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A B S T R A C T   

Iron released from oligodendrocytes during demyelination or derived from haemoglobin breakdown products is 
believed to amplify oxidative tissue injury in multiple sclerosis (MS). However, the pathophysiological signifi-
cance of iron-containing haemoglobin breakdown products themselves is rarely considered in the context of MS 
and their cellular specificity and mode of action remain unclear. Using myelinating cell cultures, we now report 
the cytotoxic potential of hemin (ferriprotoporphyrin IX chloride), a major degradation product of haemoglobin, 
is 25-fold greater than equimolar concentrations of free iron in myelinating cultures; a model that reproduces the 
complex multicellular environment of the CNS. At low micro molar concentrations (3.3 - 10 μM) we observed 
hemin preferentially binds to myelin and axons to initiate a complex detrimental response that results in targeted 
demyelination and axonal loss but spares neuronal cell bodies, astrocytes and the majority of oligodendroglia. 
Demyelination and axonal loss in this context are executed by a combination of mechanisms that include iron- 
dependent peroxidation by reactive oxygen species (ROS) and ferroptosis. These effects are microglial- 
independent, do not require any initiating inflammatory insult and represent a direct effect that compromises 
the structural integrity of myelinated axons in the CNS. Our data identify hemin-mediated demyelination and 
axonal loss as a novel mechanism by which intracerebral degradation of haemoglobin may contribute to lesion 
development in MS.   

1. Introduction 

Multiple sclerosis (MS) is a chronic disease of the central nervous 
system (CNS) in which repeated episodes of inflammatory demyelin-
ation result in persistently demyelinated plaques of gliotic scar tissue 
associated with varying degrees of axonal injury and loss. This axonal 
pathology is generally considered a consequence of the local inflam-
matory response as this alone is sufficient to compromise the functional 
and structural integrity of affected axons. However, immunomodulatory 
treatments that suppress inflammatory activity in the CNS slow, but do 
not abolish accumulation of disability. This indicates inflammatory 
demyelination is not the sole driver of axonal pathology in MS and 
implies other mechanisms contribute to lesion development, but their 
identity and clinical relevance remain obscure. 

Recent studies demonstrate oxidative stress and associated mito-
chondrial damage play important roles in driving axonal pathology in 
MS, and there is mounting circumstantial evidence that their effects are 
amplified by localised accumulation of iron in MS lesions (Filippi et al., 
2019; Hametner et al., 2018; Hametner et al., 2013; Mahad et al., 2015; 
Stankiewicz et al., 2014). Following early reports of iron accumulating 
in MS brain tissue (Craelius et al., 1982; LeVine, 1997), alterations in the 
distribution of iron in and around MS lesions were confirmed by MRI, 
histopathology and synchrotron X-ray fluorescence imaging (Bagnato 
et al., 2011; Pitt et al., 2010; Popescu et al., 2017). Iron accumulates in 
the healthy brain during ageing (Hallgren and Sourander, 1958) and 
interestingly, those areas with the highest levels, such as thalamus, 
hypothalamus and basal ganglia, are preferentially affected by atrophy 
and neurodegeneration early in MS (Lansley et al., 2013). In addition, 
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accumulation of iron in basal ganglia correlates with disease progression 
and increased morphological damage in MS (Khalil et al., 2011). 

Iron is essential for many basic biochemical processes necessary for 
brain development and function including cellular metabolism, mito-
chondrial function and oxygen transport, as well as neurotransmitter 
synthesis and myelination (Todorich et al., 2009). However, excess iron 
can compromise cellular function and survival due to its ability to pro-
mote the formation of reactive oxygen species (ROS) via the Fenton/ 
Haber-Weiss reaction cycle. Neurons are thought to be particularly 
susceptible to oxidative damage due to their high levels of oxygen 
consumption and enrichment in polyunsaturated fatty acids (Núñez 
et al., 2012) (Gutteridge, 1992); a concept that extends to the myelin- 
axonal unit which is also metabolically highly active and enriched in 
long chain polyunsaturated membrane lipids. Indeed, accumulation of 
oxidised lipids correlates with iron loading in a subset of MS lesions 
supporting a causal association between iron availability and oxidative 
damage at these sites (Hametner et al., 2013). However, the origin of 
iron in MS lesions and how it contributes to lesion development remains 
unclear. 

Most iron in the healthy brain is stored in oligodendrocytes and 
myelin (Connor and Menzies, 1995) and will be liberated during active 
demyelination (Hametner et al., 2013). This might locally overwhelm 
mechanisms responsible for maintaining iron homeostasis, raising the 
possibility free iron becomes available to mediate or amplify oxidative 
injury. However, iron can also accumulate in the CNS as a consequence 
of haemoglobin break-down following neuroinflammation-related 
vascular damage (Adams, 1988; Bagnato et al., 2011; Singh and Zam-
boni, 2009). The toxicity of haemoglobin and its break down products is 
well recognised in the context of intracerebral haemorrhage but its po-
tential role in MS has attracted little attention. Nonetheless, not only are 
haemoglobin levels raised in patient CSF (Magliozzi et al., 2019) and 
serum (Lewin et al., 2016) but severity of disability correlates with the 
frequency of cerebral micro-bleeds (Zivadinov et al., 2016). These ob-
servations led us to speculate haemoglobin and its breakdown products, 
rather than iron per se, play the more important role in lesion develop-
ment in some patients. 

Hemin (ferriprotoporphyrin IX chloride) is an important haemoglo-
bin break down product that is not only cytotoxic for isolated astrocytes 
(Dang et al., 2011a; Laird et al., 2008; Owen et al., 2016), neurons (Dang 
et al., 2011b; Zhou et al., 2017; Zille et al., 2017) and oligodendrocytes 
(Bamm et al., 2015), but also damages myelin lipids and proteins (MBP) 
(Bamm et al., 2017; Bamm et al., 2015) and induces a pro-inflammatory 
response in microglia/macrophages (Mehta et al., 2013; Sayeed et al., 
2017). These effects contribute to tissue damage following haemor-
rhagic stroke, a situation in which haemoglobin breakdown may result 
in millimolar concentrations of hemin being reached in and around le-
sions (Robinson et al., 2009). However, hemin availability will be far 
lower in and around MS lesions and it is unclear if this will be sufficient 
to induce tissue damage in the complex, multicellular environment of 
the CNS. To address this, we investigated the effects of hemin in mye-
linating cultures derived from embryonic spinal cord, a model system 
that replicates the cellular complexity and many functional properties of 
the CNS in vivo (Bijland et al., 2019). 

