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1. Introduction 

1.1 Intracerebral Hemorrhage 

Intracerebral hemorrhage (ICH) represents a leading cause of morbidity and mortality in the 

world, and even in case of patient survival, it is frequently associated with severe long-term 

disability [1]. ICH is the most common hemorrhagic stroke subtype, with an estimated annual 

incidence rate of 23.15 per 100,000 worldwide, with higher incidence in males [2]. 

Spontaneous and non-traumatic ICH can be due to an underlying lesion, although the majority 

of cases in the adult population are attributable to hypertension, which represents the most 

common systemic risk factor, present in up to 70% of ICH patients [3]. In addition to 

symptomatic ICH, occurring of silent microbleeds in healthy adults could lead to asymptomatic 

conditions of ICH, with higher rate in older people; however, the long-term impact of this kind 

of micro-hemorrhages is still not well defined [4]. ICH is basically due to a parenchymal 

arteriole rupture in the brain; beyond hemorrhagic transformation of an ischemic stroke, 

several other processes could lead to ICH, including tumors, cerebral venous thrombosis, 

ruptured saccular aneurysms, vascular inflammations and malformations [5]. The blood 

released after vessel rupture leads to immediate primary brain injury. Furthermore, the 

extravasated blood within the skull and mechanical compression of local structures affect the 

intracranial pressure (ICP), causing a higher level of damage in the brain [1, 6]. Despite a high 

incidence related both to an aging population and the use of common medications, such as 

anticoagulation and antiplatelet drugs, there is still a limited number of appropriate therapies 

to face ICH consequences [7, 8].  
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Figure 1. Axial computerized tomography (CT) scan showing spontaneous cerebellar 
intracerebral hemorrhage with intraventricular extension causing compression of the 4th 
ventricle and brainstem. (Wilkinson et al. 2019, Neuropharmacology) 

 

 

The aim of ICH medical management is to treat and control the ICP, the systemic hypertension 

and to prevent a possible hematoma expansion, especially within 24 hours after stroke [9]. 

The common approaches used to control primary brain injury involve both surgical and 

minimally invasive measures, in order to correct the coagulopathy and remove the presence 

of clot [10]. However, clinical trials have not shown ameliorated conditions after surgical 

evacuation, probably due to the imbalance between surgery adverse effect and actual 

evacuation benefits [11, 12]. The physiologic response to the primarily edema and to the toxic 

effects mediated by clot components (hemoglobin/iron), lead to secondary brain injury: 

strategies to prevent this condition focus not only on clot removal, but also on 

pharmacological approaches [13].  
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1.2 Iron Homeostasis, Toxicity and Overload 

Hemoglobin and iron release from hematoma is considered the major contributor to ICH-

induced brain injury [14]. A number of pathological brain conditions such as hemorrhage, 

ischemia, edema and mechanical injury can lead to free heme deposition: in case of ICH, it has 

been reported that iron liberation into the brain tissue typically begins 24h after hemorrhage, 

and its deposition and accumulation into perihematomal tissue occurs within few days after 

ICH [15-17]. As a consequence of red blood cell lysis following ICH, hemoglobin is released into 

the extracellular space [18]. Hemoglobin contains a globin and four heme groups, and each of 

them consists of a porphyrin ring with ferrous iron in the center of the molecule. In case of 

release, the iron oxidizes from ferrous (Fe2+) to ferric (Fe3+). This procedure is the cause of 

hemoglobin destabilization: it triggers a cascade of inflammatory reactions leading to blood–

brain barrier (BBB) disruption, edema occurring, neuronal cell death and secondary brain 

damage development after ICH [19]. The intracellular amount of iron in neurons and glia 

originates from cytoplasmic hemoproteins and mitochondrial cytochromes, while the 

extracellular iron comes from suffering cells and from extravasation of hemoglobin from 

erythrocytes [20, 21]. The presence of free hemoglobin and iron in brain tissue is suggested 

to exacerbate oxidative stress and inflammation: because of its potential toxicity, iron content 

needs to be tightly regulated in the brain [8]. Brain iron homeostasis involves regulation of 

iron movement between blood, brain and the different iron pools. The iron movement 

through cell membranes requires specific transport systems: transferrin is able to scavenge 

and bind free iron (Fe3+) in the extracellular space, and to move it inside cells by endocytosis. 

In intracellular space Fe3+ is reduced to Fe2+ and released from endosome into the cytoplasm 

by Divalent Metal Transporter 1 (DMT1), a protein able to transport a number of divalent and 

trivalent ions, including iron, zinc, cobalt, copper [22-24]. The cytosolic iron is considered part 
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of a labile pool, in fact it is both contained in lysosomes and bound by ferritin, able to 

sequester Fe2+ ions in ferroxidase centres. Through these subunits, ferritin is capable to 

consume all reagents of the radical Fenton reactions, thereby inhibiting iron-mediated 

oxidative stress [25]. In those conditions in which ferritin level become saturated, iron can be 

moved out from cells into the cerebral interstitial fluid by Ferroportin 1 (FPN1). In conjunction 

with this shift, the free Fe2+ ions are oxidized to Fe3+ by the multicopper ferroxidase 

ceruloplasmin, allowing transferrin to an easily bound once in the extracellular space [26, 27]. 

The amount of hemoglobin released into the extracellular space following ICH, may 

overwhelm the iron homeostatic system. The occurred iron overload due to saturation of 

these mechanisms, can result in presence of toxic form of iron (Fe2+) involved in harmful 

reactions such as free radical production, i.e., the above-mentioned Fenton reaction [28, 29]. 

Fe2+ + H2O2 →Fe3+ + OH·+ OH– 

In this reaction, ferrous iron reacts with hydrogen peroxide to form radical oxygen species. 

The resulting ferric iron can be reduced back to Fe2+, which leads to the restart of the radical 

reaction cycle. Different cellular antioxidants such as Glutathione (GSH) and Superoxide 

Dismutase (SOD) work to limit this damage, but their efficacy is not sufficient to combat the 

amount of oxidative stress occurring after ICH [30, 31]. The radical-induced injuries to DNA, 

proteins and lipids result in the death of neurons, glia and endothelial cells. The damage 

occurred to the neurovascular system leads to blood-brain barrier disruption, with subsequent 

edema development [32]. It has been reported that ICH-mediated iron overload is linked to 

different types of cell death, such as necrosis, apoptosis, autophagy and ferroptosis [33]. In 

particular, apoptosis of neurons and astrocytes due to iron release is related to DNA 

fragmentation, caspase activation and mitochondrial membrane alteration [34-36], while 
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ferroptosis, an iron-dependent form of cell death, is related to ROS accumulation and cell 

damage in the way of lipid peroxidation, due to the disruption of dynamic balance between 

antioxidant system and oxidant agents [37, 38]. The iron-mediated cell death promotion is 

also conducted by microglia activation: together with neutrophils, microglia release toxic 

substances (thrombin, ROS, metalloproteinases), leading to neuroinflammation and oxidative 

stress, which are responsible for the increase of the level of pro-inflammatory cytokines, such 

as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) [39, 40]. In this context, it is highly 

confirmed that brain accumulation of iron after ICH represents one of the main responsible 

for neurodegeneration, brain atrophy and long-term neurological deficits occurred after ICH 

