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A B S T R A C T

Heme Oxygenase-1 (HO-1), a stress- responsive enzyme which catalyzes heme degradation into iron, carbon
monoxide, and biliverdin, exerts a neuroprotective role involving many different signaling pathways. In
Parkinson disease patients, elevated HO-1 expression levels in astrocytes are involved in antioxidant defense. In
the present work, employing an in vitro model of Mn2+-induced Parkinsonism in astroglial C6 cells, we in-
vestigated the role of HO-1 in both apoptosis and mitochondrial quality control (MQC). HO-1 exerted a pro-
tective effect against Mn2+ injury. In fact, HO-1 decreased both intracellular and mitochondrial reactive oxygen
species as well as the appearance of apoptotic features. Considering that Mn2+ induces mitochondrial damage
and a defective MQC has been implicated in neurodegenerative diseases, we hypothesized that HO-1 could
mediate cytoprotection by regulating the MQC processes. Results obtained provide the first evidence that the
beneficial effects of HO-1 in astroglial cells are mediated by the maintenance of both mitochondrial fusion/
fission and biogenesis/mitophagy balances. Altogether, our data demonstrate a pro-survival function for HO-1 in
Mn2+-induced apoptosis that involves the preservation of a proper MQC. These findings point to HO-1 as a new
therapeutic target linked to mitochondrial pathophysiology in Manganism and probably Parkinson´s disease.

1. Introduction

Heme Oxygenase-1 (HO-1) is a stress-responsive enzyme that cata-
lyzes the rate-limiting step of heme degradation into biliverdin/bilir-
ubin, free iron and CO (Tenhunen et al., 1968; Ryter and Choi, 2002).
Its expression is induced by a wide array of pro-oxidant and in-
flammatory stimuli in order to generate adaptive responses against
stress in many different cell types (for references, see Gozzelino et al.,
2010). The beneficial effects of HO-1 are not merely due to heme de-
gradation but also to its end products, particularly CO and biliverdin/

bilirubin, which exert potent anti-oxidant, anti-inflammatory and anti-
apoptotic effects (Agarwal and Bolisetty, 2013). Nevertheless, it should
be noted that elevated brain HO-1 levels constitute an anatomopatho-
logical feature of neurodegenerative disorders such as Parkinson and
Alzheimer diseases. Whether HO-1 induction in neurodegeneration
leads to redox homeostasis restoration or to pathological free iron de-
position and bioenergetic failure, still remains elusive (Cuadrado and
Rojo, 2008; Schipper, 2011; Hettiarachchi et al., 2017).

Manganism is a neurodegenerative disorder caused by chronic ex-
posure to manganese (Mn) which clinically resembles Parkinson's
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disease. Mn overexposure often occurs under certain occupational and
environmental settings causing its accumulation in the central nervous
system (CNS), predominantly in the basal ganglia (Roth, 2009). Mn
preferentially concentrates in astrocytes given the expression of high-
capacity transporters in these cells. As a consequence, astrocytes pre-
sent intracellular Mn levels 50–60 fold higher than neurons (Aschner
et al., 1992). Thus, astrocytes have been proposed as initial targets of
Mn neurotoxicity which may induce and/or exacerbate neuronal dys-
function (Milatovic et al., 2007). Mn cytotoxicity involves oxidative
stress, mitochondrial damage, and apoptotic cell death (Alaimo et al.,
2011, 2014; Gunter et al., 2006; Milatovic et al., 2007; Roth, 2009).

Mitochondria are crucial for many essential cellular processes, in-
cluding ATP synthesis, energy metabolism, redox signaling, and cell
death. Its proper functioning is maintained by the mitochondrial quality
control (MQC) machinery, an integrated network of pathways involving
mitochondrial dynamics, biogenesis and mitophagy (Palikaras et al.,
2015). Impairments in these quality control systems may produce de-
fective mitochondria accumulation, as well as failed mitochondrial
transport and distribution, leading to neuronal degeneration and onset
of several neurodegenerative diseases (Dupuis, 2014; Suliman and
Piantadosi, 2016).

Previous work from our group showed increased mitochondrial
fission and mitophagy in Mn2+-exposed astroglial cells, suggesting that
an imbalance in the MQC mechanisms is involved in cellular damage
(Alaimo et al., 2014; Gorojod et al., 2017). Based on this evidence and
the recent research describing a protective role for HO-1 by regulating
the MQC balance (Hull et al., 2016), we aimed to establish the possible
induction of HO-1 in astroglial C6 cells challenged with Mn2+ with
special focus on mitochondrial integrity and MQC regulation. Our re-
sults show for the first time that HO-1 is relevant for astroglial cell
survival after Mn2+ exposure by counteracting ROS production and
inhibiting apoptosis. We also demonstrate that HO-1 confers broad
protective effects in MQC. These results would be relevant for the de-
sign of new therapeutic strategies aimed to improve mitochondrial in-
tegrity and upregulate cellular defenses both in Manganism and other
neurodegenerative diseases.

2. Material and methods

2.1. Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM), trypsin, manganese
chloride, hemin from bovine, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-di-
phenyl-tetrazolium bromide (MTT), Hoechst 33258 fluorochrome, 2′,7′-
dichlorodihydrofluorescein diacetate (DCDHF-DA) and ECL detection
reagents (luminol and p-coumaric acid) were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). Sn(IV) Protoporphyrin IX dichloride
(SnPP) was from Frontier Scientific Europe Ltd. (Lancashire, UK). Fetal
bovine serum (FBS) was obtained from Natocor (Córdoba, Argentina).
Streptomycin, penicillin and amphotericin B were from Richet (Buenos
Aires, Argentina). N-(2-hydroxyethyl) piperazine-N´-(2-ethane-sulfonic
acid) (HEPES) was from ICN Biomedicals (Irvine, CA, USA). SB203580,
SP600125, PD98059 and LY294002 inhibitors were from Calbiochem
(La Jolla, CA, USA). MitoTracker Red CMXRos and MitoSOX Red were
from Molecular Probes (Eugene, OR, USA).