Low micromolar concentrations of hemin (3.3–10 μM) were found to 
preferentially associate with myelin and axons to initiate demyelination 
and axonal loss whilst sparing neuronal soma, astrocytes and a majority 
of oligodendrocytes. Crucially, we found hemin is significantly more 
toxic than free iron as 10 μM hemin induced extensive demyelination 
and axonal loss, whilst this concentration of FeCl3 failed to induce any 
detrimental effect in this model system. We propose these effects are due 
to the hydrophobic nature of the porphyrin ring that allows hemin to 
interact with and/or intercalate into myelin and axons to initiate iron- 
dependent, ROS-mediated peroxidation of membrane lipids and pro-
teins. This detrimental response occurs spontaneously in the absence of 
any inflammatory insult and is microglial-independent. Our data sup-
port a scenario in which hemin-dependent mechanisms are sufficient to 

initiate demyelination and axonal injury following micro haemorrhages 
in MS and other neurological diseases. 

2. Material and methods 

2.1. Myelinating cultures 

To establish in vitro myelinating cultures, neurosphere-derived as-
trocytes were generated as described previously (Lindner et al., 2015). 
In brief, striata of post-natal day 1 Sprague-Dawley rats were dissociated 
and resuspended in 20 mL neurosphere media (DMEM/F12 containing 
4.5 g/mL glucose, supplemented with 0.105% NaHCO3, 2 mM gluta-
mine, 1% penicillin/streptomycin, 5.0 mM HEPES, 0.0001% bovine 
serum albumin, 25 μg/mL human insulin, 100 μg/mL human apo-
transferrin, 60 μM putrescine, 20 nM progesterone, and 30 nM sodium 
selenite [all from Merck]) supplemented with 20 ng/mL mouse sub-
maxillary gland epidermal growth factor (EGF, R&D Systems) in a 75 
cm3 tissue culture flask. After trituration into a single cell suspension, 
cells were plated on poly-L-lysine (13 μg/mL, Merck) coated 13 mm 
cover slips (VWR International) in low glucose DMEM supplemented 
with 10% foetal bovine serum and cultured until they formed a 
confluent monolayer. A single cell suspension of embryonic day 15.5 rat 
spinal cord cells (150,000 per cover slip) was then plated on the 
neurosphere-derived astrocyte monolayer in differentiation medium 
[DMEM (4.5 g/mL glucose), 10 ng/mL biotin, 0.5% N1 supplement, 50 
nM hydrocortisone, and 0.1 μg/mL insulin (all from Merck)]. Twelve 
days later, insulin was omitted from the culture medium to promote 
myelination. Cultures were fed two to three times a week by replacing 
half the culture medium with fresh differentiation media and main-
tained at 37 ◦C/7% CO2. Cultures were used once maximum myelination 
rates were established (day in vitro [DIV] 28), and prior to hemin/FeCl3 
treatment, apotransferin was withdrawn from cell cultures. Cultures 
were treated with the following components as detailed in the text: 
hemin, protoporphyrin IX, zinc (II) protoporphyrin IX (all Merck; dis-
solved as 1000× stock in dimethyl sulfoxide [DMSO]), or Iron (III) 
chloride (Merck, as 40× stock in 0.44 M L-ascorbic acid). DMSO or L- 
ascorbic acid were used as vehicle controls for porphyrins or iron (III) 
chloride respectively and did not have any detrimental effect on its own. 
For microglia depletion, cultures were treated from DIV18–28 with 1 μM 
PLX3397 (Selleckchem). To block specific pathways, cultures were 
treated at the same time as hemin with the following inhibitors: 250 μM 
deferoxamine mesylate (R&D Systems), 100 μM 4-Hydroxy-TEMPO 
(TEMPOL, Merck) as 100× stock in water and 2 μM ferrostatin-1 
(Merck) as 1000× stock in DMSO. 

To determine cytotoxicity induced by different compounds, cell 
culture supernatants were harvested at different time points (see figure 
legends) and lactate dehydrogenase (LDH) release was measured using 
the CytoTox 96® Non-Radioactive Cytotoxicity Assay (Promega) ac-
cording to manufacturer’s instructions. 

2.2. Spinal cord explant cultures 

Longitudinal ex vivo spinal cord slice cultures from one day old C57/ 
B6 mice were prepared as previously described (Sekizar and Williams, 
2019). In brief, after removing meninges the spinal cords were cut 
longitudinally at 300 μM thickness with a tissue chopper and transferred 
onto 0.4 μm millicell®-CM low height culture plate inserts with 1 mL 
slice culture media (40% minimal essential media, 40% horse serum, 
25% Earl’s balanced salt solution, 1% Pen/Strep, 1 x Glutamax and 2.6 
mg/mL glucose) in the bottom of the well. Cultures were fed every two 
days by replacing all the culture medium and maintained at 37 ◦C/7% 
CO2. After 14 days, cultures were treated with 10 μM hemin or vehicle 
control for 24 h. Thereafter slices were washed twice with PBS, fixed 
with 4% paraformaldehyde for 1 h at room temperature and per-
meabilized with 100% ethanol for 20 min at − 20 ◦C. Primary antibodies 
(SMI-31 [1:1000, mouse IgG1, Biolegend], AA3 [1:100, PLP/DM20 
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specific, rat IgG] and GFAP [1:500, rabbit IgG, Merck]) were incubated 
for 48 h at 4 ◦C in blocking buffer (1 mM HEPES, 2% heat inactivated 
horse serum, 10% heat inactivated goat serum, 1% bovine serum albu-
min and 0.25% TritonX in HBSS), followed by washing three times with 
0.05% TritonX/PBS and incubation with species/isotype specific sec-
ondary antibodies (1:400) for 3 h at room temperature. For every bio-
logical replicate, 20 random images per spinal cord slice of two slices per 
condition were taken for quantitative analysis at 63× magnification 
using a Zeiss LSM 880 confocal microscope. Myelin ensheathment (PLP), 
axonal density (SMI31) and pixel intensities for GFAP were automati-
cally quantified using CellProfiler cell image analysis software with in- 
house developed pipelines: (https://github.com/muecs/cp/bl 
ob/v1.3/slice_cultures.cpproj). For the quantification of myelination 
rates, pipelines only quantify PLP positive myelin sheaths whilst round 
myelin positive structures (such as myelinating cells or myelin debris) 
are automatically filtered out based on their shape. For representative 
images z-stacks were obtained (maximum intensity projection). 

2.3. Immunocytochemistry 

After treatment with hemin/FeCl3, myelinating cultures were fixed 
in 4% paraformaldehyde (PFA) for 15 min at room temperature, per-
meabilised with 0.5% Triton-X/PBS for 15 min and blocked for at least 
30 min in PBS/10% Horse serum/1% bovine serum albumin, followed 
by primary antibody incubation for 45 min (see list below) and by in-
cubation with isotype/species specific secondary antibodies (15 min in 
the dark). Then cover slips were washed (PBS followed by distilled 
water) and mounted with Mowiol 4–88 (33% w/v Mowiol® 4–88, 13.2% 
w/v glycerol [both Merck], 0.05% v/v DAPI [Invitrogen] in 0.13 M Tris 
pH 8.5 [Calbiochem]). For surface staining (Hemin and O4 antibody), 
live cells were first incubated with primary antibody (30 min, 4 ◦C) and 
afterwards fixed with 4% PFA. 