[41]. 
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1.3 Microglia 

Microglia are unique myeloid cells residing in the parenchyma of the healthy central nervous 

system (CNS). These cells arise from erythro-myeloid precursors and become part of the brain 

innate immune system early during development. Although similar aspects in common with 

monocyte-derived macrophages, microglia are characterized by specific functional properties 

which make them unique among other populations of myeloid cells present in the brain, such 

as perivascular macrophages, meningeal macrophages, and choroid plexus macrophages [42, 

43]. Unlike monocytes, which are constantly renewed from bone marrow hematopoietic stem 

cells, microglial cells in healthy brain persist due to self-renewal, without turnover from 

circulating blood precursors [44]. The main function of microglia is to constantly monitor the 

CNS microenvironment: these cells are able to detect extracellular changes and to react by 

becoming activated in response to different stimuli. This activity is essential in brain 

homeostasis regulation during development and in the adult brain, both in physiological and 

pathological conditions [45]. Like other macrophages, microglia own two main functions, 

conceptually defined as the ability to kill/fight or to heal/fix. Within this classification view, 

there are two different microglial phenotypes, M1 and M2, related to killing/fighting and 

healing/fixing activity respectively, which are relevant in immune response ongoing [46]. This 

classification can be also condensed into two opposing pathways for arginine metabolism: the 

preference of microglia to metabolize arginine via nitric oxide synthase (NOS) to NO and 

citrulline or via arginase (ARG) to ornithine and urea defines them as M1 (NOS) or M2 (ARG) 

microglial cells [47, 48]. The M1/M2 paradigm is a simplified model to decipher the two faces 

of the inflammatory response, that justifies microglia activation and polarization, which 

represent a time and tissue dependent system that implicates intrinsic, extrinsic, and tissue 

environment stimuli including cytokines, growth factors, fatty acids and prostaglandins [49]. 
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Basing on a simple dichotomic view, microglia is classified as M1 in case of pro-inflammatory 

phenotype, and M2 in case of anti-inflammatory phenotype [50].  

 

 

Figure 2. Arginine metabolism via NOS or Arginase is at the center of the M1/M2 polarization 
of macrophages. (Rath et al. 2014, Frontiers in Immunology) 

 

Microglial activation in response to pro- and anti- inflammatory stimuli is characterized both 

as classical M1 and alternative M2: M1 activation is pro-inflammatory and neurotoxic and is 

primarily induced through the activation of toll-like receptor (TLR) and interferon gamma (IFN-

γ) signaling pathway [51]. M1 microglia are able to secrete pro-inflammatory cytokines and 

chemokines including TNF-α and different members of the interleukin family, such as 

interleukin-6 (IL-6), interleukin 1-beta (IL-1β), interleukin-12 (IL-12) [52]. When activated as 

M1, microglia drive arginine metabolism via NOS, leading to an overexpression of inducible 

nitric oxide synthase (iNOS, or NOS2) and a subsequent accumulation of NO, which is known 
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to increase the toxic effects of glutamate and the N-methyl-D-aspartate (NMDA) receptor-

mediated neurotoxicity [53, 54]. On the other hand, microglia in M2 state release anti-

inflammatory cytokines including interleukin-4 (IL-4), interleukin-10 (IL-10), interleukin-13 (IL-

13) and transforming growth factor-beta (TGF-β). Furthermore, the arginine metabolism via 

ARG avoids the accumulation of NO, and ornithine produced from arginine catabolism is 

transformed by ornithine decarboxylase (ODC) to polyamines (putrescine, spermidine, and 

spermine) that control cell growth and are important for tissue repair [55, 56]. M2 microglia 

can also secrete important neurotrophic factors involved in inflammation solving and synaptic 

plasticity promotion, such as nerve growth factor (NGF) and brain-derived neurotrophic factor 

(BDNF) [57]. Hence, the dichotomic view of M1/M2 condition oversimplifies a complex 

process for microglial activity: transcriptome studies have shown that microglia activation is 

variable and context-dependent, meaning that M1 and M2 represent a spectrum of activation 

patterns rather than separate cell phenotypes, thus the M1/M2 paradigm is inadequate to 

accurately describe the dynamic microglia activation system in vivo [58-60]. Microglia can 

transit from one phenotype to another according to different environments in the CNS, 

exerting the known protective role by switching their phenotype. Indeed, microglia adopt a 

homeostatic (M0) state under normal conditions in the CNS, and their transcriptome profile 

reflects their immunosurveillance activities in this state [61]. As key innate immune cells, 

microglia act as guardians of the brain and are recognized to be the first non-neuronal cells to 

respond to various acute brain injuries, including ICH [62]. Microglia become activated 

immediately after ICH, make morphological changes from a highly ramified phenotype to a 

rod, spherical, and finally an amoeba shape [63]. In the time course, microglia activation 

begins within 1–4 h, peaks in 1–3 days, declines at day 7, and returns to physiological level in 

3–4 weeks after ICH [64, 65]. Since M1/M2 proportion is continually changing, both M1 and 
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M2 phenotypes are present in the perihematomal area after ICH. The M1 state is 

preponderant for 7 days after ICH, while the polarization changes in M2 state within 10-14 

days [66].  

 

 

 

 

Figure 3. Dynamic changes in microglial marker levels and profiles over time after 
intracerebral hemorrhage. (Lan et al. 2017, Nature Reviews Neurology) 
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The stress condition due to inflammatory cytokines diffusion after ICH leads to neurons and 

neuroglia death, and promote the polarization of surrounding microglia towards the M1 

phenotype, which forms a vicious circle [67]. M1 microglia increase expression of peroxidases, 

NOS2, and reduced form of nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase, 

that lead to excessive free radicals’ production and consequent cell damage [68]. Moreover, 

M1 microglia contribute to the activation of matrix metalloproteinases (MMPs), including 

