brain injury include both surgical and minimally invasive measures to
correct the coagulopathy and remove the presence of clots [10]. However, clinical trials have
shown no significant amelioration after surgery, probably due to surgery-induced adverse
effects [11,12]. The physiological response to edema and to the toxic effects mediated by
clot components (i.e., hemoglobin/iron), lead to secondary brain injury [13,14]. It is well
established that several clinical conditions are associated with iron overload, which are
classified as primary or secondary forms, depending on whether the overload results from a
primary defect in homeostasis of iron balance or it is secondary to other genetic or acquired
disorders [15–19].

Iron release into the brain tissue typically occurs 24 h after hemorrhage; its deposition
and accumulation into perihematomal tissue begins within a few days after an ICH, as
a result of red blood cell lysis following ICH and the release of hemoglobin into the
extracellular space [20–23]. The promotion of iron-mediated cell death is also fostered by
microglia activation. Together with neutrophils, microglia release toxic substances, such
as thrombin, ROS and metalloproteinases, leading to neuroinflammation and oxidative
stress, which increase pro-inflammatory cytokines, such as tumor necrosis factor (TNF)
and interleukin-6 (IL-6) [24,25]. In this context, it is evident that iron accumulation in the
brain after ICH represents one of the main factors involved in inducing neurodegeneration,
modulation of critical pathways for cell renewal and/or death, and long-term neurological
deficits [26–30].

It has been shown that molecules serving as iron chelators and protease inhibitors,
such as 1,2-dithiolane-3-pentanoic acid, known as α-lipoic acid (ALA), represent a potential
therapeutic strategy for iron-overload-induced damage. ALA is an active organosulfur
compound, naturally synthesized by plants and animals [31]. Both the oxidized (disul-
fide) and reduced (di-thiol: dihydro-lipoic acid, DHLA) forms of ALA show antioxidant
properties. ALA exists as two different enantiomers: the biologically active (R)-isomer and
the (S)-isomer. Commercial ALA is usually a racemic mixture of the R- and S-form [32].
ALA is both water and lipid soluble and is widely distributed in cellular membranes, the
cytosol, and extracellular spaces and can cross the blood-brain barrier and cell monolayer
in a pH-dependent manner, without causing any toxicity at therapeutic doses. The cellular
transport of ALA occurs via several mechanisms, such as the medium-chain fatty acid
transporter, an Na+-dependent vitamin transport system, and an H+-linked monocarboxy-
late transporter for intestinal uptake [33]. In the present study, we evaluated the efficacy
of ALA, in both in vitro and in vivo models, on microglia exposed to ferric ammonium
citrate (FAC).

2. Materials and Methods
2.1. Cell Culture and Treatments

HMC3 human microglial cells were purchased from the ATCC Company (Milan, Italy).
Cells were cultured in minimum essential medium (MEM) supplemented with 10% fetal
bovine serum (FBS), 100 U/mL penicillin, 100 U/mL streptomycin and 1% L-glutamine
and were maintained in a humidified incubator at 37 ◦C with 95% air/5% CO2. At 80%
confluency, cells were passaged using trypsin-EDTA solution (0.25% trypsin and 0.02%
EDTA). The cells were pre-treated with ALA 100 µM for 3 h, while iron overload was
achieved by exposing cells to FAC (Alfa Aesar-Thermofisher, Heysham, United Kingdom)
400 µM. Concentrations were selected according to previously published manuscripts by
our group [34,35].
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2.2. xCELLigence Real-Time Cell Analysis

An xCELLigence experiment was performed using a real-time cell analyzer dual plate
platform according to the manufacturer’s instructions (Roche Applied Science, Mannheim,
Germany; ACEA Biosciences, San Diego, CA, USA). Cells were seeded in E-16 xCELLigence
plates at a final density of 5 × 103 cells/mL per well. Plates were then incubated at 37 ◦C,
5% CO2 for 30 min to allow cell settling. After incubation, cells were treated with FAC
400 µM. Real-time changes in electrical impedance were measured and expressed as a “cell
index”, defined as (Rn-Rb)/15, where Rn is the impedance of the well with cells and Rb is
the background impedance. Background impedance was measured in an E-plate 16 with
100 µL medium (without cells) after a 30 min incubation period at room temperature. Cell
proliferation was monitored every 20 min for 48 h.

2.3. Apoptosis Rate and Reactive Oxygene Species Analysis

Annexin V and propidium iodide (PI) staining were used to assess apoptosis. The
evaluation was performed by flow cytometry. Samples (2× 105 cells) were washed twice
and resuspended in 100 µL of PBS. Amounts of 1 µL of Annexin V-FITC solution and 5 µL
of dissolved PI (Beckmam Coulter, Villepinte, France) were added to the cell suspension
and mixed gently. Cells were incubated for 15 min in the dark. Finally, 400 µL of 1X binding
buffer was added and cell preparation was analyzed by flow cytometry (MACSQuant
Analyzer 10, Miltenyi Biotec).

Reactive oxygen species (ROS) were detected using 2′,7′-dichlorodihydrofluorescein
acetate (H2-DCF; Sigma-Aldrich, St. Louis, MO, USA), and fluorescence intensity was
measured according to the fluorescence detection conditions of FITC using a MACSQuant
Analyzer (Miltenyi Biotech, North Rhine-Westphalia, Germany).

2.4. GSH Evaluation

The intracellular content of reduced glutathione (GSH) was measured using a spec-
trophotometric assay based on the reaction of thiol groups with 2,2-dithio-bis-nitrobenzoic
acid (DTNB) at λ = 412 nm (εM = 13,600 M−1 × cm−1, where εM is a wavelength-dependent
molar absorptivity coefficient). Measurements were performed in triplicate [36].

2.5. Mitochondrial Membrane Potential (DiOC2(3)) and Mass

A membrane potential probe, 3,3′-diethyloxacarbocyanine iodide (DiOC2(3)), (Thermo
Fisher Scientific, Milan, Italy), was used to evaluate the mitochondrial membrane poten-
tial [37–39]. Cells were incubated with 10 µM DiOC2(3) for 30 min at 37 ◦C, washed twice,
resuspended in PBS and analyzed by flow cytometry. To measure changes in the mitochon-
drial mass, cells were exposed to 200 nM MitoTracker Red CMXRos probe (Thermo Fisher
Scientific, Milan, Italy) for 30 min at 37 ◦C, according to the manufacturer’s instructions.
After two washes, labelled mitochondria were analyzed by flow cytometry.

2.6. Real-Time PCR for Gene Expression Analysis

RNA was extracted by Trizol® reagent (Cat. no. 15596026, Invitrogen, Carlsbad, CA,
USA). The first-strand cDNA was then synthesized with a high-capacity cDNA reverse
transcription kit (Cat. no. 4368814, Applied Biosystems, Foster City, CA, USA). cDNA qual-
ity was checked, taking into consideration the housekeeping gene Ct values. Quantitative
real-time PCR was performed in a step-one fast real-time PCR system (Applied Biosystems),
using SYBR Green PCR MasterMix (Cat. no. 4309155, Life Technologies, Monza, Italy).
PCR products were detected by the fluorescence of SYBR Green, a double-stranded DNA
binding dye. Primers were designed using BLAST® (Basic Local Alignment Search Tool,
NCBI, NIH), considering the shortest amplicon proposed (primer sequences are shown in
Tables 1 and 2), and GAPDH was used as a housekeeping gene. Primers were purchased
from Metabion International AG (Planneg, Germany). The relative mRNA expression level
was calculated by the threshold cycle (Ct) value of each PCR product and normalized with
GAPDH using a comparative 2−∆∆Ct method.
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Table 1. Primer sequences used to assess gene expression in human cells.

Gene (Human) Forward Primer (5′ → 3′) Reverse Primer (5′ → 3′)

HO-1 GTTGGGGTGGTTTTTGAGCC TTAGACCAAGGCCACAGTGC
DMT1 CGGAATAGGAAGTGCCATCCA GGGAGCAAGGAAAAAGAACTACA
FPN1 CTCCCAAACCGCTTCCATAAG TCTTCTGCGGCTGCTATCG
IL-6 CCACCGGGAACGAAAGAGAA GAGAAGGCAACTGGACCGAA

IL-1β AGCTCGCCAGTGAAATGATG GTCGGAGATTCGTAGCTGGA
TNF GCAACAAGACCACCACTTCG GATCAAAGCTGTAGGCCCCA

GAPDH TTCTTTTGCGTCGCCAGCC CTTCCCGTTCTCAGCCTTGAC

Table 2. Primer sequences used to assess gene expression in zebrafish brain lysate.