The following antibodies were employed: anti-HO-1 (StressGen
Bioreagents Corp, Victoria, BC, Canada); anti-p-JNK (G7) sc-6254, anti-
p-ERK (E-4) sc-7383, anti-p-p38 (Thr 180/Tyr 182) sc-17852-R, anti-
JNK1 (G-13) sc-46006, anti-ERK2 (C-14) sc-154, anti-p38 (N-20) sc-
728, anti-NRF-1 (H-300) sc-33771, anti-β-Actin (C4) sc-47778, anti-
MAP LC3β sc-16755, anti-TOM-20 (FL-145) sc-11415, anti-rabbit IgG-
HRP sc-2030, anti-mouse IgG-HRP sc-2031, anti-goat IgG-HRP sc-2020
(Santa Cruz Biotechnology); anti-Akt #9272, anti-phospho-Akt
(Ser473) #9271 (Cell Signaling Technology, Danvers, MA, USA); Alexa
fluor 488 donkey anti-goat (A-11055), Alexa Fluor 555 goat anti-rabbit
IgG (H+L) (Molecular Probes); anti-PGC1-α (101707) (Cayman

Chemical Company).

2.2. Cell culture

Rat C6 cells (ATCC CCL-107) were maintained in DMEM supple-
mented with 10% heat-inactivated FBS, 2.0mM glutamine, 100 units/
ml penicillin, 100 μg/ml streptomycin and 2.5 μg/ml amphotericin B.
Cells were cultured at 37 °C in a humidified atmosphere of 5% CO2-95%
air, and the medium was renewed three times a week. For all experi-
ments, C6 cells were removed with 0.25% trypsin-EDTA diluted with
DMEM 10% FBS and re-plated into multi-well plates. After 24 h,
70–80% confluent cultures were exposed to 750 μM MnCl2 (Mn2+) in
serum free (SF) media.

All experiments containing SnPP or hemin were conducted in the
dark with a dim light to minimize inactivation of these compounds. Cell
culture plates or petri dishes were kept in the dark.

2.3. Plasmids and transfections

The human pcDNA3 HO-1 expression vector was kindly provided by
Dr. M. Mayhofer (Clinical Institute for Medical and Chemical
Laboratory Diagnostics, University of Vienna, Vienna, Austria).

For transfections, C6 cells were seeded and allowed to grow for 24 h
until 50–60% confluence. Transfection complexes were prepared in SF
media in a ratio PEI:DNA 3.75:1. Mixtures were vortexed, incubated
10min at RT and then drop-wise added to the cells in S serum sup-
plemented media. After 5 h, media was renewed. Mn2+ exposure was
conducted at 24 h post-transfection.

2.4. Assessment of cell viability by MTT assay

The conversion of MTT to formazan by mitochondrial dehy-
drogenases was used as an index of cell viability according to the
protocol previously described (Alaimo et al., 2011). After exposure,
cells grown on 96-well plates were washed with PBS and incubated
with MTT (0.125mg/ml) in culture media for 90min at 37 °C. Then,
media was removed and formazan was solubilized in 200 μl of DMSO.
Absorbance was measured at 570 nm with background subtraction at
655 nm in a BIO-RAD Model 680 Benchmark microplate reader (BIO-
RAD laboratories, Hercules, CA, USA). The MTT reduction activity was
expressed as a percentage of control cells.

2.5. Western blotting

Western blots were performed according to the protocol described
(Alaimo et al., 2011; Gorojod et al., 2015). Briefly, cells were suspended
in lysis buffer (50mM HEPES/ 0.1% Triton X-100 pH 7.0, 0.5 mM
PMSF, 10 μg/ml aprotinin and 10 μg/ml benzamidine), incubated for
30min at 4 °C and sonicated. After centrifugation (10,000xg, 20min,
4 °C), protein concentration was determined using the Bradford assay.
Equal amounts of protein (60–80 μg) from each treatment were sepa-
rated by 10–12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
and blotted onto nitrocellulose membranes (Hybond ECL, GE Health-
care, NJ, USA). Transference efficiency was verified by staining the
membrane with Ponceau Red. Non-specific binding sites were blocked
by 5% non-fat dried milk in TBS (150mM NaCl in 50mM Tris-HCl
buffer pH 8) containing 0.1% SDS, for 90min and then incubated with
specific antibodies overnight (ON) at 4 °C. The primary antibody reac-
tion was followed by incubation for 1 h with horseradish peroxidase-
conjugated secondary antibodies. All antibodies were diluted in TBST
(150mM NaCl, 0.05% Tween 20, in 10mM Tris-HCl buffer pH 8) with
3% non-fat dried milk. Immunoreactive bands were detected employing
enhanced chemiluminescence western blotting detection reagents
(ECL). Images were captured with the luminescent LAS 1000 plus Image
Analyser employing LAS 1000 pro software (Fuji, Tokyo, Japan).
Quantitative changes in protein levels were evaluated employing
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ImageJ software (NIH). The molecular weight of proteins was estimated
by electrophoresis of protein markers (Fermentas Life Sciences, CA,
USA).