Primary antibodies were used as following: SMI-31 (1:1000, mouse 
IgG1, Biolegend), Z2 (1:500, MOG-specific, mouse IgG2a, (Piddlesden 
et al., 1993)), MBP (1:400, rat IgG, Biorad), β tubulin III (1:200, mouse 
IgG2a, Merck), NeuN (1:400, Millipore), Nestin (1:200, mouse IgG1 
Millipore), 4-Hydroxynonenal (1:200, mouse IgG1, ThermoFisher), 
GFAP (1:500, rabbit IgG, Merck), O4 (1:500, mouse IgM, R&D Systems), 
Olig2 (1:200, mouse IgG2a, Millipore), Iba1 (1:500, Wako), Hemin 
(1:10, mouse IgM, absolute antibody), AA3 (1:200, PLP/DM20 specific, 
rat IgG, (Yamada et al., 1999)). Species and isotype specific secondary 
antibodies labelled with Alexa Fluor 488, Alexa Fluor 568 or Alexa Fluor 
647 (Invitrogen) were used at 1:400. For every biological replicate, 10 
random images per coverslip of three coverslips per condition were 
taken for quantitative analysis at 10× magnification (neurite density 
and myelination) or 20× magnification (cell counts) using an Olympus 
BX51 fluorescent microscope with a Retiga R6 and Ocular software 
(QImaging) or using the Zeiss Axio Imager 2 and Zen blue software. 
Representative confocal images were obtained at 40× magnification (LD 
C-Apochromat 40×/1.1 W Zeiss objective) using a Zeiss LSM 880 
confocal microscope (2% laser light; z-stack of 10 slices with 1 μm each) 
and Zen Black software. Myelination (MOG) was analysed from 10×
images with Fiji adopted from https://github.com/BarnettLab/MyelinJ 
(Whitehead et al., 2019). Myelination (MBP), NeuN counts and pixel 
intensities for GFAP, nestin and 4-HNE were automatically quantified 
using CellProfiler cell image analysis software (Carpenter et al., 2006). 
The pipelines used here were developed in-house and are available at 
https://github.com/muecs/cp/tree/v1.3. Olig2, PLP and Iba1 cell 
counts were manually quantified in a blinded fashion. 

2.4. Fluorescence spectroscopy and direct visualization of hemin via 
fluorescence microscopy 

Hemin (chloroprotoporphyrin IX iron(III), Merck) was dissolved at 
60 nM in DMSO and fluorescence spectra with variable excitation 
wavelength were recorded on a Horiba Duetta Bio spectrometer with 3 

nm bandpass filter on excitation and emission, a 0.5 nm resolution for 
emission (on CCD) and 2 nm step for excitation respectively; integration 
time per excitation wavelength was 2 s. Data is represented as 2D map of 
emission wavelength (x) vs excitation wavelength (y) vs emission in-
tensity (z). 

For direct visualization of hemin, cultures were treated with 10 μM 
hemin for 3, 12 or 24 h and then stained for SMI31, MOG, MBP, O4 and 
Iba-1 as described above, but not incubated with DAPI. Secondary an-
tibodies for these markers were a combination of species/isotype spe-
cific Alexa Fluor 488, Alexa Fluor 568 or Alexa Fluor 647 (Invitrogen). 
The direct detection of hemin binding in cell culture, was implemented 
according to the obtained fluorescence spectra by measuring emission 
between 420 and 450 nm at an excitation of 385–405 nm. Images were 
obtained at 20× (UPlanFL 20×/0.5 Olympus objective) on a widefield 
DeltaVision Core microscope (AppliedPrecision) with SoftWorx soft-
ware. Slices of 0.2 μm were acquired, to a total of 2 μm in thickness. The 
out-of-focus light was removed through deconvolution, using the default 
set-up in the same software. 

2.5. Scanning electron microscopy 

To visualize myelinated axons by scanning EM, hemin-treated or 
control cultures were live stained for the myelin marker MOG (1:80) for 
30 min at 4 ◦C and afterwards fixed with 4% PFA. After washing and 
blocking for at least 30 min with PBS/10% Horse serum/1% bovine 
serum albumin, cells were incubated with gold-labelled mouse second-
ary antibody (1:10, from Aurion, Netherlands), washed, dehydrated in 
ascending series of ethanol, and critical point dried (Tousimis, USA). 
The dried samples were coated with gold/palladium (10 nm thick layer) 
and imaged in a JEOL IT-100 scanning electron microscope (Jeol, 
Japan). Gold labeling was observed using the backscattered detector. 

2.6. Transcriptional data 

RNA was extracted from DIV28 myelinating control cultures or cells 
treated with 3 or 10 μM hemin for 24 h using the Qiagen RNeasy Micro 
kit according to manufacturer’s instructions. RNA yields and quality 
were determined by nanodrop. For transcriptional screening, 1 μg RNA 
per condition was transcribed using the RT2 First Strand Kit (Qiagen) 
followed by the RT2 Profiler PCR Array “Rat Cytokines & Chemokines” 
(Qiagen) according to the manufacturer’s instructions. 

To validate changes in selected candidates from PCR Array 
screening, quantitative real-time PCR was performed on cultures treated 
as mentioned above. After RNA extraction, cDNA was synthesized with 
the QuantiTect® Reverse Transcription Kit (Qiagen) following the 
manufacturer’s instructions using a Biometra T3 Thermocycler (Ther-
mofisher) with the following parameters: first cycle at 42 ◦C for 2 min; 
after adding reverse transcriptase, primer mix and reaction buffer sec-
ond, cycle at 42 ◦C for 20 min, then 3 min for 95 ◦C. Primers for real-time 
PCR were designed with Primer 3 software (http://biotools.umassmed. 
edu/bioapps/primer3_www.cgi) (Rozen and Skaletsky, 2000) and 
specificity checked with BLAST (http://blast.ncbi.nlm.nih.gov/Blast. 
cgi). Real-time PCR was performed in triplicates for each sample using 
10 ng cDNA template, 1× SYBR Green master mix (Applied Biosystems), 
and 50 pmol/μL of each primer (purchased from IDT, sequences shown 
in Supplementary Table 1) in an Applied Biosystems Fast Real-Time PCR 
System (ABI 7500) using the following settings: 50 ◦C for 5 min, 95 ◦C 
for 10 min, followed by 40 cycles at 95 ◦C for 15 s, 60 ◦C for 1 min, and 
the final dissociation step at 95 ◦C for 15 s. The 2-ΔCT method 
(Schmittgen and Livak, 2008) was used to determine differences in gene 
expression (gapdh as housekeeping gene). One-way ANOVA was per-
formed on ΔCT values for each experimental repeat to test for significant 
changes of 3.3 μM hemin or 10 μM hemin treated cultures compared to 
untreated cultures. 
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2.7. Protein quantification 

Myelinating cultures (DIV28) were treated with different concen-
trations of hemin and after 24 h supernatants were harvested. Protein 
concentrations of CXCL1 and CCL2 in the cell culture supernatants were 
measured using CXCL1/KC or CCL2/JE/MCP-1 Quantikine ELISA kits 
(both R&D Systems) according to the manufacturer’s instructions. 