Gene (Zebrafish) Forward Primer (5′ → 3′) Reverse Primer (5′ → 3′)

hmox1b CTCTCCAGCCCTTCAGTTCG AAGCGTAAACTCCCATGCCA
sod1 GTGACAACACAAACGGCTGC GGCATCAGCGGTCACATTAC
ptgs1 ACTTTACCACTGGCACCCAC ACGATGACCCTCTCAGCAAC
gapdh CATCTTTGACGCTGGTGCTG TGGGAGAATGGTCGCGTATC

2.7. ELISA

An ELISA test was used to measure the concentration of IL-6 in the medium condi-
tioned by treatments. The assay was performed according to the manufacturer ‘s protocols
(Cat. No BMS213INST, Invitrogen, Milan, Italy). Absorbance was measured at a wave-
length of 450 nm and biomarker concentrations were calculated from a standard curve
generated with purified proteins. The detection limit, as specified by the manufacturer,
was 0.92 pg/mL. Each measurement was performed in triplicate.

2.8. Immunofluorescence

For immunofluorescence analysis, cells were plated on coverslips, exposed to treat-
ments and processed as previously described [40–44]. After washing with PBS, cells were
fixed in 4% paraformaldehyde (Sigma-Aldrich, Milan, Italy) for 20 min at room temperature.
After fixation, cells were washed three times in PBS for 5 min and blocked in Odyssey
blocking buffer for 1 h at room temperature. Subsequently, cells were incubated with
mouse anti-arginase 1 (Cat. No. sc-271430, Santa Cruz Biotechnology, Heidelberg, Ger-
many) and mouse anti-NOS2 (Cat. No. sc-7271, Santa Cruz Biotechnology), overnight at
4 ◦C. The following day, cells were washed three times in PBS for 5 min and incubated with
the following secondary antibodies: anti-mouse TRITC-conjugated secondary antibody
(Cat. No. A11003, ThermoFisher Scientific, Milan, Italy), and anti-mouse FITC-conjugated
secondary antibody (Cat. No. F2012, Sigma-Aldrich, St. Louis, MO, USA) for 1 h at room
temperature. Antibodies were diluted in Odyssey blocking buffer. Slides were mounted
with mounting medium containing 4,6-diamidino-2-phenylindole (DAPI, Cat. No. D1306,
Invitrogen, 1:1000) to highlight nuclei. Fluorescent images were obtained using a Zeiss
Axio Imager Z1 microscope with an Apotome 2 system (Zeiss, Milan, Italy).

2.9. Iron-Overload Zebrafish Model

Adult wildtype AB zebrafish (n = 20) were used for this study. Fish were tested to
be free from Pseudoloma neurophilia, Pseudocapillaria tomentosa, Mycobacterium spp., and
Edwardsiella ictalurias, determined by twice-yearly sentinel monitoring. The fish were
housed at a density of 5 fish per tank in mixed-sex groups in 2.5 L tanks on a recirculating
system in 28 ◦C water in a room with a 14:10 h light/dark cycle. System water was
carbon-filtered municipal tap water, filtered through a 20 µm pleated particulate filter,
and exposed to 40 W UV light. The standard feeding protocol was three meals daily of
Tetra-Min (Tetra) at a Center for Advanced Preclinical in vivo Research (CAPIR, University
of Catania) facility. All zebrafish experiments were performed with the approval of the
Animal Studies Committee of Ministero della Salute Italy (Approval code: 813/2017-PR,
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23 October 2017). Each subject was randomly assigned to the following experimental
group: controls, FAC 400 µM, ALA 100 µM, FAC 400 µM + ALA 100 µM. The chemical
agents tested were introduced into a static 2 L tank filled with system water obtained from
the main recirculating system. A control group of untreated fish housed under the same
conditions as the experimental groups was tested in parallel for 120 h. Experiments were
performed after pre-treating animals with FAC 400 µM for 60 h and then exposing them to
ALA 100 µM up to the end of the experiment.

2.10. Immunoistochemistry

Zebrafish brains were isolated, fixed in 10% buffered-formaldehyde, dehydrated in
increasing concentrations of ethanol in water and paraffin-embedded, preserving their
anatomical orientation [45–49]. Three-to-four-µm-thick sections were obtained using a
microtome and mounted on silane-coated slides. GFAP staining was performed as pre-
viously reported [50–52]. Briefly, rehydrated sections were blocked with a blocking so-
lution (3% H2O2 in PBS) for 15 min at room temperature in a humidity chamber and
incubated for 40 min at room temperature in a humidity chamber with a mouse anti-
GFAP antibody (1:100, Cat. No ab154474). After washes, sections were incubated with
biotinylated panspecific secondary antibody (horse anti-mouse/rabbit/goat IgG Anti-
body (H + L), Cat.No BA-1300-2.2), diluted in PBS and 1% bovine serum albumin (BSA,
Sigma-Aldrich, Cat.No. A2058) for 30 min at room temperature in a humidity chamber.
Then VECTASTAIN® Elite ABC-HRP Reagent, Peroxidase, R.T.U. (Vector Laboratories,
Milan, Italy, Cat.No PK-7100) was added and sections were incubated for 30 min at room
temperature in a humidity chamber. A solution of 1% DAB and 0.3% H2O2 in PBS was
added until brown coloration was observed. Then, slides were washed in tap-water for
5 min. Nuclei were counterstained with Mayer’s hematoxylin (Bio-Optica, Milan, Italy),
dehydrated with increasing concentrations of ethanol (50%, 70%, 95%, 100%) and xylene,
and cover-slipped with Entellan (Cat.No. 1.079.600.500, Merck Millipore, Milan, Italy).
Digital images were acquired using a Nexcope NIB600 biological microscope.

For Perl’s Prussian Blue staining (Bio-Optica, Milan, Italy), slides were dewaxed in
xylene and re-hydrated using decreasing concentrations of ethanol in water (100%, 75%,
50% and 0%). Perl’s Prussian Blue staining was performed according to the manufacturer’s
instructions. Briefly, tissue sections were washed in water and stained with Perl’s staining
for 20 min. Sections were then rinsed in water, dehydrated in increasing concentrations
of ethanol in water (0%, 50%, 75%, 100%), cleared in xylene, and finally mounted for
microscopic analysis.

2.11. Statistical Analysis

Data are shown as mean ± standard deviation (SD). For statistical analysis,
Prism 8.0.2. software (GraphPad Software, San Diego, CA, USA) was used. Significant
differences between groups were assessed using a one-way ANOVA test. A value of p < 0.05
was considered statistically significant and symbols used to indicate statistical differences
are described in figure legends.

3. Results
3.1. Iron Overload Affects Cell Survival and Iron-Metabolism-Related Gene Expression

To confirm the toxicity induced by iron overload on cell proliferation, dynamic changes
in microglia cell proliferation were monitored for 48 h using the xCELLigence system upon
exposure to FAC 400 µM. We observed that FAC affected the proliferation rate of the HMC3
microglia cell line after 8 h. After 24 h, the proliferation rate of treated cells was decreased
compared to untreated control cells (Figure 1a). Moreover, the apoptosis rate, measured
by flow cytometry using Annexin V and propidium iodide (PI), showed an increase in
apoptotic cell number in HMC3 cells treated with FAC (Figure 1b,c). Interestingly, 3 h
pre-treatment with ALA 100 µM [34] was able to prevent the cell death induced by FAC
treatment after 24 h, and ALA in cotreatment with FAC showed a near normal Annexin/PI
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profile (Figure 1b,c). To observe specific changes in iron metabolism gene expression,
HMC3 cells were pre-treated with ALA and then exposed to FAC for 6 h. Analysis of
mRNA levels revealed that iron-metabolism-related mediators, such as, heme oxygenase
1 (HO-1), ferroportin 1 (FPN1) and divalent metal transporter 1 (DMT1, iron uptake), were
significantly upregulated in the presence of FAC and, importantly, ALA was able to prevent
this phenomenon (Figure 1d,e).
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Figure 1. Iron overload affects cell survival and iron-metabolism-related gene expression. (a) Time
course cell index and area under the curve (A.U.C.) of control HMC3 cells and HMC3 cells treated
with 400 µM of FAC. (b,c) Quantification (b) and representative dot plots (c) of cell viability of control,
ALA-, FAC- and ALA + FAC-treated HMC3 cells; the proportion of live, early and late apoptotic
cells and dead cells are reported. (d,f) Quantification of mRNA expression levels of FPN1 (d), DMT1
(e) and HO-1 (f) in control, ALA-, FAC- and ALA + FAC-treated HMC3 cells. * p-value < 0.05;
** p-value < 0.01; *** p-value < 0.001 and **** p-value < 0.0001.