2.6. Detection of apoptotic cells by fluorescence microscopy

The analysis of nuclear morphology was assessed as described
(Alaimo et al., 2011). Cells were sub-cultured on glass coverslips in 12-
well plates at a density of 6× 104 cells/well. After treatments, cells
were washed with PBS and fixed with 4% paraformaldehyde/4% su-
crose (4% PFA) for 20min at room temperature (RT). Then, cells were
washed twice with PBS and stained with Hoechst 33258 (1 μg/ml,
10 min). Finally, coverslips were washed and mounted in PBS-glycerol
(1:1, v/v). Images were analyzed employing an Olympus IX71 micro-
scope equipped with objective lens 100X/1.65 oil (λex: 350/50 nm;
λem: 460/50 nm) (Olympus Corporation, Tokyo, Japan). Images were
captured with a Hamamatsu Photonics ORCA-ER camera (Hamamatsu
Photonics K.K., Systems Division, Hamamatsu, Japan). Digital pictures
were analyzed and assembled using Adobe Photoshop 7.0 software.
Cells with uniformly stained nuclei were scored as viable (normal),
whereas those with condensed or fragmented nuclei were considered as
apoptotic cells.

2.7. Cellular and mitochondrial reactive oxygen species (ROS) detection

2.7.1. Total ROS levels
Intracellular ROS production was measured by the oxidation of

DCDHF-DA to the highly fluorescent compound 2′,7′-dichloro-
fluorescein (DCF). After treatments, cells grown on coverslips were
incubated with DCDHF-DA 10 μM for 30min at 37 °C in the dark.
Samples were observed using a Nikon Eclipse E600 microscope (Nikon
Instech Co., Ltd., Karagawa, Japan) employing FITC filters (λex:
450–490 nm; λem: 515 nm). Images were captured with a Nikon
CoolPix5000 digital camera and the average DCF fluorescence intensity
was calculated employing ImageJ software.

2.7.2. Mitochondrial ROS production
MitoSOX Red, a cationic derivative of dihydroethidium (DHE), is a

dye used to determine mitochondrial-derived superoxide anion (O2
•−)

generation. It reacts with O2
•− faster than DHE and is rapidly targeted

to the mitochondria, where it is oxidized by O2
•− to form 2-hydro-

xymitoethidium, which excites and emits at 510 and 580 nm, respec-
tively. MitoSOX Red can also undergo unspecific reactions with other
oxidants to form mito-ethidium, which overlaps the 2-hydro-
xymitoethidium fluorescence peak (510 nm). Thus, it has been pro-
posed another specific excitation peak at 400 nm for 2-hydro-
xymitoethidium (Robinson et al., 2008). Therefore, two different
excitation wavelengths are used to distinguish the O2

•- and other oxi-
dative products. After treatments, cells were loaded with MitoSox Red
5 μM for 10min at 37 °C in the dark. Fluorescence intensity of the cell
lysates was measured in a FLUOstar OPTIMA fluorometer (BMG LAB-
TECH, Ortenberg, Germany) (λex: 510 nm or 400 nm; λem: 590 nm).
Values were normalized to the total amount of proteins determined by
Bradford assay.

2.8. Mitochondrial integrity and morphometric analysis

After Mn2+ exposure, cells grown on coverslips were washed twice
with PBS and incubated with the cell-permeant mitochondria-specific
fluorescent probe MitoTracker Red CMXRos (75 nM in SF, 30 min,
37 °C). Afterwards, cells were washed twice with PBS and fixed with 4%
PFA (20min at RT). Finally, cells were washed with PBS and mounted
on glass slides. Samples were examined under a fluorescence micro-
scope Olympus IX71 equipped with objective lens 60X/1.43 oil (λex:
543/20 nm; λem: 593/40 nm). Images were captured with a
Hamamatsu Photonics ORCA-ER camera. Digital images were

optimized for contrast and brightness using Adobe Photoshop 7.0
Software.

Mitochondrial morphology was classified as tubular (normal), in-
termediate (mixed) or fragmented (small, rounded and/or swollen)
mitochondria according to Alaimo et al. (2011, 2014). Cells without
probe retention were classified as “loss of mitochondrial membrane
potential (Δφm)”. A total of 200 cells were scored for each sample.

Morphometric parameters were determined by using the Mito-
Morphology Macro of ImageJ software previously described (Dagda
et al., 2009). MitoTracker Red CMXRos images were thresholded to
optimally resolve individual mitochondria. The area/perimeter ratio
and inverse roundness were calculated and employed as indexes of
mitochondrial interconnectivity and mitochondrial elongation, respec-
tively.

2.9. Immunocytochemistry

2.9.1. Mitophagy
Double-immunocytochemistry was assessed as described (Gorojod

et al., 2015). Fixed samples were permeabilized with Triton X-100
0.25% in PBS (10min, RT), washed 3 times with PBS (5min) and
blocked with 1% BSA in PBST (Tween 20 0.1% in PBS) ON at 4 °C.
Coverslips were incubated with a solution of anti-MAP LC3β and anti-
TOM-20 (1:100 and 1:500, respectively) for 1 h at RT, washed 3 times
with PBS and incubated with a solution of Alexa 488 anti-goat IgG
(1:1000; 1 h, RT in the dark). After 3 washes with PBS, samples were
incubated with Alexa 555 anti-rabbit IgG (1:1000; 1 h, RT in the dark).
Finally, coverslips were washed three times with PBS and mounted with
a solution of PBS- glycerol (1:1, v/v). Samples were analyzed under a
FV300 confocal fluorescence microscope (Olympus Optical Co.)
equipped with the image acquisition software Fluoview 5.0 (Olympus
Optical Co.). An Olympus 60x oil-immersion Plan Apo objective (nu-
merical aperture: 1.4) was employed. Sequential scanning of slices with
Argon (λ: 488 nm) and Helium-Neon (λ: 543 nm) lasers was performed
to reduce bleed-through of the fluorescence signal. Manders’ overlap
coefficient (R) was calculated employing the intensity correlation
analysis plug-in for ImageJ software (U. S. National Institutes of Health,
Bethesda, MD, USA) with subtraction of the mean value plus 3x the
standard deviation of the background.