For quantification of 4-HNE/ western blotting, cell lysates were 
prepared in RIPA lysis buffer with protease inhibitors (cOmplete Pro-
tease Inhibitor Cocktail, Roche) and protein concentration was quanti-
fied with BCA Protein AssaySystem (Pierce). The cytoplasmic fraction of 
cell lysates was then used to quantify 4-HNE levels by ELISA using the 
Lipid Peroxidation (4-HNE) Assay Kit (abcam) according to manufac-
turer’s instructions. 4-HNE levels were then normalized to total protein 
amount for each sample. For western blotting, protein samples were 
denatured with NuPAGE LDS sample buffer/sample reducing agent 
(Invitrogen) at 70 ◦C for ten minutes. 10 μg of protein were run on 
4–12% gradient NuPAGE bis-tris acrylamide gels (Invitrogen) at 200 V 
for 45–60 min and transferred using iBlot (Invitrogen) to a PVDF 
membrane. Membranes were blocked in 5% skimmed milk in Tris- 
buffered saline/0.01% tween (TBS/T; pH 7.4) for 1 h and incubated 
overnight with the following primary antibodies at 4 ◦C: SMI31 
(1:10,000; ms IgG1, Biolegend), neurofilament light (1:1000; rabbit IgG; 
Merck), GFAP (1:10,000; rabbit IgG; Dako) and β actin as loading con-
trol (1:1000; msIgG1; Merck). After thorough washing, membranes were 
incubated with horseradish peroxidase (HRP) conjugated goat anti- 
mouse or goat anti-rabbit secondary antibodies (1:10,000; CellSignal-
ing) for 1 h, and after washing developed using the WesternBright ECL 
system (Advansta). Bands were visualized using the C-DiGit Blot Scanner 
(Li-COR) and intensities were quantified using ImageJ software. 

2.8. Statistical analysis 

Statistical analysis was performed with GraphPad Prism 7 (GraphPad 
Software Inc) using paired t-tests or one-way ANOVA with post-hoc tests 
as specified in the text. For each experiment, the number of n values is 
specified in the according figure legend and each n value represents a 
single independent cell culture, comprising multiple coverslips (tech-
nical repeats). A p-value <0.05 was considered statistically significant, 
with p < 0.001 ***; p < 0.01 **; p < 0.05 *; n.s. = not significant. 

2.9. Data availability 

The Fiji plugin for myelin quantification can be found at https://gith 
ub.com/BarnettLab/MyelinJ and CellProfiler pipelines can be found at 
https://github.com/muecs/cp/tree/v1.2. All other data supporting the 
findings of this study are available in the article and the supplementary 
information files, or from the corresponding author upon reasonable 
request. 

3. Results 

3.1. Hemin preferentially targets the myelin-axon unit 

To explore the pathogenic potential of hemin in the CNS, we utilized 
myelinating cultures derived from embryonic rat spinal cord that 
replicate the cellular complexity of the CNS in vivo. Using lactate de-
hydrogenase (LDH) release as a global measure of cytotoxicity we found 
treating myelinated cultures (DIV 28) for 24 h with hemin (≥3.3 μM) 
resulted in significant cytotoxicity (24 h: 3.3 μM, 22.9% ± 4.5%; 10 μM, 
36.8% ± 5.3%; 30 μM, 64.9% ± 4.7%; vehicle control, 5.1% ± 0.7%) 
(Fig. 1A) and an increase in pyknotic nuclei at higher hemin concen-
trations (Supplemental Fig. 1A). Treating cultures for 48 h (Supple-
mental Fig. 1B) led to further increases in LDH release at 3.3 μM and 10 
μM hemin, whereas 0.33 μM hemin had no significant cytotoxic effect 
even if treatment was prolonged for up to 6 days (Fig. 1A & 

Supplemental Fig. 1C). 
To determine if hemin preferentially targeted any specific cell type, 

its effects were investigated by immunofluorescence microscopy and 
western blotting using a variety of cell-specific markers. We observed 
myelin sheaths were extremely sensitive to damage by hemin (Fig. 1B, 
C). Immunofluorescence microscopy revealed demyelination was dose- 
dependent; 3.3 μM and 10 μM hemin mediating 50% and 75% demye-
lination (loss of MOG+ immunoreactivity) after 24 h, respectively 
(Fig. 1C). Moreover, residual regions of MOG+ ensheathment were 
highly fragmented and exhibited extensive blebs and swellings (Fig. 1B 
& Supplemental Fig. 1D). This pathology was accompanied by extensive 
axonal loss as demonstrated by immunofluorescence microscopy for 
phosphorylated neurofilament heavy chain (NF-H; SMI31) (Fig. 1B) and 
western blotting of NF-H, NF-M and NF-L (Fig. 1D & Supplemental 
Fig. 1E). The latter demonstrating all three neurofilament chains were 
reduced by >50% in cultures treated with 3.3 μM hemin for 24 h when 
compared to untreated cultures. These effects were confirmed by 
immunofluorescence microscopy for MBP and β-tubulin III, as myelin 
and neurite specific markers, respectively (Fig. 1E). Loss of MBP immune 
reactivity was extensive and was associated with extensive fragmenta-
tion of myelin sheaths and swellings similar to that observed- using MOG 
as a myelin marker, whilst the linear staining pattern characteristic of 
β-tubulin III+ neurites was lost completely (Fig. 1E & Supplemental 
Fig. 1D/F). 

To visualize this pathology directly, we utilized scanning electron 
microscopy of myelinating cultures in which the outermost surface of 
myelin sheaths was labelled using a MOG-specific primary antibody in 
combination with a gold-labelled isotype/species-specific secondary 
antibody (Fig. 1F). In untreated cultures myelinated axons appeared as 
smooth tubular structures expressing MOG on their surface, but 
following treatment with 10 μM hemin for 24 h this architecture was 
largely disrupted (Fig. 1F). Loss of myelin and neurites was even more 
pronounced in cultures treated with 30 μM hemin in which cellular 
damage/loss was so extensive, virtually no neurites were detectable by 
scanning electron microscopy (Supplemental Fig. 1G). 