3.2. Iron Overload Affects Mitochondrial Functionality Inducing Oxidative Stress

It is well known that iron can alter mitochondrial functionality by increasing the depo-
larization of the mitochondrial membrane and inducing ROS production. This generates
a cellular response aimed at maintaining mitochondrial homeostasis by increasing mito-
chondrial biogenesis. We found that FAC-induced iron overload of the microglial cell line
induced a high level of depolarization compared to untreated healthy cells (Figure 2a,b),
whereas the combined presence with ALA restored the membrane potential (Figure 2a,b).
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As expected, we also observed an increase in the mitochondrial mass after FAC treatment
(Figure 2c,d); this effect was restored by pre-treatment with ALA for 24 h (Figure 2c,d).
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Figure 2. Iron overload increases mitochondrial mass in HMC3 cell line. (a,b) Representative
plots (a) and quantification (b) of DiOC2 fluorescence intensity via cytofluorimetric analysis in
control, ALA-, FAC- and ALA + FAC-treated HMC3 cells; (c,d) Representative plots (c) and quan-
tification (d) of mitotracker fluorescence intensity via cytofluorimetric analysis in control, ALA-,
FAC- and ALA + FAC-treated HMC3 cells. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001;
**** p-value < 0.0001.

The quantitative measurement of cells undergoing oxidative stress and ROS produc-
tion was evaluated by flow cytometry. Treatment with FAC led to a strong increase in
ROS production in HMC3 cells compared to the control group. On the other hand, iron
overload in the presence of ALA was not able to induce the same amount of ROS content
(Figure 3a,b). This effect was confirmed by the higher glutathione (GSH) levels observed in
the presence of iron overload. Furthermore, in this case, the ALA treatment was able to
counteract the oxidative stress induced by FAC with decrease in GSH levels (Figure 3c).
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Figure 3. Iron overload affects mitochondrial functionality inducing oxidative stress. (a,b) Repre-
sentative plots (a) and quantification (b) of DCFH-DA fluorescence intensity via cytofluorimetric
analysis in control, ALA-, FAC- and ALA + FAC-treated HMC3 cells; (c) Quantification of intracel-
lular content of reduced GSH analyzed by spectrophotometric assay in control, ALA-, FAC- and
ALA + FAC-treated HMC3 cells. * p-value < 0.05; ** p-value < 0.01; *** p-value < 0.001.

3.3. Iron Overload and Inflammation

Iron overload should generate a significant inflammatory state in all tissues in which
it is possible to detect this pathological state. The exposure to iron caused an increase
in markers closely related to inflammatory genes, such as prostaglandin-endoperoxide
synthase (COX-2) and interleukins (IL-6, IL-1β) (Figure 4a–c). Due to the pre-treatment
with ALA, the expression of these inflammatory genes was reduced to the control level
(Figure 4a–c). These data were also confirmed by ELISA assay for the evaluation of IL-6
concentration in the medium of HMC3 cells treated with FAC alone or in combination
with ALA. We observed an increase in IL-6 levels after exposure with FAC, which was
reverted by ALA co-treatment (Figure 4d). Interestingly, the M1-like or M2-like phenotype
in microglia was characterized by over expression of iNOS (NOS2) or arginase 1 (ARG1),
respectively. We observed, by immunofluorescence assay, that FAC-exposed cells showed
a pro-inflammatory state in microglia cells, as shown by increase in iNOS protein expres-
sion, while ARG1 levels were mostly unchanged (Figure 4e). Of note, ALA alone was
able to produce strong overexpression of ARG1 (Figure 4e). Finally, pre-treatment with
ALA prevented inflammatory effects induced by FAC exposure; in addition, ALA was
able to mediate an anti-inflammatory response, supporting an M2-like anti-inflammatory
phenotype in microglia cells (Figure 4e).
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Figure 4. Iron overload induces microglia inflammatory phenotype reverted by ALA. (a–c) Quan-
tification of mRNA expression levels of IL-1β (a), TNF (b) and IL-6 (c) in control, ALA-, FAC- and
ALA + FAC-treated HMC3 cells. (d) ELISA of IL-6 levels in the supernatant of control, ALA-, FAC-
and ALA + FAC-treated HMC3 cells. (e) Representative pictures of immunofluorescence analysis
of NOS2 and ARG1 in control, ALA-, FAC- and ALA + FAC-treated HMC3 cells. * p-value < 0.05;
** p-value < 0.01; *** p-value < 0.001; **** p-value < 0.0001.
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3.4. Iron Overload In Vivo Zebrafish Model

To confirm the effect of ALA in an iron overload model, we treated adult zebrafish with
400 µM of FAC for 60 h and then with ALA 100 µM (Figure 5). As shown by whole brain
immunostaining of iron using Perl’s staining, FAC treatment resulted in significant brain
iron deposition compared to control animals. The following administration of ALA, after
60 h of FAC exposure, resulted in a reduction in iron content (Figure 6a). We also evaluated,
in the whole brain, the expression of inflammatory and oxidative-stress-related genes. The
FAC-exposed group showed a significant increase in hmox1b, sod1 and COX-1 (ptgs1)
expression indicating that iron accumulation was able to produce an inflammatory and then
oxidative state in the zebrafish brain (Figure 6b–d). Interestingly, as for the in vitro model,
ALA was able to counteract FAC-induced effects (Figure 6b–d). These results were coupled
with reduced expression of GFAP positive cells in the brain of FAC-exposed ALA-treated
zebrafish compared to FAC alone (Figure 6e).
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Figure 6. Iron exposition induces iron accumulation and gliosis in zebrafish brain. (a) Representative
pictures of the brain stained with Perl’s Prussian Blue staining in control, FAC- and ALA + FAC-
exposed zebrafish brain. (b–d) Quantification of mRNA expression levels of sod1 (a), ptgs1 (b) and
hmox1b (c) in control, ALA-, FAC- and ALA + FAC-exposed zebrafish. (e) Representative pictures
of the brain stained with hematoxylin and GFAP of control, FAC-, ALA- and ALA + FAC-exposed
zebrafish. **** p-value < 0.0001.

4. Discussion

Iron homeostasis is an essential factor in maintaining physiological functions. High
levels of iron are responsible for ROS production that, by overwhelming the physiological
cellular antioxidant system, leads to cellular damage and organ failure. The main target
of iron toxicity is the liver, due to its predominant role in iron metabolism. However, iron
accumulation also leads to toxicity to a number of other tissues, such as bone marrow, the
intestine, and the central nervous system.
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In the central nervous system, iron dysregulation can lead to significant neuronal
damage and neurodegenerative conditions, such as Alzheimer’s disease, Parkinson’s dis-
ease and neuropathies [53–56]. Although metal homeostasis is recognized as an important
process in these kinds of brain diseases, the role of iron accumulation following ICH or
traumatic brain injury has not been fully elucidated. Both the latter conditions are broadly
defined as bleeding within the cranium, leading to different brain injuries categorized
according to severity and prognosis. Few Food and Drug Administration (FDA)-approaved
chelating agents are currently clinically available.

On the one hand, deferoxamine is the most used iron chelator, with the ability to
prevent neural damage and to reduce perihematomal edema occurrence, with a number
of studies suggesting its use for its neuroprotective role in ICH conditions [57–60]. On
the other hand, limited evidence is available on the effect of deferoxamine on neurologic
outcomes after ICH and there are concerns with its safety profile, particularly due to neuro-
toxicity associated with repeated exposure [61–63]. Beyond ICH, iron overload affecting
brain functionalities may occur under various and collateral pathological conditions, in-
cluding genetic conditions, such as hereditary haemochromatosis, or acquired conditions
that require lifelong regular blood transfusions, such as thalassemia [64–66]. More than 10%
of patients affected by these conditions and treated with deferoxamine experience severe
adverse effects, such as retinal and auditory neurotoxicity, neutropenia and agranulocytosis,
diarrhea, headache, nausea, abdominal pain, increased serum creatinine, increased liver
enzymes, rash, fatigue, and arthralgia [67]. To address the clinical need, we assessed ALA
properties in both in vitro and in vivo models of iron overload.

It is well-known that iron accumulation can affect microglia proliferation and viability,
leading to an overall degeneration of functionalities [68–70]. Our in vitro results confirmed
a strong reduction in cell proliferation after treatment with FAC which was also able to
influence the apoptotic rate of microglia cells. FAC led to intracellular iron accumulation,
shown by increased levels of FPN1 and DMT1, resulting in significant impairment of
mitochondrial membrane potential, thereby causing an increased rate of ROS generation
and cell damage. Our results showed that pre-treatment with ALA prevented FAC toxicity
by protecting cells, both as an iron chelator and as an antioxidant molecule. We observed
that ALA treatment reduced the expression of the iron transporters FPN1 and DMT1,
likely inducing reduced iron intake. This effect was coupled with reduced oxidative stress,
both enzymatically and through a direct free-radical-scavenging effect [71,72]. ALA, as a
dithiol compound, is able to bind lysine residues of mitochondrial α-keto acid dehydroge-
nases, which reduce ALA to dihydrolipoic acid (DHLA), known for its strong antioxidant
properties [73]. The presence of ALA was able to maintain low ROS levels in microglia,
to reduce iron content and to restore mitochondrial membrane potential and integrity.
Our results were further confirmed by changes in both intracellular GSH content and in
HO-1 expression.