2.9.2. Biogenesis
Immunocytochemistry was assessed as described (Alaimo et al.,

2013). Fixed samples were permeabilized with 0.25% Triton X-100 in
PBST (0.1% Tween 20 in PBS pH 7.4) for 10min at RT and washed
three times with PBS (5min). Non-specific binding sites were blocked
with 1% BSA in PBST for 30min at RT. Coverslips were incubated with
anti-PGC-1α or NRF-1 antibodies (ON, 4 °C), washed three times with
PBS and then incubated with an Alexa 555 anti-rabbit IgG antibody
(1 h, RT) in the dark. Finally, nuclei were counterstained employing
Hoechst 33258 fluorescent probe. After washing with PBS, coverslips
were mounted with PBS-glycerol (1:1, v/v). Samples were examined
under a fluorescence microscope Olympus IX71 (Alexa 555, λex: 543/
20 nm, λem: 593/40 nm; Hoechst 33258, λex: 350/50 nm; λem: 460/
50 nm). The nuclear compartment was selected and fluorescence in-
tensity was calculated employing ImageJ software.

2.10. Statistical analysis

Experiments were carried out in triplicate unless otherwise stated.
Results are expressed as mean ± standard error of the mean (SEM)
values. Experimental comparisons between treatments were made by
Student’s t-test or one-way ANOVA, followed by Student-Newman-
Keuls post hoc test with statistical significance set at p < 0.05. All
analyses were carried out with GraphPad Prism 5 software (San Diego,
CA, USA).
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3. Results

3.1. HO-1 is cytoprotective against Mn2+-induced toxicity

The up-regulation of HO-1 plays a key role in protecting cells
against toxicity caused by oxidative insults (Gozzelino et al., 2010). In
the present work, C6 cells were exposed to 750 μMMn2+ for 1–24 h and
HO-1 expression levels were evaluated by western blot (Fig. 1). Mn2+

induced a time-dependent increase in HO-1 levels, ranging from two-
fold at 8 h (p < 0.001) to 23-fold after 24 h (p < 0.001).

HO-1 has been reported as a metabolic double-edged sword with
beneficial or detrimental effect on cell physiology (Wagener et al.,
2003). To determine the effect of HO-1 induction in Mn2+ toxicity we
first employed SnPP, a specific competitive pharmacological HO-1 in-
hibitor (Kappas et al., 1984). SnPP (10–50 μM) enhanced Mn2+ cyto-
toxicity measured by MTT assay (Fig. 2A). Particularly, 50 μM SnPP
increased 14 ± 4% (p < 0.05) Mn2+-induced cell death after 24 h
exposure. Considering that SnPP has previously shown to increase HO-1
expression (Sardana and Kappas, 1987), we next analyzed this effect. As
shown in Fig. 2B, SnPP per se induced HO-1 expression in a con-
centration-dependent manner. However, in the presence of Mn2+, SnPP
decreased Mn2+-induced HO-1 up-regulation for all the concentrations
tested.

As we have mentioned above, Mn2+ induces apoptotic cell death in
C6 cells (Alaimo et al., 2011). Thus, nuclear staining with Hoechst
33,258 was performed in order to analyze the effect of HO-1 inhibition
on apoptosis (Fig. 2C). Control cells exhibiting normal shaped and
uniformly stained chromatin were distinguished from apoptotic cells
presenting condensed and fragmented nuclei. Treatment with 50 μM
SnPP increased the occurrence of apoptosis in Mn2+-exposed cells, in
accordance with the reduction in cell viability observed on the MTT
assay (Fig. 2A).

Then, we carried out experiments to study the effect of HO-1 in-
duction (Tenhunen et al., 1970). For this purpose, cells were pre-in-
cubated with hemin (10–100 μM), exposed to 750 μM Mn2+ for 24 h
and cell viability was measured by MTT assay. 80 μM hemin prevented
Mn2+-induced cell death (15 ± 6%; p < 0.01) and increased HO-1
expression (18-fold; p < 0.001) (Figs. 3A and B). Moreover, hemin by
its own did not exert toxicity for all the concentration range tested, in
accordance with data obtained by Morita et al. (2009). In order to add
evidence about the protective action of HO-1 upregulation, cells were
transfected with a pcDNA3-HO-1 expression plasmid and then exposed
to Mn2+. HO-1 overexpression diminished 25 ± 12% Mn2+-induced
cell death (p < 0.01) supporting the results obtained by hemin treat-
ment (Fig. 3C and D). Finally, we explored the effects of 80 μM hemin
on the number of apoptotic nuclei. Our results showed that hemin
treatment diminished the number of condensed and fragmented nuclei
in Mn2+-exposed cells (12 ± 2%; p < 0.05) (Fig. 3E).

Data obtained in Figs. 2 and 3 demonstrates that HO-1 plays a re-
levant role counteracting Mn2+-induced apoptotic cell death in astro-
cytoma C6 cells. Moreover, both pharmacological and genetic enzyme
upregulation were effective to diminish Mn2+ toxicity. Thus, we next

investigated the signaling pathways involved in Mn2+-induced HO-1
induction.