3.2. Neurons and astrocytes are resistant to damage by low hemin 
concentrations 

Hemin-induced demyelination was accompanied by loss of both 
Olig2+ glia, as well as more mature PLP+ oligodendrocytes which 
decreased by 44% and 21%, respectively (Fig. 2A; Olig2+ cells: 10 μM, 
56.3 ± 5.5; vehicle control, 100.9 ± 8.8 for; PLP+ cells: 10 μM, 25.5 ±
1.4; vehicle control, 32.4 ± 0.8 cells per field of view). In striking 
contrast, although 3.3 μM or 10 μM hemin induced extensive axonal loss 
after 24 h, this was not accompanied by any significant reduction in the 
number of NeuN+ neurons in this time frame (Fig. 2B) or over a pro-
longed time of up to 5 days of hemin treatment (Supplemental Fig. 2A). 
Similarly, astrocytes also appear largely spared after 24 h as demon-
strated by immunofluorescence (Fig. 2C) and western blotting for GFAP 
(Supplemental Fig. 2B), although a slight increase in nestin immune 
reactivity suggests on going astrocyte activation (Clarke et al., 1994) 
(Sahin Kaya et al., 1999); Supplemental Fig. 2C. A similarly targeted 
effect of hemin was also observed in ex vivo spinal cord slice cultures. Of 
interest, 10 μM hemin treatment for 24 h already resulted in significant 
loss of axons and myelin sheaths (48% and 50% respectively), while 
astrocytes are not affected by hemin treatment (Supplemental Fig. 2D/ 
E). 

3.3. Hemin-cytotoxicity is microglial independent 

In view of the important role played by microglia in many neuro-
degenerative diseases e. g. in the clearance of myelin debris after injury 
(Neumann et al., 2008), we next asked if hemin cytotoxicity was 
microglia-dependent in this model system. Treatment with 10 μM hemin 
resulted in a significant decrease in Iba1+ microglia (Fig. 2D, 10 μM, 
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43.2 ± 5.3; vehicle control, 64.5 ± 5.8 cells per field of view), but the 
majority of Iba1+ cells survived to adopt a rounded, amoeboid 
morphology indicative of microglial activation (Fig. 2D). To determine if 
this microglial response was itself cytotoxic, we investigated the effect of 
microglial depletion on hemin-induced LDH release. Pre-treating 
myelinated cultures with PLX3397, a potent colony-stimulating factor 
1 receptor (CSF1R) inhibitor, completely eliminated Iba1+ microglia 
(Hayden et al., 2020) (Supplemental Fig. 3), but had no effect on hemin- 
mediated LDH release (Fig. 2E). This indicates hemin-mediated cyto-
toxicity is per se microglial independent. Nonetheless, screening cyto-
kine and chemokine expression revealed hemin induced increased 
expression of multiple pro-inflammatory factors including C-X-C Motif 
Chemokine Ligand 1 (CXCL1), C-C Motif Chemokine Ligand 2 (CCL2), C- 
C Motif Chemokine Ligand 7 (CCL7), Leukemia inhibitory factor (LIF) 
and Interleukin 6 (IL6) as well as Growth Differentiation Factor 15 
(GDF15) involved in the stress response to cellular injury (Fig. 3A; 
Supplemental Table 1 & Supplementary data set 1). These transcrip-
tional data were validated for CCL2 (Fig. 3B) and CXCL1 (Fig. 3C) via 
ELISA, confirming hemin stimulated secretion of both chemokines. 
Moreover, analyses of supernatants harvested from PLX3397 pre-treated 
cultures revealed microglia were the main source of these chemokines 
(Fig. 3B & C). Hemin-mediated cytotoxicity is, therefore, microglial- 
independent in vitro, but we anticipate the accompanying “pro-inflam-
matory” microglial response will exacerbate neuroinflammation in vivo. 

3.4. Hemin preferentially interacts with myelin and neurites 

Having demonstrated hemin cytotoxicity is microglial-independent 
we speculated its selectivity for myelin, neurites, oligodendrocytes and 
microglia is a direct consequence of hemin binding to these targets. This 
was initially investigated using a hemin-specific antibody, but its 
sensitivity proved limited as we were only able to identify occasional 
hemin+/Olig2+ cells in cultures treated with the highest concentration 
of hemin (30 μM) (Fig. 4A & Supplemental Fig. 4A). To improve sensi-
tivity, we turned to the intrinsic fluorescence properties of hemin that 
exhibits maximum absorption between 300 and 450 nm and a strong 
emission peak between 420 and 480 nm (Fig. 4B & Supplemental 
Fig. 4B). This enabled us to directly visualize bound hemin using an 
excitation wavelength of 385–405 nm and measure emission between 
420 and 450 nm (“Hemin channel” - white, Fig. 4C & D) using a con-
ventional fluorescent microscope. To our knowledge, this is the first 
report of direct hemin detection by fluorescent microscopy in cell cul-
ture, a strategy that proved more sensitive than classical immunofluo-
rescence microscopy. Analysis of cultures treated with 10 μM hemin for 
12 h, not only identified hemin co-localizing in oligodendrocytes (O4+

cells; purple), but also with myelin sheaths (MOG; green) and axons 
(SMI31; red) (Fig. 4C). Hemin binding colocalizing with myelin sheaths 
(MBP, green) could already be observed after 3 h treatment with hemin 
and before any damage to myelin or axons was apparent (Supplemental 
Fig. 4C). After 24 h the hemin signal redistributed to co-localize mainly 
with residual fragmented myelin and Iba1+ microglia, a distribution 
reflecting the extent of neurite loss and demyelination at this time point 
(Fig. 4D). 

3.5. Mechanistic basis of hemin cytotoxicity 

As an initial step towards determining how hemin damages myelin 
and neurites, we aimed to establish if free iron was similarly efficient at 
mediating demyelination and axonal loss. This was not the case. Whilst 
10 μM hemin was highly toxic, equimolar concentrations of FeCl3 failed 
to induce either demyelination or axonal loss (Fig. 5A). This is in 
contrast to a far higher concentration of FeCl3 (250 μM) that can induce 
extensive demyelination and neurite loss in this culture model. This led 
us to speculate that the hydrophobic porphyrin ring of hemin may plays 
a critical role in mediating hemin cytotoxicity due to its ability to 
intercalate into lipid membranes (Man et al., 2011), an effect predicted 

to target hemin to sites sensitive to oxidative damage. To test this, we 
compared the cytotoxic potential of hemin to that of protoporphyrin IX 
(“hemin without iron”) and Zn2+ protoporphyrin IX. Neither protopor-
phyrin IX nor Zn2+ protoporphyrin IX were cytotoxic (Fig. 5B), 
demonstrating iron is in fact required to mediate the cytotoxic effect of 
hemin in these cultures. 