The GSH system is the main cellular defense mechanism regulating intracellular redox
state and its synthesis is promptly activated by several oxidative triggers [74]. Under
physiological conditions, the reduced GSH is the major form available with a concentra-
tion ranging from 10- to 100-fold higher than the oxidized form, thus ensuring oxidative
cell balance [75]. Our results showed that treatment with FAC decreased the amount of
reduced GSH available, while ALA pre-treatment enhanced the antioxidant defenses for
the cells by restoring the GSH pool. In parallel, the results showed that HO-1, an NRF2
regulated protein involved in redox balance, was strongly upregulated following FAC
treatment. HO-1 plays a pivotal role in regulating redox homeostasis via anti-inflammatory,
antioxidant and anti-apoptotic properties [76–78]. It has been reported that the activa-
tion of HO-1 is a ubiquitous cellular response to oxidative stress and acts to stimulate
ferritin synthesis, which ultimately contributes to iron detoxification [79,80]. Consistent
with this evidence, we observed that iron overload in microglia triggered the activation
of cellular defenses through upregulation of HO-1, while co-treatment with ALA was
able to prevent activation of this pathway. This effect may be linked to the restored GSH
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content, counteracting reactive oxygen species. As shown, cellular stress caused by FAC
exposure affects mitochondrial functions and homeostasis through the impairment of the
membrane potential. According to Hoeft et al., macrophages exposed to iron overload
enhanced mitochondrial mass, increasing the proportion of non-functional mitochondria
over total mitochondrial content [81]. These authors suggested that mitochondrial mass
can be increased by promoting mitochondrial biogenesis and/or by decreasing mitophagy,
and reported that treating cells with a combination of lipopolysaccharide and iron (as
further sources of cellular stress) increased the mRNA levels of genes involved in mito-
chondrial biogenesis [81]. Furthermore, a large body of evidence has shown that, although
the total mitochondrial mass is increased, damaged or non-functional mitochondria induce
increased ROS levels [82,83]. Our results largely confirmed that iron overload in microglia
led to an increase in total mitochondrial mass, although new mitochondria were likely to be
non-functional, as shown by abnormal ROS production and by mitochondrial membrane
depolarization. Moreover, mitochondrial biogenesis was confirmed by the significantly
high levels of related genes, such as ATP5B, CYTB and TFAM. It is worth noting that mito-
chondrial biogenesis is regulated by nuclear transcription factors, such as NRF1 and NRF2,
and the coactivator peroxisome proliferator-activated receptor γ coactivator 1 (PGC1α),
which upregulates TFAM, enabling replication of mitochondrial DNA [84–86]. As such,
we can speculate that oxidative stress caused by iron overload is able to activate HO-1, as
well as to affect mitochondrial biogenesis, probably through a shared signaling pathway
involving nuclear translocation of NRF2 and binding to antioxidant response elements
in the nuclear DNA. ALA treatment reverted the effect of FAC on mitochondria due to
its action as a chelator, but also by exerting antioxidant effects via NRF2/HO-1 pathway
activation [87].

Iron overload and inflammation are linked by bidirectional crosstalk. Iron modifies
the inflammatory phenotype of microglia and infiltrating macrophages, and, in turn, these
cells secrete diffusible mediators, reshaping neuronal iron homeostasis and regulating iron
entry into the brain. Our results showed that iron-exposed microglial cells rapidly switched
toward a pro-inflammatory phenotype, as highlighted by NOS2 over-expression. This data
was confirmed by pro-inflammatory cytokines and inflammation-related marker increase,
including IL-6, TNF, IL-1β and COX-2. Interestingly, pre-treatment with ALA prevented
the inflammatory state, not only by reducing pro-inflammatory cytokine expression, but
also by counteracting NOS2 expression and enhancing ARG1 levels, a marker of the anti-
inflammatory microglia phenotype. Our results were also in accordance with evidence
published by Su Min Kim and coworkers, showing that ALA treatment reduced M1-like
phenotype markers in LPS-challenged BV2 cells, whereas the M2-like anti-inflammatory
phenotype was significantly enhanced [88]. Our in vitro evidence demonstrated that
pre-treatment with ALA strengthens microglia cells by protecting them from iron-overload-
induced toxicity.

However, since ICH and linked iron accumulation can be considered unpredictable
events, the pre-administration of ALA used in in vitro models can only provide conceptual
answers, but cannot fully overlap with clinical conditions, in which a therapeutic regimen
is given after several hours upon ICH occurrence. For this reason, to test ALA efficacy in
a translational model, we developed an in vivo iron overload model based on the acute
exposure of zebrafish to FAC, administrating ALA after iron accumulation.

The zebrafish is an important vertebrate model used in research due to its combination
of excellent embryological characteristics and susceptibility to genetic manipulation. It has
been shown that the uptake of iron in zebrafish occurs via absorption from water across the
gill membrane and intestinal mucosa [89]. Due to this mechanism, there is the possibility for
iron to be lost through the gills by diffusion following a concentration gradient, for instance,
when zebrafish are transferred to water with a lower concentration of iron [90]. To ensure
that every change in iron content or in gene expression was due to the efficacy of ALA as an
iron chelator and antioxidant, water in FAC-exposed or ALA + FAC groups was replaced
with untreated water. Our data demonstrated that ALA was able to strongly reduce iron
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content accumulated in the brain compared to FAC alone. Furthermore, because of its
direct and indirect antioxidant properties, and its efficacy in inflammatory conditions, ALA
resulted in a significant reduction in hmox1b, sod1, ptgs1 gene expression in the brain when
compared to FAC treatment. Therefore, our results are consistent with those previously
obtained by our group, in which the efficacy of ALA on iron storage reduction in the
zebrafish liver and intestine was demonstrated [34]. With our new data, we demonstrated
that ALA was able to exert its activity as an iron chelator in brain tissue, without showing
any loss of effectiveness on iron overload.

5. Conclusions

In conclusion, we suggest that ALA can exert antioxidant, anti-inflammatory and iron-
chelating properties both in vitro and in vivo. Since there are still many issues regarding
the availability of reliable therapies to respond to ICH following iron overload, we suggest
that ALA could be considered, in the near future, as a new therapeutic opportunity with
great potential, particularly considering its observed low adverse effects.

Author Contributions: Conceptualization: N.V., G.L.V. and D.T.; methodology: G.C., A.D., M.S.,
C.G., G.B., L.L., S.G., M.D.R., V.B. and N.V.; software: G.C., M.D.R. and N.V.; validation: C.G., G.A.P.,
R.P. (Rosalba Parenti), R.C., M.D.R., R.P. (Rosalba Parenti), V.B., N.V., G.L.V. and D.T.; investigation:
G.C., A.D., M.S., G.B., L.L., S.G., M.D.R., N.V., G.L.V. and D.T.; formal analysis: G.C., A.D., C.G.,
N.V., G.L.V. and D.T.; data curation. G.C., M.S., N.V. and D.T.; writing—original draft preparation:
G.C., S.G., N.V. and D.T.; writing—review and editing: C.G., G.A.P., R.P. (Rosalba Parenti), R.C., S.G.,
M.D.R., R.P. (Riccardo Polosa), V.B., N.V., G.L.V. and D.T.; supervision: G.A.P., R.P. (Rosalba Parenti),
N.V., G.L.V. and D.T. All authors have read and agreed to the published version of the manuscript.

Funding: C.G. was supported by the PON AIM R&I 2014–2020-E68D19001340001. N.V. was sup-
ported by the PON AIM R&I 2014-2020-E66C18001240007.

Institutional Review Board Statement: The experiments were carried out following the ethical
provisions established by the directive for animal experiment and were approved by the Ministry of
Health (Italy), (Approval Code: 14/2017-PR) according to Italian law.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in the article.