MMP2 and MMP9, which markedly affect the BBB integrity and cause severe vasogenic brain 

edema by degrading extracellular matrix constituents and attacking endothelial claudin-family 

tight junction proteins [69]. M2 microglia are perceived to be an essential participant in long-

term recovery after ICH. In contrast with M1 phenotypic markers, increased expression of M2 

phenotypic markers emerge much later and last longer. M2 microglia primarily facilitate tissue 

regeneration by phagocytizing the hematoma and cells debris and by removing harmful 

substances from the affected space. With the increase of the number of M2 microglia, the 

volume of the hematoma is eliminated promptly in 7–21 days after ICH [70, 71]. In order to 

promote tissue regeneration and remodeling, M2 microglia express several growth and 

trophic factors, including BDNF, glial cell line-derived neurotrophic factor (GDNF), 

neurotrophin 3 (NT-3) and insulin-like growth factors-1 (IGF-1) [72, 73]. The M2 cell’s ability 

to resist inflammation and to reduce hematomas, contributes to the neuro-angiogenesis and 

matrix deposition, and allows brain to regain structure and function. However, due to the 

contemporaneous presence of M1 microglia, only a slight part of neuron population can 

survive inflammation in the acute phase. Therefore, the management of microglial phenotypic 

switch could be considered as a promising strategy to treat ICH consequences [74]. One of the 

most important markers of neuroinflammation ICH-related, is represented by the increased 

acquisition of extracellular iron and subsequent intracellular iron sequestration, which is 
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associated with neuronal degeneration and microglial secretion of inflammatory cytokines 

[75, 76]. It has been reported that microglia iron transport pathways are differentially active 

in response to pro- and anti- inflammatory stimuli: pro-inflammatory mediators increase the 

uptake of iron exploiting the ferritin storage pool, thus upregulating DMT1 and ferritin as well. 

The uptake of free iron by microglia reduces the potential damage in neural environment due 

to ROS production [77]. The over-expression of DMT1 during pro-inflammatory state, as pH 

dependent transporter, is due to an increased glycolytic activity in microglial M1 cells, which 

supports changes in microenvironment through extracellular acidification, leading to an 

increased free iron uptake [78].  

 

 

Figure 4. Iron trafficking and microglial cell polarization. Pro-inflammatory stimuli upregulate 
the expression of DMT-1 and the uptake of non-Transferrin-bound iron (NTBI). These effects 
are associated with increased labile iron and an expanded pool of ferritin. These changes 
reflect M1 polarization. (Nnah et al. 2018, Pharmaceuticals) 
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Inflammatory mediators reduce both oxidative respiration and the levels of intracellular heme 

by induction of heme oxygenase-1 (HO-1), the responsible enzyme for degradation of heme 

into carbon monoxide, Fe2+ and biliverdin [79]. These changes are associated with increased 

levels of intracellular iron, suggesting that microglia are able to sequester both intracellular 

iron released by heme catabolism and extracellular iron moved by DMT1. On the other hand, 

an anti-inflammatory condition increases the expression of transferrin receptor, therefore 

promoting iron uptake. Furthermore, M2 microglia could be able to support the regeneration 

of neurons and the activity of oligodendrocytes through the release of ferritin stores, 

promoting a shift of iron transport [80]. 
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1.4 α-Lipoic Acid 

 

 

Figure 5. α-Lipoic Acid (1,2-dithiolane-3-pentanoic acid) chemical structure. 

 

α-Lipoic Acid (1,2-dithiolane-3-pentanoic acid; thioctic acid; Alpha-Lipoic Acid) (ALA) is an 

active organosulfur compound, naturally synthesized by plants and animals [81]. Both the 

oxidized (disulfide) 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 

[82]. ALA is both water and lipid soluble and is widely distributed in cellular membranes, 

cytosol, and extracellular spaces. It is absorbed from the diet and is able to cross the BBB and 

cell monolayer in a pH-dependent manner, without causing any toxicity at therapeutic doses. 

Cellular transport of ALA occurs probably via several systems, such as the medium-chain fatty 

acid transporter, an Na+-dependent vitamin transport system, and an H+-linked 

monocarboxylate transporter for intestinal uptake [83]. ALA transport can be inhibited by 

compounds such as benzoic acid and medium-chain fatty acids, suggesting that the 

monocarboxylate transporter could be the likely carrier responsible for intestinal absorption 

of ALA [84]. ALA is a powerful neuroprotective antioxidant, and has proven to be effective in 

the treatment of several oxidative stress-related diseases, such as diabetes, ischemic 

reperfusion damage and radiation injury [85-88]. As strong antioxidant, ALA is involved in a 
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number of cellular processes, including direct radical scavenging, recycling, metal chelation, 

modulation of transcription factor activity and regeneration of endogenous antioxidants. In 

this regard, ALA has been reported to ameliorate endothelial function and blood flow, and to 

accelerate GSH synthesis, which plays a crucial role in regulating the expression of several 

antioxidant and anti-inflammatory genes [89-91]. The efficacy of ALA as iron chelator has been 

demonstrated in a combined treatment with ferric ammonium citrate (FAC), simulating an 

iron overload condition both in vitro and in vivo. Administration of ALA in mesenchymal stem 

cells led to a decrease of ROS levels and a restoring of mitochondrial membrane potential and 

integrity, following the treatment with FAC. Augmented levels of GSH have been associated 

with the direct antioxidant effect of ALA, leading to enhanced antioxidant defenses for the 

cells. Consequently, through the increase of intracellular GSH content, ALA prevented the 

nuclear factor erythroid 2–related factor 2 (NRF2) pathway activation, leading to the reduction 

of HO-1 expression. The same result has been confirmed in an in vivo model of zebrafish, with 

significant reduction of heme oxygenase 1b (HMOX1b), mitochondrial superoxide dismutase 

(mtSOD), and FPN1 expression after treatment with ALA in the presence of an iron overload 

[92]. Following different in vivo experiments, Zhao et al. demonstrated the capacity of ALA as 

iron chelator to prevent the light-induced retinal degeneration in a mouse model of AMD (age-

related macular degeneration) through systemic administrations [93]. The role of ALA in 

microglia context is not fully known, but it has been shown a number of effects of ALA affecting 

microglia including inhibition of phagocytosis, reorganization of actin, prevention of 

upregulation of iNOS (and the related control on microglia activation) and inhibition of 

Akt/glycogen synthase kinase-3ß [94-96]. Abnormally high levels of iron in the brain have been 

demonstrated in a number of neurodegenerative disorders, such as Alzheimer’s disease and 

Parkinson’s disease (PD). The neuroprotective effect of ALA was tested in a PD model induced 
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by 6-hydroxydopamine (6-OHDA), showing significant reduction of ROS and an improvement 

of iron metabolism levels, confirming the therapeutic potential of ALA for the treatment of 

neurodegenerative diseases associated with iron metabolism dysfunction and oxidative stress 

[97]. Furthermore, due to the increased iron and ROS levels in the body and the related lung 

fibrosis generation during COVID-19 disease, several studies have been conducted to find any 

substance capable to reduce and partially control the severity of the infection. Through their 

iron chelation effect, substances like Deferoxamine were shown to reduce iron availability in 

the serum and body tissue, preventing lung injury and fibrosis following COVID-19 infection 

[98]. It has been shown that some important natural products with an amply demonstrated 

activity as iron chelators and protease inhibitors, such as ALA, are suggested to be a possible 

therapeutical strategy toward the pathological context related to COVID-19 infection [99].  
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2. Materials and methods 

2.1 Cell culture and treatments 

HMC3 human microglial cells were purchased from 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 α-Lipoic Acid (ALA) 100 μM for 3h, while the iron overload was obtained by 

treating with ferric ammonium citrate (FAC, Alfa Aesar- Thermofisher) 400 μM for 24h. In 

order to better appreciate changing in gene expression, in this set of experiments the 

exposure to FAC was reduced also to 6h. Concentrations were selected following results 

obtained by Camiolo et al. [92, 100]. 