3.2. ERK, p38 and PI3K/Akt pathways positively modulate HO-1
expression

The mitogen-activated protein kinases (MAPKs) are intermediate
targets on the pathway to Hmox1 gene regulation (Ryter et al., 2006).
This protein family is composed by the extracellular signal-regulated
kinase (ERK), c-Jun NH2-terminal kinase (JNK), and p38. These kinases
play central roles in the signaling pathways involved in cell prolifera-
tion, autophagy, differentiation, survival and apoptosis (Wada and
Penninger, 2004; Sridharan et al., 2011). As shown in Fig. 4A, Mn2+

treatment induced both ERK (p42: 157%, p < 0.001) and JNK (p54:
45%, p < 0.01; p46: 89%, p < 0.001) activation, whereas no sig-
nificant changes in p38 were detected. On this basis, and considering
that MAPKs can positively or negatively regulate HO-1 (Ryter et al.,
2002; Zhang et al., 2002), we investigated the effect of MAPKs in-
hibitors on HO-1 expression (Fig. 4B). Immunoblot analysis revealed
that ERK (PD98059, 25 μM) and p38 (SB203580, 10 μM) inhibition
partially prevented HO-1 induction (36 ± 7% and 30 ± 3%
p < 0.01, respectively) while JNK inhibitor (SP600125, 20 μM) did not
exert any effect.

The phosphatidylinositol 3-kinase (PI3K)/Akt pathway, which plays
a critical role in cell survival after multiple apoptotic insults, has also
been associated to Hmox1 gene transcription under oxidative stress
conditions (Martin et al., 2004). By immunoblotting, we demonstrated
that Mn2+ induced a decrease in pAkt levels (42 ± 4%; p < 0.01)
(Fig. 4C). Moreover, pre-incubation with the PI3K inhibitor LY294002
(20 μM) prevented HO-1 induction (19 ± 3%; p < 0.01) (Fig. 4D) and
increased Mn2+-induced cell death (18 ± 3%, p < 0.01) (Fig. 4E).

Overall, these results point to ERK, p38 and PI3K/Akt as modulators
of HO-1 expression in our model. However, while PI3K/Akt is relevant
for cell viability, neither p38 nor ERK pathways have impact on this
parameter (data not shown).

3.3. Hemin prevents ROS generation and Mn2+-induced mitochondrial
dysfunction

We have demonstrated that oxidative stress plays a critical role in
the onset of Mn2+-induced apoptosis in C6 cells (Alaimo et al., 2011).
Considering that HO-1 expression is expected to contribute to the
maintenance of redox homeostasis, we evaluated the effect of hemin on
ROS production. By employing the oxidation-sensitive probe DCDHF-
DA, we determined that hemin reduced (20 ± 3%; p < 0.05) the in-
tracellular ROS generated by Mn2+ (Fig. 5A). Moreover, the increase in
mitochondrial ROS induced by Mn2+ exposure (48 ± 13%, p < 0.01
and 55 ± 13% p < 0.001, measured at λex: 510 nm and 400 nm re-
spectively) was completely prevented by hemin treatment (Fig. 5B). To
gain information about mitochondrial integrity, we determined Δφm by
MitoTracker Red CMXRos staining (Fig. 5C). Results showed that hemin
prevented the occurrence of mitochondria exhibiting Δφm dissipation

Fig. 1. Mn2+ increases HO-1 levels in C6 cells. Cells were exposed to 750 μMMn2+ for 1–24 h. Cell lysates were run on SDS-PAGE and transferred to nitrocellulose
membranes. HO-1 expression was analyzed and normalized to β-Actin. ***p < 0.001 vs. control.
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(16 ± 2%; p < 0.001) in Mn2+-exposed cells. Taken together, these
data demonstrate that HO-1 decreases ROS generation and mitochon-
drial damage induced by Mn2+. Therefore, our next challenge was to
determine the underlying mechanisms leading to HO-1 mediated-mi-
tochondrial protection.

3.4. HO-1 plays a role in the maintenance of MQC

3.4.1. Mitochondrial dynamics
The dynamic nature of the mitochondrial network allows its re-

organization via fusion and fission processes. Thereby, dysfunctional
organelles can be repaired through the fusion with healthy mitochon-
dria, while those severely damaged are segregated by fission and
cleared through a specific autophagy mechanism termed mitophagy
(Westermann, 2010). We have previously found that Mn2+ induces an
imbalance in the fusion/fission equilibrium in C6 cells, leading to the
mitochondrial network fragmentation (Alaimo et al., 2011, 2014).
Considering previous work demonstrating a cytoprotective role for HO-
1 in heart by maintaining the MQC (Hull et al., 2016), we first eval-
uated the effect of hemin on mitochondrial dynamics. Our results de-
monstrated that pre-incubation with 80 μM hemin decreased 24 ± 8%
(p < 0.05) the number of cells presenting fragmented mitochondria
when compared to Mn2+ exposure alone (Fig. 6A). We next employed
the NIH ImageJ Mito-Morphology Macro that traces individual

mitochondria in an unbiased manner to compute several morphological
parameters. Mn2+ exposure reduced mitochondrial interconnectivity
(15 ± 4%, p < 0.05), elongation (60 ± 9%, p < 0.001) and mass
(53 ± 8%, p < 0.01), all of which were prevented by hemin (Fig. 6B).

3.4.2. Mitophagy
Previous findings from our group have demonstrated the occurrence

of mitophagy in Mn2+-exposed C6 cells (Gorojod et al., 2015). To
evaluate the implication of HO-1 on this MQC program, we determined
the degree of co-localization between autophagosomes (LC3) and mi-
tochondria (TOM-20) (Fig. 7A). We found that the Manders´ overlap
coefficient (R) was diminished in Mn2+-exposed cells treated with
hemin (Mn2+: 0.47 ± 0.05; hemin+Mn2+: 0.34 ± 0.02, p < 0.01),
indicating a decrease in the number of mitochondrion being eliminated
by mitophagy (Fig. 7B). This result suggests the presence of healthier
mitochondria in hemin-treated cells.