Acknowledgments: The authors acknowledge the Center for Advanced Preclinical in vivo Research
(CAPiR) and the confocal microscopy facility at the Bio-Nanotech Research and Innovation Tower
(BRIT) of the University of Catania, for the technical contribution of the staff.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. van Asch, C.J.; Luitse, M.J.; Rinkel, G.J.; van der Tweel, I.; Algra, A.; Klijn, C.J. Incidence, case fatality, and functional outcome of

intracerebral haemorrhage over time, according to age, sex, and ethnic origin: A systematic review and meta-analysis. Lancet
Neurol. 2010, 9, 167–176. [CrossRef]

2. Bako, A.T.; Pan, A.; Potter, T.; Tannous, J.; Johnson, C.; Baig, E.; Meeks, J.; Woo, D.; Vahidy, F.S. Contemporary Trends in the
Nationwide Incidence of Primary Intracerebral Hemorrhage. Stroke 2022, 53, e70–e74. [CrossRef] [PubMed]

3. Aguilar, M.I.; Freeman, W.D. Spontaneous intracerebral hemorrhage. Semin. Neurol. 2010, 30, 555–564. [CrossRef] [PubMed]
4. Greenberg, S.M.; Vernooij, M.W.; Cordonnier, C.; Viswanathan, A.; Al-Shahi Salman, R.; Warach, S.; Launer, L.J.; Van Buchem,

M.A.; Breteler, M.M.; Microbleed Study, G. Cerebral microbleeds: A guide to detection and interpretation. Lancet Neurol. 2009, 8,
165–174. [CrossRef]

5. Dye, J.A.; Rees, G.; Yang, I.; Vespa, P.M.; Martin, N.A.; Vinters, H.V. Neuropathologic analysis of hematomas evacuated from
patients with spontaneous intracerebral hemorrhage. Neuropathology 2014, 34, 253–260. [CrossRef]

6. Torrisi, F.; Alberghina, C.; D’Aprile, S.; Pavone, A.M.; Longhitano, L.; Giallongo, S.; Tibullo, D.; Di Rosa, M.; Zappala, A.;
Cammarata, F.P.; et al. The Hallmarks of Glioblastoma: Heterogeneity, Intercellular Crosstalk and Molecular Signature of
Invasiveness and Progression. Biomedicines 2022, 10, 806. [CrossRef]

7. Wilkinson, D.A.; Pandey, A.S.; Thompson, B.G.; Keep, R.F.; Hua, Y.; Xi, G. Injury mechanisms in acute intracerebral hemorrhage.
Neuropharmacology 2018, 134, 240–248. [CrossRef]

8. Ziai, W.C.; Carhuapoma, J.R. Intracerebral Hemorrhage. Continuum 2018, 24, 1603–1622. [CrossRef]

http://doi.org/10.1016/S1474-4422(09)70340-0
http://doi.org/10.1161/STROKEAHA.121.037332
http://www.ncbi.nlm.nih.gov/pubmed/35109682
http://doi.org/10.1055/s-0030-1268865
http://www.ncbi.nlm.nih.gov/pubmed/21207348
http://doi.org/10.1016/S1474-4422(09)70013-4
http://doi.org/10.1111/neup.12089
http://doi.org/10.3390/biomedicines10040806
http://doi.org/10.1016/j.neuropharm.2017.09.033
http://doi.org/10.1212/CON.0000000000000672


Antioxidants 2022, 11, 1596 15 of 18

9. Garton, T.; Keep, R.F.; Hua, Y.; Xi, G. Brain iron overload following intracranial haemorrhage. Stroke Vasc. Neurol. 2016, 1, 172–184.
[CrossRef]

10. Mendelow, A.D.; Gregson, B.A.; Fernandes, H.M.; Murray, G.D.; Teasdale, G.M.; Hope, D.T.; Karimi, A.; Shaw, M.D.; Barer, D.H.;
Investigators, S. Early surgery versus initial conservative treatment in patients with spontaneous supratentorial intracerebral
haematomas in the International Surgical Trial in Intracerebral Haemorrhage (STICH): A randomised trial. Lancet 2005, 365,
387–397. [CrossRef]

11. Morgenstern, L.B.; Demchuk, A.M.; Kim, D.H.; Frankowski, R.F.; Grotta, J.C. Rebleeding leads to poor outcome in ultra-early
craniotomy for intracerebral hemorrhage. Neurology 2001, 56, 1294–1299. [CrossRef] [PubMed]

12. Imberti, R.; Pietrobono, L.; Klersy, C.; Gamba, G.; Iotti, G.A.; Cornara, G. Intraoperative intravenous administration of rFVIIa
and hematoma volume after early surgery for spontaneous intracerebral hemorrhage: A randomized prospective phase II study.
Minerva Anestesiol. 2012, 78, 168–175.

13. Beez, T.; Steiger, H.J.; Etminan, N. Pharmacological targeting of secondary brain damage following ischemic or hemorrhagic
stroke, traumatic brain injury, and bacterial meningitis—a systematic review and meta-analysis. BMC Neurol. 2017, 17, 209.
[CrossRef] [PubMed]

14. Wu, J.; Hua, Y.; Keep, R.F.; Nakamura, T.; Hoff, J.T.; Xi, G. Iron and iron-handling proteins in the brain after intracerebral
hemorrhage. Stroke 2003, 34, 2964–2969. [CrossRef] [PubMed]

15. Youdim, M.B.; Ben-Shachar, D.; Riederer, P. The possible role of iron in the etiopathology of Parkinson’s disease. Mov. Disord.
1993, 8, 1–12. [CrossRef]

16. Zheng, W.; Monnot, A.D. Regulation of brain iron and copper homeostasis by brain barrier systems: Implication in neurodegener-
ative diseases. Pharmacol. Ther. 2012, 133, 177–188. [CrossRef]

17. Wessling-Resnick, M. Excess iron: Considerations related to development and early growth. Am. J. Clin. Nutr. 2017, 106,
1600S–1605S. [CrossRef]

18. Xiong, H.; Tuo, Q.Z.; Guo, Y.J.; Lei, P. Diagnostics and Treatments of Iron-Related CNS Diseases. Adv. Exp. Med. Biol. 2019, 1173,
179–194. [CrossRef]

19. Yan, N.; Zhang, J. Iron Metabolism, Ferroptosis, and the Links With Alzheimer’s Disease. Front. Neurosci. 2019, 13, 1443.
[CrossRef]

20. Zhao, F.; Hua, Y.; He, Y.; Keep, R.F.; Xi, G. Minocycline-induced attenuation of iron overload and brain injury after experimental
intracerebral hemorrhage. Stroke 2011, 42, 3587–3593. [CrossRef]

21. Selim, M.; Yeatts, S.; Goldstein, J.N.; Gomes, J.; Greenberg, S.; Morgenstern, L.B.; Schlaug, G.; Torbey, M.; Waldman, B.; Xi, G.; et al.
Safety and tolerability of deferoxamine mesylate in patients with acute intracerebral hemorrhage. Stroke 2011, 42, 3067–3074.
[CrossRef] [PubMed]

22. Xiong, X.Y.; Wang, J.; Qian, Z.M.; Yang, Q.W. Iron and intracerebral hemorrhage: From mechanism to translation. Transl. Stroke
Res. 2014, 5, 429–441. [CrossRef] [PubMed]

23. Chang, E.F.; Claus, C.P.; Vreman, H.J.; Wong, R.J.; Noble-Haeusslein, L.J. Heme regulation in traumatic brain injury: Relevance to
the adult and developing brain. J. Cereb. Blood Flow Metab. 2005, 25, 1401–1417. [CrossRef]

24. Hussain, T.; Tan, B.; Yin, Y.; Blachier, F.; Tossou, M.C.; Rahu, N. Oxidative Stress and Inflammation: What Polyphenols Can Do for
Us? Oxid. Med. Cell. Longev. 2016, 2016, 7432797. [CrossRef] [PubMed]

25. Bai, Q.; Xue, M.; Yong, V.W. Microglia and macrophage phenotypes in intracerebral haemorrhage injury: Therapeutic opportuni-
ties. Brain 2020, 143, 1297–1314. [CrossRef] [PubMed]

26. DeGregorio-Rocasolano, N.; Marti-Sistac, O.; Gasull, T. Deciphering the Iron Side of Stroke: Neurodegeneration at the Crossroads
Between Iron Dyshomeostasis, Excitotoxicity, and Ferroptosis. Front. Neurosci. 2019, 13, 85. [CrossRef] [PubMed]

27. Vicario, N.; Bernstock, J.D.; Spitale, F.M.; Giallongo, C.; Giunta, M.A.S.; Li Volti, G.; Gulisano, M.; Leanza, G.; Tibullo, D.;
Parenti, R.; et al. Clobetasol Modulates Adult Neural Stem Cell Growth via Canonical Hedgehog Pathway Activation. Int. J. Mol.
Sci. 2019, 20, 1991. [CrossRef]

28. Hui, Z.; Wang, S.; Li, J.; Wang, J.; Zhang, Z. Compound Tongluo Decoction inhibits endoplasmic reticulum stress-induced
ferroptosis and promoted angiogenesis by activating the Sonic Hedgehog pathway in cerebral infarction. J. Ethnopharmacol. 2022,
283, 114634. [CrossRef]

29. Vicario, N.; Calabrese, G.; Zappala, A.; Parenti, C.; Forte, S.; Graziano, A.C.E.; Vanella, L.; Pellitteri, R.; Cardile, V.; Parenti, R.
Inhibition of Cx43 mediates protective effects on hypoxic/reoxygenated human neuroblastoma cells. J. Cell. Mol. Med. 2017, 21,
2563–2572. [CrossRef]

30. Su, L.; Jiang, X.; Yang, C.; Zhang, J.; Chen, B.; Li, Y.; Yao, S.; Xie, Q.; Gomez, H.; Murugan, R.; et al. Pannexin 1 mediates ferroptosis
that contributes to renal ischemia/reperfusion injury. J. Biol. Chem. 2019, 294, 19395–19404. [CrossRef]