2.2 xCELLigence real-time cell analysis  

xCELLigence experiment was performed using the RTCA (Real-Time Cell Analyzer) DP (Dual 

Plate) instrument according to manufacturers’ instructions (Roche Applied Science, 

Mannheim, Germany; ACEA Biosciences, San Diego, CA, USA). Cells were seeded in E-16 

xCELLigence plates at a density of 5 × 103 cells/ml per well. The plates were then incubated at 

37 °C, 5% CO2 for 30 min in order to allow cell settling. After incubation, cells were treated 

with FAC 400 μM. Real-time changes in electrical impedance were measured and expressed 

as “cell index”, defined as (Rn-Rb)/15, where Rb is the background impedance and Rn is the 

impedance of the well with cells. The background impedance was measured in E-plate 16 with 

100 μL medium (without cells) after 30 min incubation period at room temperature. Cell 

proliferation was monitored every 20 min for 48 h. 
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2.3 Apoptosis evaluation 

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. 1μL of Annexin V-FITC solution and 5μl of dissolved PI 

(Beckmam Coulter, made in France) were added to cell suspension and mixed gently. Cells 

were incubated for 15 minutes 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). 

2.4 ROS Analysis 

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 by using a MACSQuant Analyzer 

(Miltenyi Biotech, North Rhine-Westphalia, Germany). 

2.5 GSH content measurement 

Intracellular content of reduced glutathione (GSH) was measured using a spectrophotometric 

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. 

2.6 Mitochondrial membrane potential and mitochondrial mass 

A membrane potential probe, the 3,3′-diethyloxacarbocyanine iodide (DiOC2(3)), was used to 

evaluate the mitochondrial membrane potential. Cells were incubated with 10 μM DiOC2(3) 

(Thermo Fisher Scientific, Milan, Italy) for 30 min at 37 °C, washed twice, resuspended in PBS 

and analyzed by flow cytometry through the detection of the green fluorescence intensity of 

DiOC2(3). In order to measure changes in the mitochondrial mass, cells were reacted with 200 
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nM MitoTracker Red CMXRos probe (Thermo Fisher Scientific, Milan, Italy) for 30 min at 37 

°C, according to the manufacturer’s instructions. After being washed twice, labelled 

mitochondria were analyzed by flow cytometry. 

2.7 Real-Time PCR for Gene Expression Analysis 

RNA was extracted by Trizol® reagent (category no. 15596026, Invitrogen, Carlsbad, CA, USA). 

The first-strand cDNA was then synthesized with High-Capacity cDNA Reverse Transcription 

kit (category no. 4368814, Applied Biosystems, Foster City, CA, USA). High cDNA quality was 

checked, taking into consideration the housekeeping gene Ct values. Quantitative real-time 

PCR was performed in Step-One Fast Real-Time PCR system, Applied Biosystems, using SYBR 

Green PCR MasterMix (category no. 4309155, Life Technologies, Monza, Italy). The specific 

PCR products were detected by the fluorescence of SYBR Green, the double-stranded DNA 

binding dye. Primers were designed using BLAST® (Basic Local Alignment Search Tool, NBCI, 

NIH), considering the shortest amplicon proposed (primers’ sequences are shown in Tables 

1,2), and GAPDH was used as the 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 by using a 

comparative 2−ΔΔCt method. 
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Gene (Human) Forward Primer (5′ → 3′) Reverse Primer (5′ → 3′) 

HO-1 GTTGGGGTGGTTTTTGAGCC TTAGACCAAGGCCACAGTGC 

DMT1 CGGAATAGGAAGTGCCATCCA GGGAGCAAGGAAAAAGAACTACA 

FPN1 CTCCCAAACCGCTTCCATAAG TCTTCTGCGGCTGCTATCG 

COX-2 ATACGACTTGCAGTGAGCGT GGGTGGGAACAGCAAGGATT 

IL-6 CCACCGGGAACGAAAGAGAA GAGAAGGCAACTGGACCGAA 

IL-1β AGCTCGCCAGTGAAATGATG GTCGGAGATTCGTAGCTGGA 

TNF-α GCAACAAGACCACCACTTCG GATCAAAGCTGTAGGCCCCA 

ATP5B AGCTCAGCTCTTACTGCGG GGTGGTAGTCCCTCATCAAACT 

CYTB TCCTCCCGTGAGGCCAAATATCAT AAAGAATCGTGTGAGGGTGGGACT 

NDUFS4 GATTGGCACAGGACCAGACT GTTGGATAAGGGATCAGCCGT 

TFAM CCAAAAAGACCTCGTTCAGCTT CTTCAGCTTTTCCTGCGGTG 

GAPDH TTCTTTTGCGTCGCCAGCC CTTCCCGTTCTCAGCCTTGAC 

 

Table 1. Primers sequences used to assess gene expression in cells (Human). 

 

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

hmox1b CTCTCCAGCCCTTCAGTTCG AAGCGTAAACTCCCATGCCA 

sod1 GTGACAACACAAACGGCTGC GGCATCAGCGGTCACATTAC 

ptgs1 ACTTTACCACTGGCACCCAC ACGATGACCCTCTCAGCAAC 

gapdh CATCTTTGACGCTGGTGCTG TGGGAGAATGGTCGCGTATC 

 

Table 2. Primers sequences used to assess gene expression in brain lysate (Zebrafish). 
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2.8 IL-6 levels determination 

ELISA kit was used to measure the concentration of IL-6 in medium conditioned by treatments 

(ThermoFisher Scientific). The assay was performed according to the manufacturer protocols. 

Absorbance was measured at a wavelength of 450 nm and biomarker concentrations were 

calculated from a standard curve generated with purified proteins. The detection limits, as 

specified by the manufacturer, was 0.92 pg/mL. Each measurement was performed in 

triplicate. 