3.4.3. Biogenesis
Mitochondrial biogenesis is mediated by numerous transcription

factors in response to both intracellular signals and environmental sti-
muli. The master regulator of mitochondrial energy metabolism is the
peroxisome proliferator-activated receptor gamma co-activator 1-alpha
(PGC-1α), a member of the peroxisome proliferator activated receptor
family of transcription co-activators. This protein orchestrates the

Fig. 2. HO-1 inhibition by SnPP enhances Mn2+ injury. Cells were preincubated 1 h with SnPP (10, 25 or 50 μM) and then exposed to Mn2+ for 24 h. A. Cell
viability was measured by MTT assay. B. HO-1 expression levels were quantified and normalized to β-Actin. C. Normal and apoptotic nuclei (arrowheads) were
stained with Hoechst 33,258 (1 μg/ml) and observed by fluorescence microscopy (λem: 350/50 nm, λex: 460/50 nm). Magnification: 100× . Scale bar: 20 μm.
***p < 0.001 vs. control; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. Mn. A.U.: arbitrary units.
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activity of several transcription factors involved in mitochondrial bio-
genesis and function such as the nuclear respiratory factor-1 (NRF-1)
(Palikaras et al., 2015).

We evaluated the nuclear levels of PGC-1α (Fig. 8A) and its
downstream factor NRF-1 (Fig. 8B) by immunocytochemistry. Whereas
Mn2+ reduced the nuclear expression of PGC-1α (27 ± 10%,
p < 0.01) and NRF-1 (25 ± 9%, p < 0.001), pre-incubation with
hemin was able to restore nuclear expression to control values.

Altogether, these results point to HO-1 as playing a cytoprotective
role against Mn2+ toxicity by preventing mitochondrial fragmentation
and mitophagy and contributing to the biogenesis of new mitochondria
through PGC-1α/NRF-1 pathway.

4. Discussion

Brain is particularly susceptible to oxidative damage owing to its
large lipids composition, high energy demand, and less abundant an-
tioxidant defenses relative to other organs. Accordingly, ROS damage
has been detected within brain regions undergoing neurodegeneration
of Parkinson’s disease, Alzheimer’s disease and amyotrophic lateral
sclerosis patients (Andersen, 2004). The persistence of high levels of
ROS promotes damage to cell macromolecules leading to the activation
of apoptotic and necrotic cell death pathways. Thereby, setting up a
proper antioxidant defense is crucial to maintain cellular homeostasis.
Particularly, HO-1 is considered an important component of the cellular
antioxidant machinery. In the brain, HO pathway has been shown to act

Fig. 3. HO-1 induction is cytoprotective against Mn2+- induced cell death. A. The effect of hemin (10–100 μM) on Mn2+-induced cell death was measured by
MTT assay. B. Cells were treated with 80 μM hemin for 25 h. HO-1 expression levels were analyzed and normalized to β-Actin. (C–D) Cells were transfected with
pcDNA3-HO-1 (HO-1) or pcDNA3 empty vector (EV). C. Cell viability was measured by MTT after 24 h Mn2+ exposure. D. HO-1 expression levels were determined
by immunoblotting and expressed as a ratio to β-Actin. E. Cells were pretreated with 80 μM hemin, exposed to Mn2+ for 24 h and stained with Hoechst 33258.
Nuclear morphology was visualized by fluorescence microscopy (λem: 350/50 nm, λex: 460/50 nm). The number of cells with apoptotic nuclei was scored (200 cells
per sample). Magnification: 100× . Scale bar: 20 μm. ***p < 0.001 vs. control; ##p < 0.01, ###p < 0.001 vs. Mn. A.U.: arbitrary units.
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as a fundamental defensive mechanism for neurons exposed to oxidant
challenge (Cuadrado and Rojo, 2008), including Mn-induced oxidative
stress (Li et al., 2011a, 2011b; Taka et al., 2012).

The cytoprotective role of HO-1 has been also demonstrated in as-
trocytes after different insults. However, there is no information about

the role of HO-1 in the context of Mn-induced oxidative stress in as-
trocytes. Thus, we focused on this topic in our experimental in vitro
model of C6 cells exposed to 750 μM Mn2+ where we have already
characterized ROS-induced apoptotic cell death (Alaimo et al., 2011;
Gorojod et al., 2017). Mn2+ up-regulated HO-1 expression (Fig. 1) as

Fig. 4. MAPKs and Akt signaling on Mn2+-induced HO-1 expression. A. Cells were incubated with 750 μM Mn2+ for 24 h and lysates were subjected to SDS-
PAGE. pp38, pERK and pJNK were revealed by immunoblotting, quantified and normalized to p38, ERK2 and JNK1. B. Cells were pre-incubated (1 h) with p38
(SB203580, 10 μM), ERK (PD98059, 25 μM) or JNK (SP600125, 20 μM) inhibitors and HO-1 expression was analyzed by western blotting. Densitometric data was
normalized to β-Actin. C. Representative western blots of pAkt and total Akt in Mn2+- exposed cells. Images were quantified and normalized to β-Actin. D. HO-1
expression levels after 20 μM LY294002 pre-treatment were analyzed by immunoblotting. E. Cells were pre-treated (1 h) with 5, 10 or 20 μM LY294002 before Mn2+