31. Shay, K.P.; Moreau, R.F.; Smith, E.J.; Smith, A.R.; Hagen, T.M. Alpha-lipoic acid as a dietary supplement: Molecular mechanisms
and therapeutic potential. Biochim. Biophys. Acta 2009, 1790, 1149–1160. [CrossRef] [PubMed]

32. Rochette, L.; Ghibu, S.; Richard, C.; Zeller, M.; Cottin, Y.; Vergely, C. Direct and indirect antioxidant properties of alpha-lipoic acid
and therapeutic potential. Mol. Nutr. Food Res. 2013, 57, 114–125. [CrossRef] [PubMed]

33. Packer, L.; Cadenas, E. Lipoic acid: Energy metabolism and redox regulation of transcription and cell signaling. J. Clin. Biochem.
Nutr. 2011, 48, 26–32. [CrossRef]

http://doi.org/10.1136/svn-2016-000042
http://doi.org/10.1016/S0140-6736(05)70233-6
http://doi.org/10.1212/WNL.56.10.1294
http://www.ncbi.nlm.nih.gov/pubmed/11376176
http://doi.org/10.1186/s12883-017-0994-z
http://www.ncbi.nlm.nih.gov/pubmed/29212462
http://doi.org/10.1161/01.STR.0000103140.52838.45
http://www.ncbi.nlm.nih.gov/pubmed/14615611
http://doi.org/10.1002/mds.870080102
http://doi.org/10.1016/j.pharmthera.2011.10.006
http://doi.org/10.3945/ajcn.117.155879
http://doi.org/10.1007/978-981-13-9589-5_10
http://doi.org/10.3389/fnins.2019.01443
http://doi.org/10.1161/STROKEAHA.111.623926
http://doi.org/10.1161/STROKEAHA.111.617589
http://www.ncbi.nlm.nih.gov/pubmed/21868742
http://doi.org/10.1007/s12975-013-0317-7
http://www.ncbi.nlm.nih.gov/pubmed/24362931
http://doi.org/10.1038/sj.jcbfm.9600147
http://doi.org/10.1155/2016/7432797
http://www.ncbi.nlm.nih.gov/pubmed/27738491
http://doi.org/10.1093/brain/awz393
http://www.ncbi.nlm.nih.gov/pubmed/31919518
http://doi.org/10.3389/fnins.2019.00085
http://www.ncbi.nlm.nih.gov/pubmed/30837827
http://doi.org/10.3390/ijms20081991
http://doi.org/10.1016/j.jep.2021.114634
http://doi.org/10.1111/jcmm.13177
http://doi.org/10.1074/jbc.RA119.010949
http://doi.org/10.1016/j.bbagen.2009.07.026
http://www.ncbi.nlm.nih.gov/pubmed/19664690
http://doi.org/10.1002/mnfr.201200608
http://www.ncbi.nlm.nih.gov/pubmed/23293044
http://doi.org/10.3164/jcbn.11-005FR


Antioxidants 2022, 11, 1596 16 of 18

34. Camiolo, G.; Tibullo, D.; Giallongo, C.; Romano, A.; Parrinello, N.L.; Musumeci, G.; Di Rosa, M.; Vicario, N.; Brundo, M.V.;
Amenta, F.; et al. alpha-Lipoic Acid Reduces Iron-induced Toxicity and Oxidative Stress in a Model of Iron Overload. Int. J. Mol.
Sci. 2019, 20, 609. [CrossRef] [PubMed]

35. Camiolo, G.; Barbato, A.; Giallongo, C.; Vicario, N.; Romano, A.; Parrinello, N.L.; Parenti, R.; Sandoval, J.C.; Garcia-Moreno, D.;
Lazzarino, G.; et al. Iron regulates myeloma cell/macrophage interaction and drives resistance to bortezomib. Redox Biol. 2020,
36, 101611. [CrossRef] [PubMed]

36. Spampinato, M.; Sferrazzo, G.; Pittala, V.; Di Rosa, M.; Vanella, L.; Salerno, L.; Sorrenti, V.; Carota, G.; Parrinello, N.;
Raffaele, M.; et al. Non-competitive heme oxygenase-1 activity inhibitor reduces non-small cell lung cancer glutathione content
and regulates cell proliferation. Mol. Biol. Rep. 2020, 47, 1949–1964. [CrossRef]

37. Giallongo, C.; Dulcamare, I.; Tibullo, D.; Del Fabro, V.; Vicario, N.; Parrinello, N.; Romano, A.; Scandura, G.; Lazzarino, G.;
Conticello, C.; et al. CXCL12/CXCR4 axis supports mitochondrial trafficking in tumor myeloma microenvironment. Oncogenesis
2022, 11, 6. [CrossRef]

38. Giallongo, C.; Tibullo, D.; Puglisi, F.; Barbato, A.; Vicario, N.; Cambria, D.; Parrinello, N.L.; Romano, A.; Conticello, C.;
Forte, S.; et al. Inhibition of TLR4 Signaling Affects Mitochondrial Fitness and Overcomes Bortezomib Resistance in Myeloma
Plasma Cells. Cancers 2020, 12, 1999. [CrossRef]

39. Tibullo, D.; Giallongo, C.; Romano, A.; Vicario, N.; Barbato, A.; Puglisi, F.; Parenti, R.; Amorini, A.M.; Wissam Saab, M.; Tavazzi, B.; et al.
Mitochondrial Functions, Energy Metabolism and Protein Glycosylation are Interconnected Processes Mediating Resistance to
Bortezomib in Multiple Myeloma Cells. Biomolecules 2020, 10, 696. [CrossRef]

40. Torrisi, F.; Minafra, L.; Cammarata, F.P.; Savoca, G.; Calvaruso, M.; Vicario, N.; Maccari, L.; Peres, E.A.; Ozcelik, H.;
Bernaudin, M.; et al. SRC Tyrosine Kinase Inhibitor and X-rays Combined Effect on Glioblastoma Cell Lines. Int. J. Mol. Sci. 2020,
21, 3917. [CrossRef]

41. Torrisi, F.; Alberghina, C.; Lo Furno, D.; Zappala, A.; Valable, S.; Li Volti, G.; Tibullo, D.; Vicario, N.; Parenti, R. Connexin 43 and
Sonic Hedgehog Pathway Interplay in Glioblastoma Cell Proliferation and Migration. Biology 2021, 10, 767. [CrossRef] [PubMed]

42. Longhitano, L.; Tibullo, D.; Vicario, N.; Giallongo, C.; La Spina, E.; Romano, A.; Lombardo, S.; Moretti, M.; Masia, F.;
Coda, A.R.D.; et al. IGFBP-6/sonic hedgehog/TLR4 signalling axis drives bone marrow fibrotic transformation in primary
myelofibrosis. Aging 2021, 13, 25055–25071. [CrossRef] [PubMed]

43. Tibullo, D.; Longo, A.; Vicario, N.; Romano, A.; Barbato, A.; Di Rosa, M.; Barbagallo, I.; Anfuso, C.D.; Lupo, G.; Gulino, R.; et al.
Ixazomib Improves Bone Remodeling and Counteracts sonic Hedgehog signaling Inhibition Mediated by Myeloma Cells. Cancers
2020, 12, 323. [CrossRef] [PubMed]

44. Raffaele, M.; Kovacovicova, K.; Biagini, T.; Lo Re, O.; Frohlich, J.; Giallongo, S.; Nhan, J.D.; Giannone, A.G.; Cabibi, D.;
Ivanov, M.; et al. Nociceptin/orphanin FQ opioid receptor (NOP) selective ligand MCOPPB links anxiolytic and senolytic effects.
Geroscience 2022, 44, 463–483. [CrossRef]

45. Vicario, N.; Spitale, F.M.; Tibullo, D.; Giallongo, C.; Amorini, A.M.; Scandura, G.; Spoto, G.; Saab, M.W.; D’Aprile, S.;
Alberghina, C.; et al. Clobetasol promotes neuromuscular plasticity in mice after motoneuronal loss via sonic hedgehog signaling,
immunomodulation and metabolic rebalancing. Cell Death Dis. 2021, 12, 625. [CrossRef]

46. Gulino, R.; Vicario, N.; Giunta, M.A.S.; Spoto, G.; Calabrese, G.; Vecchio, M.; Gulisano, M.; Leanza, G.; Parenti, R. Neuromuscular
Plasticity in a Mouse Neurotoxic Model of Spinal Motoneuronal Loss. Int. J. Mol. Sci. 2019, 20, 1500. [CrossRef]

47. Parenti, R.; Puzzo, L.; Vecchio, G.M.; Gravina, L.; Salvatorelli, L.; Musumeci, G.; Vasquez, E.; Magro, G. Immunolocalization of
Wilms’ Tumor protein (WT1) in developing human peripheral sympathetic and gastroenteric nervous system. Acta Histochem.
2014, 116, 48–54. [CrossRef]