2.9 Immunofluorescence analysis In Vitro 

Cells were grown directly on coverslips before immunofluorescence. 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, the cells were incubated 

with primary antibody against Arginase1 (mouse, Cat. sc-271430, Santa Cruz Biotechnology) 

and NOS2 (mouse, Cat. sc-7271, Santa Cruz Biotechnology), overnight at 4°C. Next day, cells 

were washed three times in PBS for 5 min and incubated with secondary antibodies: TRITC 

(anti-mouse, Cat. No. A11003, ThermoFisher Scientific, Oregon, USA), and FITC (anti-mouse, 

Cat. No. F2012, Sigma-Aldrich, Missouri, USA) for 1 h at room temperature. The antibodies 

were diluted in Odyssey Blocking Buffer. The slides were mounted with medium containing 

DAPI (40, 6-diamidino-2-phenylindole, SantaCruz Biotechnology) to visualize nuclei. The 

fluorescent images were obtained using a Zeiss Axio Imager Z1 Microscope with Apotome 2 

system (Zeiss, Milan, Italy). 
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2.10 Animals 

Adult wildtype AB zebrafish (n = 5, for each group) were used for this study. Fishes were tested 

to be free from Pseudoloma neurophilia, Pseudocapillaria tomentosa, Mycobacterium spp., 

and Edwardsiella ictalurias determined by twice-yearly sentinel monitoring. Fishes were 

housed at a density of 5 fishes 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. Standard feeding protocol was three meals daily of Tetra-Min (Tetra) in the 

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: 

814/2017-PR, 23 October 2017). Each experimental group (n = 5) was randomly assigned to a 

different treatment condition (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 behavioral control group of untreated fish housed under 

the same conditions as the experimental groups was tested in parallel. The different groups 

were observed for 120h. The treatment procedure was scheduled as follow (Figure 6). In 

opposite to what shown in in vitro model, the experiment was performed pre-treating with 

FAC 400 μM and then treating with ALA 100 μM. 
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Figure 6. Schematic explanation of in vivo treatment procedure. 

 

2.11 Morphological Analysis 

Zebrafish brain tissues were collected and fixed in 10% buffered-formaldehyde; after an 

overnight wash, specimens were dehydrated in graded ethanol and paraffin-embedded, 

preserving their anatomical orientation. Three to four micrometer thick sections were 

obtained according to routine procedures, mounted on sialane-coated slides and air-dried. 

Slides were dewaxed in xylene, hydrated using graded ethanol, and stained for histological 

studies. 
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2.12 Perls staining 

Perls staining (Bio-Optica, Milan, Italy) was performed according to the manufacturer’s 

instructions. Briefly, tissue sections were passaged in distilled water and stained with Perls 

staining for 20 min. Sections were then rinsed in distilled water, dehydrated in ascending 

alcohols, cleared in xylene, and finally mounted for microscopic analysis. 

2.13 Immunofluorescence analysis In Vivo 

Sections were blocked with a blocking solution (3% H2O2 in PBS) for 15 min at room 

temperature in a humidity chamber. After three washing in PBS for 5 min, sections were 

incubated for 40 min at room temperature in a humidity chamber with the following primary 

antibody, diluted in 0.3% Triton X100 in PBS: mouse monoclonal anti-GFAP (BD Biosciences, 

Cat# 610566, RRID: AB_397916) (1:100). Three washes were performed in 0.3% Triton X100 

in PBS for 5 min and sections were incubated with biotinylated panspecific secondary antibody 

(Horse Anti-Mouse/Rabbit/Goat IgG Antibody (H + L), Cat.No BA-1300-2.2) and 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, with a 5 min wash in the 

between. Slides were then washed in 0.1% Triton X-100 in PBS three times at room 

temperature for 5 min and a solution of 1% DAB and 0.3% H2O2 in PBS was added until brown 

coloration. 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 (Merck Millipore, 

Cat.No. 1.079.600.500). Digital images were acquired using the Nexcope NIB600 biological 

microscope.  
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2.14 Statistical analysis 

Data are shown as means ± standard deviation (SD). For statistical analysis, Prism 8.0.2. 

software (GraphPad Software, USA) was used. Significant differences between groups were 

assessed using the one-way ANOVA test. All in vitro tests were performed in triplicate, and 

significance was determined at p < 0.05.  
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3. Results 

3.1 FAC affects cell proliferation 

In order to confirm the toxicity induced by FAC on cell proliferation, dynamic changes in 

microglia cell index were monitored for 48h using the xCELLigence system upon exposure to 

FAC 400 μM. The concentration used was chosen following the results previously obtained by 

our group [92, 100]. Results show that the presence of FAC starts to affect the proliferation 

rate of HMC3 microglia cell line after 4h, marking a crescent difference comparing to control 

along the first day of monitoring. After 24h, the proliferation rate of treated cells was arrested, 

as shown by the descending curve related to HMC3 cell index (Figure 7).  

 

 

            Figure 7. Real-time analysis of cell proliferation in presence of FAC 400 μM (48h). 

 

 

 



30 
 

3.2 ALA reduces apoptosis caused by FAC  

The apoptosis rate of HMC3 cells in presence of FAC and ALA was measured by flow cytometry 

using Annexin V and propidium iodide (PI) staining. Figure 8 shows that iron overload induced 

by treatment with FAC 400 μM (24h) significantly affected apoptosis rate of HMC3 cells 

compared to control. In contrast, pre-treatment with ALA 100 μM (3h) [92] was able to 

prevent the apoptotic condition led by FAC treatment, showing an apoptosis rate similar to 

untreated cells. 

 

Figure 8. Apoptosis rate analysis by flow cytometry. HMC3 cells were pre-treated with ALA 
100 μM (3h), then treated with FAC 400 μM (24h). 
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3.3 Expression of iron-related markers 

In order to observe specific changes in gene expression, HMC3 cells were pre-treated with ALA 

and then exposed to FAC for 6h. Figure 9A shows that HO-1, the main enzyme involved in 

heme degradation but also in inflammation and oxidative stress, was upregulated in presence 

of FAC. Contrarily, the combined presence with ALA reduced HO-1 gene expression to control 

level. Treatment with FAC led to the significant over expression of DMT1 and FPN1, mainly 

involved in iron transport (Figure 9B, 9C). Their gene expression followed the same trend, with 

a decreased level in presence of ALA pre-treatment. 

 

 

Figure 9. Gene expression of iron-related markers. HMC3 cells were pre-treated with ALA 100 
μM (3h), then treated with FAC 400 μM (6h). 
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3.4 Iron overload affects mitochondrial membrane potential 

The mitochondrial membrane potential was assessed by flow cytometry using DiOC2 as probe 

(Figure 10). The increase of DiOC2 levels is associated to mitochondrial membrane 

depolarization, related to mitochondrial damage. Iron overload caused a high level of 

depolarization compared to untreated healthy cells, whereas the combined presence with ALA 

restored the membrane potential.  

 

 

Figure 10. Evaluation of mitochondrial membrane potential by flow cytometry (DiOC2). HMC3 
cells were pre-treated with ALA 100 μM (3h), then treated with FAC 400 μM (24h). 
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3.5 Iron promotes mitochondrial biogenesis  

Changes in mitochondrial mass were evaluated by flow cytometry using MitoTracker probe. 

Figure 11 shows an increase of mitochondrial content in presence of FAC, while the pre-

treatment with ALA reduced the same parameter. In opposite, the single treatment with ALA 

did not cause change in mitochondrial mass, showing levels of mitochondrial content 

comparable to control.   