exposure. Viability was measured by MTT assay. **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01 vs. Mn. A.U.: arbitrary units.
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Fig. 5. Hemin prevents ROS generation and Mn2+-induced mitochondrial dysfunction. A. Total ROS: cells were loaded with DCDHF-DA (10 μM) (λem:
450–490 nm, λex: 515 nm) and representative images of DCF fluorescence were obtained. Magnification: 100× . Scale bar: 20 μm. Green DCF fluorescence intensity
was quantified using ImageJ software. B. Mitochondrial ROS: cells were loaded with MitoSOX Red (5 μM) and fluorescence intensity was measured by spectro-
fluorometry (λex: 420 or 485 nm, λem: 590 nm). C. Cells were stained with MitoTracker Red CMXRos (75 nM) and analyzed by fluorescence microscopy. Cells with
loss of mitochondrial transmembrane potential (Δφm, white arrowheads) were identified and scored. Magnification: 100× . Scale bar: 10 μm. **p < 0.01,
***p < 0.001 vs. control; #p < 0.05, ###p < 0.001 vs. Mn. A.U.: arbitrary units(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).

Fig. 6. Hemin contributes to maintain the mitochondrial network integrity. A.Mitochondria were labelled with 75 nM MitoTracker Red CMXRos and visualized
by fluorescence microscopy (λex: 543/20 nm; λem: 593/40 nm). Magnification: 60× . 200 cells/ sample were scored and classified in three categories accordingly to
the mitochondrial morphology exhibited: tubular (normal), intermediate (mixed) and fragmented (small, rounded and/or swollen). B. Quantification of mi-
tochondrial interconnectivity, elongation and mass (Mito-Morphology macro, ImageJ). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control; #p < 0.05, ##p < 0.01
vs. Mn(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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reported in neuron-like PC12 (Li et al., 2011a, 2011b; Taka et al., 2012;
Jin et al., 2017) and microglial BV-2 cells (Park and Chun, 2017). To
elucidate the role of this protein in Mn2+ toxicity, we next performed
experiments by modulating its activity. The inhibition of HO-1 by SnPP

(Kappas and Drummond, 1986) potentiated both Mn2+-induced ap-
pearance of apoptotic nuclei and increased cell death (Figs. 2A and C).
Similar results were obtained by Srisook et al. (2005) who found that
HO-1 inhibition sensitized C6 cells to Cd-induced toxicity. SnPP also

Fig. 7. Effect of hemin on Mn2+-induced mito-
phagy. Immunocytochemical detection of TOM-20
(red) and LC3 (green) was performed to label mi-
tochondria and autophagosomes, respectively (Alexa
555, λex: 543 nm, λem: 585–605 nm; Alexa 488, λex:
488 nm, λem: 515–530 nm). A. Representative confocal
microscopy images of each condition. Scale bar: 10 μm.
B. Manders’ overlap coefficient (R) was employed to
quantify the degree of co-localization between TOM-20
and LC3. ***p < 0.001 vs. control and ##p < 0.01 vs.
Mn(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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induced an increase in HO-1 expression levels (Fig. 2B), an effect pre-
viously attributed to a positive feedback loop caused by HO-1 inhibition
(Sardana and Kappas, 1987). To add evidence about HO-1-mediated
cytoprotection, its expression was up-regulated by both a pharmaco-
logical and genetic strategies. Hemin, a known selective HO-1 inducer,
has previously proved to increase HO-1 activity (10 μM) and mRNA
levels (50–100 μM) in C6 cells (Schmidt et al., 1999). In our model, pre-
incubation with 80 μM hemin enhanced Mn2+-induced HO-1 up-reg-
ulation and prevented the appearance of apoptotic nuclei as well as cell

death (Figs. 3A, B and E). Accordingly, genetic HO-1 overexpression
was able to preserve cell viability (Figs. 3C and D). These results sup-
port a role for HO-1 in protecting cellular integrity towards Mn insult.

Several studies have shown that MAPKs (ERK, JNK and p38) as well
as PI3K/Akt regulate HO-1 expression in response to diverse stimuli.
Interestingly, Mn2+ activates these MAPKs in a time- and dose-depen-
dent manner in cultured rat astrocytes (Exil et al., 2014) and C6 cells
(Gorojod et al., 2015). In particular, our previous work showed that 750
μM Mn2+ exposure for 6 h in C6 cells increases both p-ERK and p-JNK

Fig. 8. Hemin maintains the nuclear PGC-1α and NRF-1 levels in Mn2+- exposed cells. Cells were immunolabeled with anti- (A) PGC-1α or (B) NRF-1 antibodies
(red) and nuclei were counterstained with Hoechst 33,258 (blue). Representative fluorescence images of each treatment are shown. Magnification: 100× . Scale bar:
20 μm. (A) PGC-1α and (B) NRF-1 expression levels in the nuclear compartment were quantified using ImageJ software. ***p < 0.001 vs. control and #p < 0.05,
###p < 0.001 vs. Mn. A.U.: arbitrary units(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 decreases p-Akt levels (Gorojod et al., 2015). In the present report,
we demonstrate that ERK, p38 and Akt are involved in HO-1 up-reg-
ulation after 24 h Mn2+ exposure (Fig. 4B and D). Considering that Mn-
mediated HO-1 induction in PC12 cells is not regulated by MAPKs (Li
et al., 2011a), our results suggest that different mechanisms could op-
erate in neurons and glial cells to induce HO-1 after Mn exposure.

Mitochondria are the major source and target of intracellular ROS.
Under physiological conditions, ROS act as redox signaling messengers.
However, when antioxidants/ROS balance is disrupted, elevated ROS
levels produce oxidative damage of mitochondrial DNA and proteins,
leading to electron transport chain disruption, decrease in ATP pro-
duction and Δφm dissipation (Fernández-Checa et al., 2010). Mn
overexposure has been widely associated to oxidative stress and mi-
tochondrial damage (Gonzalez et al., 2008; Prabhakaran et al., 2009;
Alaimo et al., 2011; Jiang et al., 2014). In the present study, we de-
monstrated that hemin prevented the increase of total (Fig. 5A) and
mitochondrial (Fig. 5B) ROS levels and contributed to the Δφm pre-
servation (Fig. 5C). Based on the aforementioned findings, we hy-
pothesized that HO-1 is induced, at least in part, to preserve a pool of
healthy mitochondria.