48. Parenti, R.; Cicirata, F.; Panto, M.R.; Serapide, M.F. The projections of the lateral reticular nucleus to the deep cerebellar nuclei.
An experimental analysis in the rat. Eur. J. Neurosci. 1996, 8, 2157–2167. [CrossRef]

49. Longhitano, L.; Vicario, N.; Tibullo, D.; Giallongo, C.; Broggi, G.; Caltabiano, R.; Barbagallo, G.M.V.; Altieri, R.; Baghini, M.; Di
Rosa, M.; et al. Lactate Induces the Expressions of MCT1 and HCAR1 to Promote Tumor Growth and Progression in Glioblastoma.
Front. Oncol. 2022, 12, 871798. [CrossRef]

50. Spitale, F.M.; Vicario, N.; Rosa, M.D.; Tibullo, D.; Vecchio, M.; Gulino, R.; Parenti, R. Increased expression of connexin 43 in a
mouse model of spinal motoneuronal loss. Aging 2020, 12, 12598–12608. [CrossRef]

51. Vicario, N.; Denaro, S.; Turnaturi, R.; Longhitano, L.; Spitale, F.M.; Spoto, S.; Marrazzo, A.; Zappala, A.; Tibullo, D.;
Li Volti, G.; et al. Mu and Delta Opioid Receptor Targeting Reduces Connexin 43-Based Heterocellular Coupling during
Neuropathic Pain. Int. J. Mol. Sci. 2022, 23, 5864. [CrossRef]

52. Fidilio, A.; Grasso, M.; Turnaturi, R.; Caruso, G.; Spitale, F.M.; Vicario, N.; Parenti, R.; Spoto, S.; Musso, N.; Marrazzo, A.; et al.
The Multimodal MOPr/DOPr Agonist LP2 Reduces Allodynia in Chronic Constriction Injured Rats by Rescue of TGF-beta1
Signalling. Front. Pharmacol. 2021, 12, 749365. [CrossRef]

53. Liu, J.L.; Fan, Y.G.; Yang, Z.S.; Wang, Z.Y.; Guo, C. Iron and Alzheimer’s Disease: From Pathogenesis to Therapeutic Implications.
Front. Neurosci. 2018, 12, 632. [CrossRef]

54. Ma, L.; Gholam Azad, M.; Dharmasivam, M.; Richardson, V.; Quinn, R.J.; Feng, Y.; Pountney, D.L.; Tonissen, K.F.; Mellick, G.D.;
Yanatori, I.; et al. Parkinson’s disease: Alterations in iron and redox biology as a key to unlock therapeutic strategies. Redox Biol.
2021, 41, 101896. [CrossRef]

http://doi.org/10.3390/ijms20030609
http://www.ncbi.nlm.nih.gov/pubmed/30708965
http://doi.org/10.1016/j.redox.2020.101611
http://www.ncbi.nlm.nih.gov/pubmed/32863212
http://doi.org/10.1007/s11033-020-05292-y
http://doi.org/10.1038/s41389-022-00380-z
http://doi.org/10.3390/cancers12081999
http://doi.org/10.3390/biom10050696
http://doi.org/10.3390/ijms21113917
http://doi.org/10.3390/biology10080767
http://www.ncbi.nlm.nih.gov/pubmed/34439999
http://doi.org/10.18632/aging.203779
http://www.ncbi.nlm.nih.gov/pubmed/34905501
http://doi.org/10.3390/cancers12020323
http://www.ncbi.nlm.nih.gov/pubmed/32019102
http://doi.org/10.1007/s11357-021-00487-y
http://doi.org/10.1038/s41419-021-03907-1
http://doi.org/10.3390/ijms20061500
http://doi.org/10.1016/j.acthis.2013.05.003
http://doi.org/10.1111/j.1460-9568.1996.tb00737.x
http://doi.org/10.3389/fonc.2022.871798
http://doi.org/10.18632/aging.103561
http://doi.org/10.3390/ijms23115864
http://doi.org/10.3389/fphar.2021.749365
http://doi.org/10.3389/fnins.2018.00632
http://doi.org/10.1016/j.redox.2021.101896


Antioxidants 2022, 11, 1596 17 of 18

55. Sanfilippo, C.; Castrogiovanni, P.; Imbesi, R.; Tibullo, D.; Li Volti, G.; Barbagallo, I.; Vicario, N.; Musumeci, G.; Di Rosa, M.
Middle-aged healthy women and Alzheimer’s disease patients present an overlapping of brain cell transcriptional profile.
Neuroscience 2019, 406, 333–344. [CrossRef]

56. Vicario, N.; Turnaturi, R.; Spitale, F.M.; Torrisi, F.; Zappala, A.; Gulino, R.; Pasquinucci, L.; Chiechio, S.; Parenti, C.; Parenti, R.
Intercellular communication and ion channels in neuropathic pain chronicization. Inflamm. Res. 2020, 69, 841–850. [CrossRef]

57. Selim, M. Deferoxamine mesylate: A new hope for intracerebral hemorrhage: From bench to clinical trials. Stroke 2009, 40,
S90–S91. [CrossRef]

58. Yeatts, S.D.; Palesch, Y.Y.; Moy, C.S.; Selim, M. High dose deferoxamine in intracerebral hemorrhage (HI-DEF) trial: Rationale,
design, and methods. Neurocritical Care 2013, 19, 257–266. [CrossRef]

59. Okauchi, M.; Hua, Y.; Keep, R.F.; Morgenstern, L.B.; Schallert, T.; Xi, G. Deferoxamine treatment for intracerebral hemorrhage in
aged rats: Therapeutic time window and optimal duration. Stroke 2010, 41, 375–382. [CrossRef]

60. Hua, Y.; Keep, R.F.; Hoff, J.T.; Xi, G. Deferoxamine therapy for intracerebral hemorrhage. Acta Neurochir. Suppl. 2008, 105, 3–6.
[CrossRef]

61. Zeng, L.; Tan, L.; Li, H.; Zhang, Q.; Li, Y.; Guo, J. Deferoxamine therapy for intracerebral hemorrhage: A systematic review. PLoS
ONE 2018, 13, e0193615. [CrossRef]

62. Freedman, M.H.; Boyden, M.; Taylor, M.; Skarf, B. Neurotoxicity associated with deferoxamine therapy. Toxicology 1988, 49,
283–290. [CrossRef]

63. Levine, J.E.; Cohen, A.; MacQueen, M.; Martin, M.; Giardina, P.J. Sensorimotor neurotoxicity associated with high-dose deferox-
amine treatment. J. Pediatr. Hematol. Oncol. 1997, 19, 139–141. [CrossRef]

64. Fibach, E.; Rachmilewitz, E.A. Iron overload in hematological disorders. Presse Med. 2017, 46, e296–e305. [CrossRef]
65. Rostoker, G.; Vaziri, N.D. Iatrogenic iron overload and its potential consequences in patients on hemodialysis. Presse Med 2017,

46, e312–e328. [CrossRef]
66. Kawabata, H. The mechanisms of systemic iron homeostasis and etiology, diagnosis, and treatment of hereditary hemochromatosis.

Int. J. Hematol. 2018, 107, 31–43. [CrossRef]
67. Phatak, P.; Brissot, P.; Wurster, M.; Adams, P.C.; Bonkovsky, H.L.; Gross, J.; Malfertheiner, P.; McLaren, G.D.; Niederau, C.;

Piperno, A.; et al. A phase 1/2, dose-escalation trial of deferasirox for the treatment of iron overload in HFE-related hereditary
hemochromatosis. Hepatology 2010, 52, 1671–1779. [CrossRef]

68. Zhang, X.; Surguladze, N.; Slagle-Webb, B.; Cozzi, A.; Connor, J.R. Cellular iron status influences the functional relationship
between microglia and oligodendrocytes. Glia 2006, 54, 795–804. [CrossRef]

69. Kenkhuis, B.; van Eekeren, M.; Parfitt, D.A.; Ariyurek, Y.; Banerjee, P.; Priller, J.; van der Weerd, L.; van Roon-Mom, W.M.C. Iron
accumulation induces oxidative stress, while depressing inflammatory polarization in human iPSC-derived microglia. Stem Cell
Rep. 2022, 17, 1351–1365. [CrossRef]

70. Urrutia, P.J.; Borquez, D.A.; Nunez, M.T. Inflaming the Brain with Iron. Antioxidants 2021, 10, 61. [CrossRef]
71. Gurer, H.; Ozgunes, H.; Oztezcan, S.; Ercal, N. Antioxidant role of alpha-lipoic acid in lead toxicity. Free Radic. Biol. Med. 1999, 27,

75–81. [CrossRef]
72. Ou, P.; Tritschler, H.J.; Wolff, S.P. Thioctic (lipoic) acid: A therapeutic metal-chelating antioxidant? Biochem. Pharm. 1995, 50,

123–126. [CrossRef]
73. Biewenga, G.P.; Haenen, G.R.; Bast, A. The pharmacology of the antioxidant lipoic acid. Gen. Pharmacol. 1997, 29, 315–331.