 

 

 

Figure 11. Evaluation of mitochondrial mass content by flow cytometry (MitoTracker). HMC3 
cells were pre-treated with ALA 100 μM (3h), then treated with FAC 400 μM (24h). 
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As shown in Figure 12, iron overload caused the over expression of genes related to 

mitochondrial biogenesis. In particular, treatment with FAC led to an increase of ATP Synthase 

F1 Subunit Beta (ATP5B, Fig 12A), NADH ubiquinone oxidoreductase subunit S4 (NDUFS4, Fig 

12B), Cytochrome B (CYTB, Fig 12C) and mitochondrial transcription factor A (TFAM, Fig 12D) 

levels. If, on one hand, the ALA treatment alone did not affect the modulation of those genes, 

on the other, the combined presence with FAC reverted the effect caused by iron overload.   

 

 

 

Figure 12. Gene expression of ATP5B, NDUFS4, CYTB and TFAM. HMC3 cells were pre-treated 
with ALA 100 μM (3h), then treated with FAC 400 μM (6h). 
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3.6 Iron overload enhances ROS production 

The quantitative measurement of cells undergoing oxidative stress and ROS production was 

evaluated by flow cytometry. Treatment with FAC led to a strong increase of ROS production 

in HMC3 cells, compared to the other groups. On the other hand, iron overload in presence of 

ALA was not able to induce the same amount of ROS content, showing a level of ROS 

production slightly higher than control group (Figure 13).   

 

 

Figure 13. Analysis of ROS production by flow cytometry. HMC3 cells were pre-treated with 
ALA 100 μM (3h), then treated with FAC 400 μM (24h). 
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3.7 ALA restores GSH levels 

According to data obtained in ROS analysis, pre-treatment with ALA was able to regulate the 

oxidative stress condition by enhancing GSH levels, both in presence and in absence of iron 

overload, despite the single treatment with FAC significantly affected the GSH content 

compared to untreated cells (Figure 14). 

 

 

Figure 14. Evaluation of GSH levels. HMC3 cells were pre-treated with ALA 100 μM (3h), then 
treated with FAC 400 μM (24h). 
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3.8 Iron overload and inflammation  

As shown by Figure 15A, 15B, 15C, the 6h exposure to iron was able to induce the gene 

expression of markers closely related to inflammation, such as prostaglandin-endoperoxide 

synthase (COX-2) and interleukins (IL-6, IL-1β). Due to the pre-treatment with ALA, the 

expression of such genes was reduced to control level. On the other hand, as shown by Figure 

15D, although TNF-α levels were not affected by FAC (6h), ALA was still able to decrease the 

gene expression of the cytokine, both in presence and absence of FAC, compared to control. 

 

 

Figure 15. Gene expression of inflammation markers (IL-6, IL-1β, COX-2, TNF-α). HMC3 cells 
were pre-treated with ALA 100 μM (3h), then treated with FAC 400 μM (6h). 

 



38 
 

In order to investigate the behavior of inflammation markers in presence of iron overload at 

a different time point, gene expression was evaluated after 24h. Contrary to what is shown in 

Figure 15D, a longer exposure to FAC significantly affected the gene expression of TNF-α 

(Figure 16A). Despite this change, ALA + FAC group maintained a strong reduction of TNF-α 

levels, even lower than control. On the other hand, following an opposite behavior, FAC (24h) 

did not significantly affect IL-1β gene expression (Figure 16B), in contrast to what is shown at 

a different time point (6h) (Figure 15B). Nevertheless, ALA pre-treatment was able to reduce 

the basal level of IL-1β compared to untreated cells.  

 

Figure 16. Gene expression of TNF-α and IL-1β. HMC3 cells were pre-treated with ALA 100 μM 
(3h), then treated with FAC 400 μM (24h). 
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The protein level of IL-6 was evaluated in conditioned media after treatments (Figure 17). Cells 

treated with FAC for 24h released a higher level of IL-6 compared to the other groups, while 

the presence of ALA was able to reduce the IL-6 content in the medium both alone and in 

combination with FAC. 

 

 

Figure 17. Protein expression of IL-6 by ELISA kit. HMC3 cells were pre-treated with ALA 100 
μM (3h), then treated with FAC 400 μM (24h). 
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3.9 ALA reverts M1/M2 switch in microglia 

The M1/M2 phenotype in microglia is characterized by over expression of iNOS (NOS2) or 

Arginase 1 (ARG1), respectively. Comparing the expression of the two enzymes involved in the 

arginine metabolism, the immunofluorescence assay (Figure 18) shows that the single 

treatment with ALA did not upregulate NOS2 protein expression, while ARG1 levels were 

visibly enhanced. Following an opposite behavior, the inflammatory condition due to the FAC 

treatment caused a strong over-expression of NOS2, data confirmed by the significantly 

reduced expression of ARG1. Finally, the pre-treatment with ALA rescued the effects led by 

iron overload: the expression of NOS2 was sensibly reduced compared to FAC group, whereas 

the increased level of ARG1 showed the anti-inflammatory profile of M2 microglia.  

 

 

Figure 18. Evaluation of NOS2 and ARG1 expression by immunofluorescence (Scale Bar: 10 
μm). HMC3 cells were pre-treated with ALA 100 μM (3h), then treated with FAC 400 μM (24h). 
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Figure 19. Schematic description of microglial polarization after treatment with ALA and FAC.  
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3.10 ALA chelating properties In Vivo 

As shown by Perls assay (Figure 20), FAC treatment (60h) in a zebrafish in vivo model resulted 

in a significant increase in brain iron storage when compared to control. The following 

administration of ALA, after 60h of iron exposure, reduced the iron content to levels 

comparable to the untreated sample. 

 

 

Figure 20. Iron storage in zebrafish brain tissue (immunohistochemical Perls assay). Zebrafish 
were pre-treated with FAC 400 μM (60h), then treated with ALA 100 μM (60h). 
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3.11 ALA reduces microglia activation In Vivo 

In order to evaluate the microglia activation in response to the neuroinflammation induced 

by FAC, glial fibrillary acidic protein (GFAP) levels were detected in zebrafish brain (Figure 21). 

Iron overload induced by FAC led to a marked overexpression of GFAP compared to control, 

while the single treatment with ALA did not affect physiological GFAP levels. Interestingly, ALA 

post-treatment following iron overload was able to control microglia activation by significantly 

reducing GFAP expression compared to FAC sample. 

 

 

Figure 21. GFAP expression in zebrafish brain tissue (immunohistochemical assay). Zebrafish 
were pre-treated with FAC 400 μM (60h), then treated with ALA 100 μM (60h). 
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3.12 Oxidative stress and inflammation in Zebrafish brain 

Zebrafish brain lysates were collected in order to observe expression changes of genes related 

to oxidative stress and inflammation after treatment with FAC. Figure 22 shows a marked 

increase of HO-1 (hmox1b), SOD-1 (sod1) and COX-1 (ptgs1) levels following iron overload. 