We then investigated the role of ferroptosis as a mechanism 
contributing to hemin cytotoxicity. However, inhibiting this pathway 
with the ferrostatin-1 (Dixon et al., 2012) only partially reduced hemin 
induced cytotoxicity in cultures treated with 3.3 μM hemin but had no 
significant effect in cultures treated with higher concentrations 
(Fig. 5C), an observation demonstrating ferroptosis is not a major factor 
contributing to hemin cytotoxicity in this model system. This is in line 
with observations that iron chelation (250 μM deferoxamine mesylate) 
had some effect on hemin induced cytotoxicity/demyelination only at 
the lower hemin concentration of 3.3 μM (Supplemental Fig. 4D/E). As 
hemin is predicted to preferentially oxidise membrane lipids containing 
long polyunsaturated fatty acid chains, we then investigated whether 
cellular damage was associated with enhanced lipid peroxidation. We 
observed an increase in the peroxidation product, 4-Hydroxynonenal (4- 
HNE) immune reactivity in cultures treated with 10 μM hemin for 24 h 
(Fig. 5D), an observation confirmed by ELISA for cytoplasmic 4-HNE 
(Fig. 5E). To conclusively establish a role for ROS in hemin cytotox-
icity, we compared LDH release after hemin treatment in the absence or 
presence of TEMPOL, a free radical scavenger with antioxidant prop-
erties. TEMPOL reduced cytotoxicity by approximately 40% in cultures 
treated with 3.3 μM (p < 0.05) and 10 μM (p < 0.01) hemin (Fig. 5F, 3.3 
μM: 16.5% ± 2.5% with TEMPOL vs 28.8% ± 3.5% without TEMPOL 
and 10 μM: 21.8% ± 4.4% with TEMPOL vs 35.5% ± 4.4% without 
TEMPOL), demonstrating that the detrimental effects of hemin in 
myelinating cultures are not only porphyrin- and iron-dependent but 
involve a significant contribution from ROS-dependent mechanisms. 

4. Discussion 

Understanding the mechanistic basis underlying demyelination and 
axonal loss in MS is essential if we are to generate fully effective treat-
ments for this devastating disease. In response to speculation whether 
haemoglobin and/or its break down products exacerbate tissue damage 
(Bamm et al., 2017) (Lewin et al., 2016), we compared the cytotoxic 
potential of iron and hemin in an in vitro model of the CNS. We found 
micromolar concentrations of hemin (3.3–10 μM) selectively mediated 
demyelination and axonal loss in this model system, but spared neuronal 
cell bodies, astrocytes as well as the majority of PLP+ oligodendrocytes 
and microglia. This degree of selectivity was unexpected as previous 
studies using monocultures of CNS cells demonstrate hemin is not only 
cytotoxic for oligodendrocytes, but also isolated astrocytes (Owen et al., 
2016) and neurons (Goldstein et al., 2003). 