[CrossRef]
74. Stepien, K.M.; Heaton, R.; Rankin, S.; Murphy, A.; Bentley, J.; Sexton, D.; Hargreaves, I.P. Evidence of Oxidative Stress and

Secondary Mitochondrial Dysfunction in Metabolic and Non-Metabolic Disorders. J. Clin. Med. 2017, 6, 71. [CrossRef]
75. Aquilano, K.; Baldelli, S.; Ciriolo, M.R. Glutathione: New roles in redox signaling for an old antioxidant. Front. Pharmacol. 2014,

5, 196. [CrossRef]
76. Li Volti, G.; Tibullo, D.; Vanella, L.; Giallongo, C.; Di Raimondo, F.; Forte, S.; Di Rosa, M.; Signorelli, S.S.; Barbagallo, I. The Heme

Oxygenase System in Hematological Malignancies. Antioxid Redox Signal. 2017, 27, 363–377. [CrossRef]
77. Barbagallo, I.; Giallongo, C.; Volti, G.L.; Distefano, A.; Camiolo, G.; Raffaele, M.; Salerno, L.; Pittala, V.; Sorrenti, V.; Avola, R.; et al.

Heme Oxygenase Inhibition Sensitizes Neuroblastoma Cells to Carfilzomib. Mol. Neurobiol. 2019, 56, 1451–1460. [CrossRef]
78. Scandura, G.; Giallongo, C.; Puglisi, F.; Romano, A.; Parrinello, N.L.; Zuppelli, T.; Longhitano, L.; Giallongo, S.; Di Rosa, M.;

Musumeci, G.; et al. TLR4 Signaling and Heme Oxygenase-1/Carbon Monoxide Pathway Crosstalk Induces Resiliency of
Myeloma Plasma Cells to Bortezomib Treatment. Antioxidants 2022, 11, 767. [CrossRef]

79. Ryter, S.W.; Tyrrell, R.M. The heme synthesis and degradation pathways: Role in oxidant sensitivity. Heme oxygenase has both
pro- and antioxidant properties. Free Radic. Biol. Med. 2000, 28, 289–309. [CrossRef]

80. Consoli, V.; Sorrenti, V.; Grosso, S.; Vanella, L. Heme Oxygenase-1 Signaling and Redox Homeostasis in Physiopathological
Conditions. Biomolecules 2021, 11, 589. [CrossRef]

81. Hoeft, K.; Bloch, D.B.; Graw, J.A.; Malhotra, R.; Ichinose, F.; Bagchi, A. Iron Loading Exaggerates the Inflammatory Response to
the Toll-like Receptor 4 Ligand Lipopolysaccharide by Altering Mitochondrial Homeostasis. Anesthesiology 2017, 127, 121–135.
[CrossRef] [PubMed]

82. Tal, M.C.; Sasai, M.; Lee, H.K.; Yordy, B.; Shadel, G.S.; Iwasaki, A. Absence of autophagy results in reactive oxygen species-
dependent amplification of RLR signaling. Proc. Natl. Acad. Sci. USA 2009, 106, 2770–2775. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuroscience.2019.03.008
http://doi.org/10.1007/s00011-020-01363-9
http://doi.org/10.1161/STROKEAHA.108.533125
http://doi.org/10.1007/s12028-013-9861-y
http://doi.org/10.1161/STROKEAHA.109.569830
http://doi.org/10.1007/978-3-211-09469-3_1
http://doi.org/10.1371/journal.pone.0193615
http://doi.org/10.1016/0300-483X(88)90010-8
http://doi.org/10.1097/00043426-199703000-00008
http://doi.org/10.1016/j.lpm.2017.10.007
http://doi.org/10.1016/j.lpm.2017.10.014
http://doi.org/10.1007/s12185-017-2365-3
http://doi.org/10.1002/hep.23879
http://doi.org/10.1002/glia.20416
http://doi.org/10.1016/j.stemcr.2022.04.006
http://doi.org/10.3390/antiox10010061
http://doi.org/10.1016/S0891-5849(99)00036-2
http://doi.org/10.1016/0006-2952(95)00116-H
http://doi.org/10.1016/S0306-3623(96)00474-0
http://doi.org/10.3390/jcm6070071
http://doi.org/10.3389/fphar.2014.00196
http://doi.org/10.1089/ars.2016.6735
http://doi.org/10.1007/s12035-018-1133-6
http://doi.org/10.3390/antiox11040767
http://doi.org/10.1016/S0891-5849(99)00223-3
http://doi.org/10.3390/biom11040589
http://doi.org/10.1097/ALN.0000000000001653
http://www.ncbi.nlm.nih.gov/pubmed/28430694
http://doi.org/10.1073/pnas.0807694106
http://www.ncbi.nlm.nih.gov/pubmed/19196953


Antioxidants 2022, 11, 1596 18 of 18

83. Aguirre, A.; Lopez-Alonso, I.; Gonzalez-Lopez, A.; Amado-Rodriguez, L.; Batalla-Solis, E.; Astudillo, A.; Blazquez-Prieto, J.;
Fernandez, A.F.; Galvan, J.A.; dos Santos, C.C.; et al. Defective autophagy impairs ATF3 activity and worsens lung injury during
endotoxemia. J. Mol. Med. 2014, 92, 665–676. [CrossRef] [PubMed]

84. Kelly, D.P.; Scarpulla, R.C. Transcriptional regulatory circuits controlling mitochondrial biogenesis and function. Genes Dev. 2004,
18, 357–368. [CrossRef]

85. Gleyzer, N.; Vercauteren, K.; Scarpulla, R.C. Control of mitochondrial transcription specificity factors (TFB1M and TFB2M) by
nuclear respiratory factors (NRF-1 and NRF-2) and PGC-1 family coactivators. Mol. Cell. Biol. 2005, 25, 1354–1366. [CrossRef]

86. Dairaghi, D.J.; Shadel, G.S.; Clayton, D.A. Human mitochondrial transcription factor A and promoter spacing integrity are
required for transcription initiation. Biochim. Biophys. Acta 1995, 1271, 127–134. [CrossRef]

87. Fayez, A.M.; Zakaria, S.; Moustafa, D. Alpha lipoic acid exerts antioxidant effect via Nrf2/HO-1 pathway activation and
suppresses hepatic stellate cells activation induced by methotrexate in rats. Biomed. Pharmacother. 2018, 105, 428–433. [CrossRef]

88. Kim, S.M.; Ha, J.S.; Han, A.R.; Cho, S.W.; Yang, S.J. Effects of alpha-lipoic acid on LPS-induced neuroinflammation and NLRP3
inflammasome activation through the regulation of BV-2 microglial cells activation. BMB Rep. 2019, 52, 613–618. [CrossRef]

89. Hamilton, J.L.; Hatef, A.; Imran ul-Haq, M.; Nair, N.; Unniappan, S.; Kizhakkedathu, J.N. Clinically approved iron chelators
influence zebrafish mortality, hatching morphology and cardiac function. PLoS ONE 2014, 9, e109880. [CrossRef]

90. Nasrallah, G.K.; Younes, N.N.; Baji, M.H.; Shraim, A.M.; Mustafa, I. Zebrafish larvae as a model to demonstrate secondary iron
overload. Eur. J. Haematol. 2018, 100, 536–543. [CrossRef]

http://doi.org/10.1007/s00109-014-1132-7
http://www.ncbi.nlm.nih.gov/pubmed/24535031
http://doi.org/10.1101/gad.1177604
http://doi.org/10.1128/MCB.25.4.1354-1366.2005
http://doi.org/10.1016/0925-4439(95)00019-Z
http://doi.org/10.1016/j.biopha.2018.05.145
http://doi.org/10.5483/BMBRep.2019.52.10.026
http://doi.org/10.1371/journal.pone.0109880
http://doi.org/10.1111/ejh.13035

	Introduction 
	Materials and Methods 
	Cell Culture and Treatments 
	xCELLigence Real-Time Cell Analysis 
	Apoptosis Rate and Reactive Oxygene Species Analysis 
	GSH Evaluation 
	Mitochondrial Membrane Potential (DiOC2(3)) and Mass 
	Real-Time PCR for Gene Expression Analysis 
	ELISA 
	Immunofluorescence 
	Iron-Overload Zebrafish Model 
	Immunoistochemistry 
	Statistical Analysis 

	Results 
	Iron Overload Affects Cell Survival and Iron-Metabolism-Related Gene Expression 
	Iron Overload Affects Mitochondrial Functionality Inducing Oxidative Stress 
	Iron Overload and Inflammation 
	Iron Overload In Vivo Zebrafish Model 

	Discussion 
	Conclusions 
	References