Despite the strong stress condition caused by FAC, the subsequent administration of ALA was 

able to reduce genes expression of all markers to control level.  

 

 

 

Figure 22. Gene expression of hmox1b, sod1, ptgs1. Zebrafish were pre-treated with FAC 400 
μM (60h), then treated with ALA 100 μM (60h). 
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4. Discussion 

Iron is a crucial nutrient for multiple biological functions, including oxygen and electron 

transport, redox reactions, cell division, nucleotide synthesis and myelination [101]. In the 

brain, iron homeostasis plays a key role in the maintenance of physiological functions, thus a 

dysregulation can lead to serious neurodegenerative diseases, such as Alzheimer’s disease and 

Parkinson’s disease [102, 103]. Despite metal homeostasis is a well-known focus to approach 

in these kinds of brain diseases, the role of iron accumulation following ICH or traumatic brain 

injury has yet to be fully determined. Both conditions are broadly defined as bleeding within 

the cranium, leading to different brain injuries categorized by severity and prognosis. It is 

known that iron liberation into brain tissue occurs 24h after hemorrhage, while the 

accumulation into perihematomal tissue is evident within few days after ICH: for this reason, 

the early resort to surgical or pharmacological methods is essential to face iron overload and 

iron related secondary injury. Few chelating agents approved by the US Food and Drug 

Administration (FDA) are currently available for this purpose. Among them, Deferoxamine is 

the most used as iron chelator, and few evidences suggest the use of this drug for its 

neuroprotective role in ICH condition, with the ability to prevent neural damage and to reduce 

perihematomal edema occurring [104-107]. On the other hand, insufficient evidence exists to 

determine the effect of Deferoxamine on neurologic outcomes after ICH and the safety of this 

intervention, furthermore the prolonged administration is associated to neurotoxicity [108-

110]. Indeed, beyond ICH, iron overload affecting brain functionalities may occur under 

various and collateral pathological conditions, including genetic forms, such as hereditary 

haemochromatosis, or those acquired forms that require lifelong regular blood transfusions, 

such as thalassemia [111-113]. In these conditions, more than 10% of patients undergoing 

therapy with Deferoxamine experience several adverse effects, such as retinal and auditory 
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neurotoxicity, neutropenia and agranulocytosis, diarrhea, headache, nausea, abdominal pain, 

increased serum creatinine, and increased liver enzymes, rash, fatigue, and arthralgia [114]. 

In order to find an alternative therapy capable to exert the same efficacy of classic chelating 

drugs on ICH-like condition avoiding though the rise of such side effects, ALA properties were 

assessed both in in vitro and in vivo brain models of iron overload. It is well-known that iron 

accumulation is able to affect microglia proliferation and viability, leading to an overall 

degeneration of functionalities [115-117]. Our results on in vitro model confirmed that by 

showing a strong reduction of cell proliferation after treatment with FAC, that was also able 

to influence the apoptotic rate of microglia cells. Indeed, FAC led to intracellular iron 

accumulation, showed by increased levels of FPN1 and DMT1, thus resulting in a significant 

impairment of mitochondrial membrane potential, thereby causing increasing rate of ROS 

generation and cell suffering. Our results showed that pre-treatment with ALA prevented FAC 

toxicity by protecting cells both as iron chelator and as anti-oxidant: on one hand, ALA 

treatment reduced the expression of iron transporters FPN1 and DMT1, due to the lower iron 

absorption by the cell; on the other, ALA alleviated oxidative stress both enzymatically and by 

a free radical direct scavenging effect [118, 119]. ALA is a dithiol compound normally bound 

to lysine residues of mitochondrial α-keto acid dehydrogenases, which reduce ALA to 

dihydrolipoic acid (DHLA), which is known for its strong antioxidant properties [120]. The 

presence of ALA maintained the levels of ROS at basal conditions in microglia, reducing iron 

content and restoring mitochondrial membrane potential and integrity. Our results were 

further confirmed by changes both in intracellular GSH content and in HO-1 expression. The 

GSH system is the main cellular defense mechanism regulating the intracellular redox state 

and its synthesis is promptly activated by various oxidative triggers [121]. Under physiological 

conditions, the reduced GSH is the major form available with its concentration from 10 to 100-
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folds higher than the oxidized species, which guarantees the control on oxidative balance 

[122]. Our results showed that treatment with FAC decreased the available amount of reduced 

GSH, while the pre-treatment with ALA enhanced the antioxidant defenses for the cells by 

restoring GSH content. In parallel, results showed that HO-1, an NRF2 regulated protein 

involved in redox balance, is strongly upregulated following FAC treatment. As mentioned 

before, HO-1 is the enzyme responsible for degradation of endogenous iron protoporphyrin 

Heme; it catalyzes the reaction’s rate-limiting step, producing ferrous ions, carbon monoxide, 

and biliverdin, whose reduction is operated by biliverdin reductase, resulting in bilirubin 

formation [123]. HO-1 plays a pivotal role in regulating redox homeostasis in virtue of its anti-

inflammatory, antioxidant and anti-apoptotic properties. It has been reported that the 

activation of HO-1 is a ubiquitous cellular response to oxidative stress: HO-1 activation 

stimulates ferritin synthesis, which ultimately contributes to iron detoxification [124, 125]. 

Basing on that, results suggest that iron overload in microglia triggered the activation of 

cellular defenses trough upregulation of HO-1, while the co-presence of ALA was able to avoid 

the activation of this pathway, probably due to the management of GSH content. As shown, 

the stress condition caused by FAC affected mitochondrial functions and homeostasis through 

the impairment of the membrane potential. According to Hoeft et al., macrophage cells 

exposed to iron overload enhanced mitochondrial mass, increasing the proportion of 

nonfunctional mitochondria relative to total mitochondria. Basing on their results, 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 (LPS) and iron (as further source of stress), increased mRNA levels of genes 

involved in mitochondrial biogenesis [126]. Furthermore, different works have shown that, 

despite the total mitochondrial mass is augmented, damaged or nonfunctional mitochondria 
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produce more ROS [127, 128]. Our results largely confirmed the suggestion reported: iron 

overload in microglia led to an increase of total mitochondrial mass, although new 

mitochondria demonstrated an unfunctional behavior, as shown by abnormal ROS production 

and by depolarization of mitochondrial membrane. Moreover, treatment with FAC affected 

mitochondrial biogenesis by increasing related genes levels, such as ATP5B, NDUFS4, CYTB 

and TFAM. In particular, mitochondrial biogenesis process is regulated by nuclear 

transcription factors, such as NRF1 and NRF2, and the coactivator peroxisome proliferator-

activated receptor γ coactivator 1 (PGC1α), which upregulates expression of TFAM, enabling 

replication of mitochondrial DNA [129-131]. Following our results, we can speculate that 

oxidative stress caused by iron overload is able to activate HO-1 expression 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. 