We attribute this target specificity to a combination of effects. First, 
immune and direct fluorescent microscopy demonstrated hemin binds 
preferentially to myelin, axons, a population of oligodendrocytes, and, 
only at later time points, also co-localised with microglia. We suggest 
binding to myelin and other membranes is facilitated by the hydro-
phobic nature of the porphyrin ring that enables hemin to intercalate 
into and/or bind to membrane surfaces (Giri et al., 2018) (Schmitt et al., 
1993). Once intercalated into a membrane bilayer hemin is not only 
protected from degradation by heme‑oxygenases and sequestration by 
hemin-binding proteins such as hemopexin, but is also ideally located to 
initiate peroxidation of membrane proteins and long chain poly-
unsaturated lipids (Schmitt et al., 1993) (Bamm et al., 2017). Immune 
fluorescence and ELISA for 4-HNE confirmed hemin-induced peroxida-
tion, an effect predicted to result in destabilisation and destruction of 
affected structures, in this case the myelin sheath and axon. Suscepti-
bility of oligodendrocytes, myelin and axons will be further amplified by 
factors such as high levels of intracellular iron (Reinert et al., 2019) and 
polyunsaturated fatty acids (DeVries et al., 1981), as well as intrinsically 
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Fig. 1. Hemin preferentially targets the myelin/axon unit. Rat myelinating spinal cord cultures were treated with different concentrations of hemin (0.3–30 μM) or 
DMSO (vehicle control) at DIV28 for 24 h, (A) treatment with 3.3–30 μM hemin significantly increased cytotoxicity (LDH release in cell culture supernatants). Shown 
are mean ± SEM of five independent experiments; one-way ANOVA with Tukey’s post-test; **p < 0.01, ***p < 0.001. Fully myelinated cell cultures with a well- 
established network of axons (DIV28) were treated with different concentrations of hemin for 24 h: (B, C) immunofluorescence staining for myelin sheaths 
(MOG, yellow) and axons (SMI31, magenta) reveals a detrimental effect of 3.3–30 μM hemin on the integrity of both the myelin sheath and axons, (B) shown are 
representative confocal images (maximum intensity projection, scale bar: 20 μm). (C) The amount of intact myelin sheaths is significantly reduced in cultures treated 
with 3.3–30 μM hemin; mean ± SEM of four independent experiments; one-way ANOVA with Tukey’s post-test; *p < 0.05, **p < 0.01, ***p < 0.001. (D) Treatment 
with hemin results in a marked reduction of neurofilament levels as assessed by western blot. Shown are representative blots for untreated and hemin treated 
cultures; cell lysates (cytoplasmic fraction) were probed for phosphorylated neurofilament heavy and medium chain (SMI31, double band on top blot) and neu-
rofilament light chain (NF-L antibody, middle plot) in comparison to β actin loading control (bottom blot). Hemin treatment results in a significant reduction in the 
amount of neurofilament heavy, medium and light chain protein; mean ± SEM of at least three independent experiments, one-way ANOVA with Tukey’s post-test, *p 
< 0.05. (E) Probing for another marker of mature myelin (MBP, green) and axons (β tubulin III, red) reveals a similar detrimental effect on the myelin/axon unit; 
representative images, scale bar: 50 μm. (F) Scanning electron microscopy of DIV 28 myelinating cultures treated with 10 μM hemin for 24 h and labelled for myelin 
surface expression with MOG antibody and gold-conjugated species/isotype specific secondary antibody shows disintegration of axons (long tubular structures with 
smooth surface in the untreated cultures); MOG expression as visualized by gold labelling is indicated by white arrows and is localised on the axon surface; scale bar: 
5 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. Neurons and astrocytes are resistant to damage by low hemin concentrations. (A) 10 μM hemin significantly reduces the number of oligodendrocytes (Olig2+, 
PLP+) after 24 h in myelinating cell culture (DIV28); left panel shows representative images of Olig2+ (top, red) and PLP+ oligodendrocytes (bottom, magenta), scale 
bar: 50 μm. Quantification of oligodendrocyte (Olig2+ or PLP+ cells) numbers show a significant reduction after treatment with 10 μM hemin; mean ± SEM of four 
independent experiments, one-way ANOVA with Tukey’s post-test, *p < 0.05, **p < 0.01. (B, C) 24-h treatment of myelinating cultures with 3.3 and 10 μM hemin 
has no effect on neuronal soma (B, NeuN, green) or astrocyte densities (C, GFAP, green). Left panels show mean ± SEM of at least four independent experiments, one- 
way ANOVA with Tukey’s post-test. Right panels: representative images for neuronal soma (B: NeuN, green) and astrocytes (C: GFAP, green); scale bar: 50 μm. (D) 
DIV28 myelinated cultures treated with 10 μM hemin show a significant reduction in microglia numbers (Iba1+) after 24 h of treatment; representative images of 
Iba1+ microglia (magenta), scale bar: 50 μm. Quantification of microglia (Iba1+ cell) numbers show a significant reduction after hemin treatment; mean ± SEM of 
five independent experiments, one-way ANOVA with Tukey’s post-test, *p < 0.05. (E) Myelinating cultures were treated with hemin or vehicle control in the absence 
or presence of a colony-stimulating factor 1 receptor (CSF-1R) inhibitor PLX3397 (1 μM from DIV18–28; designated as “+”), which almost completely depletes 
microglia in these cultures. After 24 h of hemin treatment, supernatants were harvested and analysed for LDH release. As shown previously, 3.3 and 10 μM hemin 
treatment resulted in an increased LDH release. This hemin-induced cytotoxicity was, however, not significantly reduced in microglia depleted cultures (designated 
as “+”); shown are mean ± SEM of seven independent experiments. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 3. Hemin treatment induces a pro-inflammatory phenotype in microglia. (A) DIV28 myelinating cultures (3 independent biological repeats per treatment group) 
were treated with 10 μM hemin for 24 h and transcript levels of 84 rat cytokines/chemokines were determined by RT2 Profiler PCR Arrays “Rat Cytokines & 
Chemokines”. This reveals an up-regulation of a variety of pro-inflammatory cytokines and chemokines after hemin treatment; shown is the 2-ΔCt scatter plot of 
treatment (10 μM Hemin, y-axis) vs control (x-axis) group, black line indicates fold change of 1 and grey lines a fold change of +/− 3; bold: genes validated by qPCR. 
(B, C) Myelinating cultures were treated with hemin or vehicle control in the absence or presence of the potent microglia inhibitor Pexidartinib (PLX3397, 1 μM from 
DIV18–28; designated as “+”), which leads to almost complete depletion of microglia in these cultures. After 24 h of hemin treatment, supernatant was harvested and 
CCL2 (B) and CXCL1 (C) levels determined by ELISA. Both treatment with 3.3 or 10 μM hemin significantly increase CCL2 and CXCL1 secretion and this is dependent 
on the presence of microglia in the myelinating cultures; shown are mean ± SEM of at least four independent experiments, one-way ANOVA with Tukey’s post-test,* 
p < 0.05. 
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Fig. 4. Hemin preferentially interacts with 
myelin and neurites. Rat myelinating spinal 
cord cultures were treated with different 
concentrations of hemin (0.3–30 μM) or 
DMSO (vehicle control) at DIV28. (A) Hemin 
antibody binding (red) to cell surface co- 
localizes with Olig2 expression (green) after 
30 min treatment of myelinating cultures 
with 30 μM hemin; scale bar: 20 μm. (B) 
Excitation/Emission map of hemin lumines-
cence, from a 60 nM hemin solution in 
DMSO. A clear emission peak is observed at 
420–480 nm, excited maximally at 350–390 
nm. The diagonal line seen in the upper left 
quadrant results from Rayleigh scattering of 
the excitation light, and porphyrin emission 
is weakly observed at 630 and 700 nm. (C, 
D) Fluorescent properties of hemin were 
utilized for direct detection of hemin binding 
in cell culture, by imaging emission between 
420 and 450 nm at an excitation of 385–405 
nm (“Hemin channel, white”) in combina-
tion with conventional fluorescent signal for 
myelin sheets (MOG, green), axons (SMI31, 
red), oligodendrocyte lineage cells (O4, 
magenta) or microglia (Iba1, magenta). (C) 
Confocal images (maximum intensity pro-
jection) of DIV28 myelinating cultures 
treated with 10 μM hemin for 12 h show 
hemin preferentially binds to myelin sheets 
(green arrows), oligodendrocytes (magenta 
arrows) and, to some extent, to axons (red 
arrows); scale bar: 50 μm. (D) After treat-
ment with 10 μM hemin for 24 h hemin 
binds to myelin fragments (green arrows) 
and, to some extent, to microglia (magenta 
arrows); note: untreated cultures show only 
a very weak background signal in the 
“Hemin channel” compared to hemin treated 
cultures due to some auto fluorescence of 
cells; scale bar: 50 μm. (For interpretation of 
the references to colour in this figure legend, 
the reader is referred to the web version of 
this article.)   
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low levels of glutathione and other antioxidant defence mechanisms 
(Thorburne and Juurlink, 1996) (Juurlink et al., 1998) (French et al., 
2009) and high metabolic rate/oxygen consumption. This may explain 
why myelin, oligodendrocytes and axons are the compartments most 
susceptible to oxidative damage after partial transection of the optic 
nerve (Giacci and Fitzgerald, 2018), as well as in active MS lesions 
(Haider et al., 2011). However, why myelin and axonal loss are not 
accompanied by a corresponding loss of neurons in our in vitro model 
remains unclear. Mechanistically this may be related to Wallerian 
degeneration in which activation of sterile alpha and TIR motif- 
containing protein 1 (SARM1) promotes axonal degeneration whilst it 
is attenuated by nicotinamide mononucleotide adenylyltransferase 
(NMNAT) (Conforti et al., 2014) (Coleman and Höke, 2020) (Figley 
et al., 2021). However, it should be noted that acute axonal injury is not 
necessarily associated with Wallerian degeneration in MS or its animal 
model, experimental autoimmune encephalitis (EAE) (Singh et al., 
2017). Furthermore, acute axonal damage in EAE is mediated by reac-
tive oxygen and nitrogen species (Sorbara et al., 2014) and when disease 
is induced in mice carrying the Wallerian degeneration slow (Wld S) 
mutation this pathology is largely unaffected (Singh et al., 2017). 

In addition to passive uptake, hemin is also actively imported into 
cells via heme transporters, such as heme carrier protein 1 (HCP-1), 
heme responsive gene-1 (HRG-1) and divalent metal transporter 1 
(DMT-1) (Rajagopal et al., 2008; Yanatori et al., 2010), and by endo-
cytosis of hemin scavengers, such as haptoglobin or hemopexin (Done-
gan et al., 2019) (Ascenzi et al., 2005). All these heme transporters are 
transcriptionally expressed in the CNS, albeit at different levels in neu-
rons, oligodendroglia, astrocytes and microglia (Zhang et al., 2014). 
Functionally, HCP-1 contributes to hemin uptake by astrocytes and 
neurons (Dang et al., 2010) (Dang et al., 2011b) whilst HRG-1 is highly 
expressed in myelinating oligodendrocytes (Zhang et al., 2014) where it 
might function as an endosomal heme transporter (O’Callaghan et al., 
2010) (Yanatori et al., 2010). It is tempting to speculate HRG-1 
expression contributes to the susceptibility of oligodendrocytes and 
myelin to hemin-mediated injury. However, we suggest when present at 
low levels, cellular import of hemin is more likely to result in detoxifi-
cation through intracellular degradation and subsequent recycling/ 
sequestration of its degradation products; a mechanism that may 
contribute to the inability of low concentrations of hemin to kill neurons 
and astrocytes in this study. Furthermore, others demonstrated astro-
cytes are consistently more resistant to the detrimental effects of iron 
and hemin than oligodendrocytes or neurons in vitro (Regan and Panter, 
1993; Zhang et al., 2005) (Chen-Roetling and Regan, 2006) (Kress et al., 
2002) (Oshiro et al., 2008). This may be due to robust astrocytic 
expression of several iron efflux proteins which limit their ability to 
accumulate iron (Zarruk et al., 2015), as well as high levels of anti- 
oxidative mediators such as heme oxygenase-1 and peroxisome 
proliferator-activated receptor gamma coactivator 1 (Chen-Roetling 