The landscape of mitochondrial research in the biomedical field has
become a hot spot in the last few years. Particularly, the MQC regula-
tion represents a potentially useful, but relatively unexplored area for
therapeutic innovation (Suliman and Piantadosi, 2016). Hitherto, lim-
ited effort has been made to understand the interplay between HO-1
and the MQC. In the current study, we revealed that HO-1 preserves all
MQC programs in astroglial cells undergoing Mn2+-induced oxidative
injury. First, we focused on mitochondrial dynamics. Evidence obtained
demonstrates that HO-1 exerts a protective role on Mn2+-injured cells,
by preserving the mitochondrial fusion/fission balance (Fig. 6). To our
knowledge, there is only one report about the role of HO-1 in mod-
ulating the MQC in an oxidative injury model in the heart (Hull et al.,
2016). There, HO-1 overexpression in mice inhibited the upregulation
of the mitochondrial fission mediator Fis1 and increased the expression
of the fusion mediators, Mfn1 and Mfn2. Shortly after, Yu et al. (2016a,
2016b), employing models of LPS-induced acute lung injury/acute re-
spiratory distress syndrome and LPS-treated alveolar macrophages,
demonstrated that hemin pre-treatment prevented the LPS-induced
changes in the fusion and fission proteins levels. Thus, these authors
added data in favor of HO-1 attenuating oxidative injury through the
modulation of mitochondrial dynamics.

Secondly, we focused on mitophagy, a crucial MQC program, in
charge of degrading damaged or redundant mitochondria excluded
from the mitochondrial network by the fission process (Kroemer et al.,
2010). In previous work, we have already described autophagy as a
protective mechanism against Mn2+ injury in C6 cells (Gorojod et al.,
2015). Here, we proved that hemin decreases the mitochondrial
clearance induced by Mn2+ (Fig. 7). These findings support our
aforementioned hypothesis that HO-1 contributes to preserve a healthy
mitochondrial population. Similarly, Hull et al. (2016) showed that the
protective effects of HO-1 overexpression where mediated by the
maintenance of the mitophagic pathway at homeostatic levels.

Mitophagy acts coordinately with mitochondrial biogenesis to
maintain proper energy levels in response to cellular metabolic state,
stress and other intracellular or environmental signals. Particularly,
mitochondrial biogenesis is defined as the set of molecular instructions
by which cells replace or increase their mitochondria through the
proliferation of pre-existing organelles (Palikaras et al., 2015; Suliman
and Piantadosi, 2016). An imbalance between mitochondrial degrada-
tion and proliferation events contributes to various pathological con-
ditions, including neurodegenerative diseases (Palikaras et al., 2015).

As we mentioned above, biogenesis is regulated by nuclear tran-
scription factors, such as NRF-1 and its coactivator PGC-1α (Palikaras
et al., 2015). We demonstrated that Mn2+ treatment decreases the
nuclear levels of PGC-1α and its downstream factor NRF-1 along with a
mitochondrial mass reduction (Figs. 6B and 8). In contrast, Exil et al.

(2014) reported that rat primary astrocytes exposed to Mn (100 and
500 μM; 6 and 24 h) exhibited elevated PGC-1α levels. This apparent
controversy could be due to the fact that we employed nuclear fractions
for western blot analysis while Exil et al. (2014) used total lysates. In
accordance with our findings, Zheng et al. (2010) demonstrated that
the bioenergetics-related genes responsive to the master regulator PGC-
1α are under-expressed in the substantia nigra of Parkinson's disease
(PD) patients. Taken together, evidence accumulated point out to PGC-
1α and NRF-1 as potential molecular targets associated with defective
mitochondrial function caused by different cytotoxic insults.

Incubation with hemin prior to Mn2+ addition increased the mi-
tochondrial mass and restored the PGC-1α and NRF-1 nuclear expres-
sion levels compared with Mn2+-treatment (Figs. 6B and 8). These re-
sults support a role for HO-1 in promoting mitochondrial biogenesis.
This role may be mediated by two mechanisms: i) HO-1 generates a
feed-forward loop to induce the NRF-1 transcription, ii), HO-1 phos-
phorylates Akt which in turn phosphorylates NRF-1 leading to its nu-
clear translocation (Piantadosi et al., 2008, 2011; MacGarvey et al.,
2012). Previous data obtained by Hull et al. (2016) demonstrated that
HO-1 overexpression in mice promotes mitochondrial biogenesis by up-
regulating PGC-1α, NRF-1 and TFAM expression. These findings de-
monstrated a role for HO-1 in regulating the mitochondrial biogenesis.

5. Conclusion

Our results demonstrate that Mn2+ markedly induces HO-1 ex-
pression in astroglial C6. This increase in HO-1 expression is relevant
for preventing both ROS generation and Mn2+-induced apoptosis.
Remarkably, we provide the first evidence demonstrating that HO-1
expression after Mn2+ overexposure appears to have a generally pro-
tective effect on MQC by influencing the processes of mitochondrial
dynamics, mitophagy and biogenesis. Altogether, our findings support
the proposal that HO-1 could be considered as a promising therapeutic
target for Manganism and probably other related neurological diseases
where oxidative stress and mitochondrial dysfunction play a critical
role.
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