Moreover, although ATP5B, NDUFS4 and CYTB are commonly associated to the respiratory 

chain functions and the oxidative phosphorylation system, an increase of their total level in 

microglia following iron-induced oxidative stress is not related to the cell metabolic switch, 

but to the enhanced number of new mitochondria [132]. The ALA pre-administration reverted 

the affection of FAC on mitochondria probably by exerting an antioxidant effect via NRF2/HO-

1 pathway, thus restoring basal levels of mitochondrial biogenesis rate [133]. Iron and 

inflammation are intertwined in a bidirectional relationship, in which iron modifies the 

inflammatory phenotype of microglia and infiltrating macrophages, and in turn, these cells 

secrete diffusible mediators that reshape neuronal iron homeostasis and regulate iron entry 

into the brain. Our results showed that even a brief exposure to iron is able to rise an 

inflammatory condition in microglia cells: behaving as M1 type cells, microglia over-expressed 

different pro-inflammatory cytokines and inflammation-related markers, including IL-6, IL-1β 
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and COX-2. Moreover, after a longer exposure to FAC, microglia enhanced the expression of 

TNF-α and allowed the secretion of IL-6 protein. The strong affection of iron overload on M1 

microglia polarization was also confirmed by the over expression of the related main marker 

NOS2. Interestingly, pre-treatment with ALA prevented the inflammatory state not only by 

reducing pro-inflammatory cytokines expression, but also counteracting the NOS2 expression, 

and probably limiting the switch to M1 type, by enhancing ARG1 levels, known marker of anti-

inflammatory M2 type cell. Our results confirmed what shown by Su Min Kim et al.: in their 

paper, authors demonstrated that ALA was able to reduce M1 phenotype markers expression 

following LPS stimulation in BV2 microglial cells, whereas the M2 phenotype markers levels 

were significantly enhanced. They suggested that treatment with ALA could revert the 

inflammatory condition led by LPS stimulation by promoting M1 microglia switch toward M2 

phenotype [134]. Our results obtained in vitro demonstrated that pre-treatment with ALA is 

able to strengthen microglia cells by protecting them from the toxicity led by iron overload. 

However, since ICH and the subsequent iron accumulation can be commonly considered 

unpredictable events, pre-administration of ALA used in in vitro model can only give 

conceptual answers, but cannot completely overlap to the clinical condition, in which the 

therapy is allowed only after ICH occurring. For this reason, in order to test ALA efficacy in a 

translational model, we developed an in vivo iron overload model based on acute exposure of 

zebrafish to FAC (less than 90 hours), administrating ALA only after iron accumulation. 

Zebrafish is an important vertebrate model used in research due to its combination of 

excellent embryology and genetic manipulation. It has been shown that the uptake of iron in 

zebrafish is via absorption from the water across the gill membrane and intestinal mucosa 

[135]. Due to this mechanism, there is the possibility for iron to be lost through the gills by 

diffusion following concentration gradient, for instance when zebrafish are transferred to a 
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media with a lower concentration of iron [136]. In order to ensure that every change in iron 

content or in gene expression was due to ALA efficacy as iron chelator and antioxidant, the 

media in the FAC group was replaced with untreated water in parallel with media replacement 

in ALA+FAC group, as shown by scheme in Figure 6. Obtained data demonstrated that post-

administrated ALA is able to strongly reduce the iron content accumulated in the brain. It has 

been reported that pro-inflammatory stimuli, including LPS and IFN-γ, are associated to 

increased expression of GFAP, which represents astroglial activation and gliosis during 

neurodegeneration [137]. Increased levels of GFAP have been found at the periphery of 

ischemic lesions after neurodegenerative insults, and are associated with senile plaques, well 

known pathological markers of Alzheimer’s disease [138, 139]. Moreover, the measure of 

GFAP levels is considered proportional to the severity of astroglial activation [140, 141]. 

Afterwards, astrocytes activation regulates microglial responses following immune challenge 

represented by external stimuli or neuroinflammation in brain: in this regard, both microglia 

and astrocytes contribute to the control of inflammatory acute phase and regulate immune 

response in brain. Similar to assessing microglial activation by morphology, activation states 

of astrocytes are determined based on increased GFAP labeling [142]. Our results showed that 

iron overload is able to significantly increase GFAP expression in zebrafish brain, that 

represents astroglial activation after neuroinflammation induced by FAC. The recent paper 

published by Memudu and Adanike demonstrated that ALA can control inflammatory 

conditions thereby downregulating the process of cognitive impairment via its ability to 

induce neuroprotection through synergistic interaction with astrocytes. In their results, ALA 

protects astrocytes repairing and synaptogenesis from scopolamine invoked oxidative stress, 

via reduction of GFAP levels [143]. Moreover, several studies suggested that ALA mechanisms 

of neuroprotection could be linked with the mitochondrial functionality and the increase of 
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intracellular levels of GSH, which helps to reduce the migration of lymphocytes, monocytes, 

and other pro-inflammatory cytokines into the brain, which ultimately results in the inhibition 

of reactive astrocytes [144-148]. According to these studies, our results showed that ALA post-

treatment completely reverts GFAP over-expression led by iron overload, suggesting a 

significant efficacy on astroglial activation control. Furthermore, because of its direct and 

indirect antioxidant properties and the efficacy on inflammatory conditions, ALA resulted in a 

significant reduction of hmox1b, sod1, ptgs1 genes expression in the brain when compared to 

FAC treatment. Therefore, our results are consistent with those obtained by Camiolo et al., in 

which they proved the efficacy of ALA on iron storage reduction in zebrafish liver and intestine, 

known as the main tissues involved in iron absorption [92]. With our new data, we 

demonstrated that ALA is able to exert its activity as iron chelator reaching the brain tissue, 

without showing any loss of effectiveness on iron overload. 
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5. Conclusions 

ICH is a devastating condition whereby a hematoma is formed with or without blood extension 

into the ventricles. After ICH, erythrocytes are released into the brain parenchyma, where 

they lyse within hours/days, releasing their components, including hemoglobin, into the 

extracellular space. While the iron homeostatic mechanism is tightly regulated in physiological 

conditions, the amount of hemoglobin released may overwhelm this iron-handling system. 

The following iron overload represents a critical cause of several harmful reactions for brain 

tissue. With our results we demonstrated that ALA, a natural compound widely tolerate by 

microglia cells and brain tissue, can exert its antioxidant, anti-inflammatory and iron-chelating 

properties both in vitro and in vivo. Since there are still many questions regarding reliable 

therapies available to face ICH-following iron overload, we suggest that ALA could be 

considered, in the next future, as a new alternative choice to approach this kind of clinical 

issue, especially for the absence of side effects risen after its use. 
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