et al., 2005; Nijland et al., 2014) (Xu et al., 2016; Yu et al., 2016). In the 
case of microglial uptake of hemin, this may be via the heme transporters 
HCP-1 and DMT-1 or alternatively, due to phagocytosis of hemin- 
containing myelin debris. We currently favour the latter as significant 
numbers of hemin+ microglia were only detected once cultures were 
actively demyelinating. 

On a mechanistic level, we demonstrated hemin-induced cytotox-
icity is iron-dependent, as neither PPIX nor zinc-substituted PPIX 
induced significant LDH release in myelinated cultures. However, 
complexing Fe3+ within the protoporphyrin ring clearly amplifies its 
cytotoxic potential, as much higher concentrations of FeCl3 were 
required to initiate a similar degree of demyelination and axonal loss. 
Similar findings were reported using astrocyte cultures, in which hemin 
or lipophilic iron compounds were also significantly more toxic than free 
iron (Owen et al., 2016) (Robb and Connor, 1998). In this context, he-
min’s protoporphyrin ring not only allows it to intercalate into mem-
brane bilayers, but also appears to stabilize soluble Fe2+ whereas 
treatment with non-hemin iron results in accumulation of insoluble Fe3+

within cells (Owen et al., 2016). Lipid peroxidation products, as assessed 
by monitoring 4-HNE, can be then explained by Fe2+ mediated forma-
tion of ROS and autocatalytic oxidation of membrane lipids (Ayala et al., 
2014). To confirm ROS production plays a significant role in hemin- 
induced cytotoxicity, we investigated the effects of TEMPOL, an anti-
oxidant and free radical scavenger, on hemin-induced cytotoxicity. 
TEMPOL inhibited hemin-induced LDH release by 40%, an effect similar 
to that reported for astrocytes (Laird et al., 2008). This confirms ROS 
play a central role in hemin-induced cytotoxicity, but we wish to stress 
this represented only one facet of a multifactorial process that involve 
contributions from other mechanisms including ferroptosis. 

Depleting cultures of microglia prior to hemin treatment demon-
strated its cytotoxicity in this in vitro model is microglial-independent. 
Nonetheless, hemin does activate microglia as demonstrated by their 
adopting an amoeboid morphology and expression of pro-inflammatory 
mediators in this and other studies (Zhang et al., 2006) (Sayeed et al., 
2017) (Lin et al., 2012). Our data indicate that whilst this response is not 
cytotoxic per se, the associated induction of pro-inflammatory chemo-
kines will promote immune cell recruitment and lesion development in 
vivo. This raises questions as to the functional significance of iron-laden 
microglia observed at the rim of active MS lesions which has led to 
speculation they contribute to lesion development (Dal-Bianco et al., 
2017) (Zrzavy et al., 2017) (Mehta et al., 2013). Is this actually true, or is 
this increase in microglial iron an epiphenomenon reflecting seques-
tration and detoxification of iron derived from haemoglobin and/or 
oligodendrocytes? 

In summary, we demonstrate hemin, a major haemoglobin break-
down product, mediates demyelination and axonal loss in an in vitro 
model of the CNS. This detrimental effect is highly selective, involves 
iron-dependent stimulation of ROS production and lipid peroxidation 

Fig. 5. Mechanistic basis of hemin cytotoxicity. (A) In myelinating cultures, 24-h treatment with 10 μM hemin results in a significant reduction of intact myelin 
sheaths, whereas equimolar concentrations of FeCl3 has no detrimental effect on the myelin/axon unit. It requires much higher concentrations of FeCl3 (250 μM) to 
induce damage similar to that seen after treatment with 10 μM hemin. Top panel: mean ± SEM for quantification of myelin ensheathment of five independent 
experiments; one-way ANOVA with Tukey’s post-test; **p < 0.01, ***p < 0.001; bottom panel: representative immune-fluorescence images for myelin (MOG, green) 
and axons (SMI31, red) after treatment with different concentrations of FeCl3, scale bar: 20 μm. (B) 3.3–30 μM hemin treatment induces increased LDH release, 
whereas equimolar concentrations of protoporphyrin IX (PPIX, “Hemin without iron”; top panel) or Zn2+ protoporphyrin IX (Zn PPIX; bottom panel) do not result in 
an increased cytotoxicity; LDH release shown as mean ± SEM of four independent experiments. (C) Myelinating cultures were treated with 3.3 or 10 μM hemin or 
vehicle control in the absence or presence of a ferroptosis inhibitor (2 μM ferrostatin-1) and after 24 h of treatment, LDH release was assessed. The ferroptosis 
inhibitor could partly inhibit the cytotoxic effect of 3.3 μM hemin, but had only a minor effect in the 10 μM hemin treatment group. Shown are mean ± SEM of six 
independent experiments, one-way ANOVA with Tukey’s post-test, **p < 0.01. (D, E) Hemin exposure increases lipid peroxidation as assessed by increase in the lipid 
peroxidation product 4-Hydroxynonenal (4-HNE). Treatment with 10 μM hemin for 24 h significantly increases 4-HNE expression; (D) representative immunoflu-
orescence staining for 4-HNE (red on left; white on right), scale bar: 50 μm; (D, bottom left): quantification of 4-HNE expression by immunofluorescence, mean ±
SEM of four independent experiments, one-way ANOVA with Tukey’s post-test,* p < 0.05. (E) quantification of cytoplasmic 4-HNE via ELISA, mean ± SEM of five 
independent experiments, one-way ANOVA with Tukey’s post-test,* p < 0.05. (F) The presence of 100 μM TEMPOL, a membrane-permeable free radical scavenger 
with antioxidant properties, significantly reduces cytotoxicity induced by 3.3 or 10 μM hemin (24 h treatment of DIV28 myelinating cultures); mean ± SEM of six 
independent experiments, one-way ANOVA with Tukey’s post-test,* p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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and occurs at concentrations at which free iron has no cytotoxic effect. 
These findings lend further support to the hypothesis haemoglobin 
break down products contribute to lesion development in MS and other 
neurological diseases. 
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