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anganese  induces  mitochondrial  dynamics  impairment  and
poptotic  cell  death:  A  study  in  human  Gli36  cells
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Gli36  glioma  cells  strongly  express  the  astrocytic  markers  GFAP  and  S100B.
Mn  cytotoxicity  triggers  a caspase-dependent  mitochondrial  apoptotic  pathway.
Mn  induces  alterations  in  Opa-1,  Mfn-2  and  Drp-1  expression  levels.
Mn  impairs  the  mitochondrial  dynamics  in  human  astrocyte-like  cells.
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a  b  s  t  r  a  c  t

Manganese  (Mn)  is an  essential  trace  element  due  to  its participation  in many  physiological  processes.
However,  overexposure  to this  metal  leads  to  a neurological  disorder  known  as Manganism  whose  clin-
ical manifestations  and  molecular  mechanisms  resemble  Parkinson’s  disease.  Several  lines  of  evidence
implicate  astrocytes  as  an  early  target  of  Mn  neurotoxicity  being  the mitochondria  the  most  affected
organelles.  The  aim  of  this  study  was  to investigate  the  possible  mitochondrial  dynamics  alterations  in
Mn-exposed  human  astrocytes.  Therefore,  we employed  Gli36  cells  which  express  the astrocytic  mark-
ers GFAP  and  S100B.  We  demonstrated  that  Mn  triggers  the  mitochondrial  apoptotic  pathway  revealed
by  increased  Bax/Bcl-2  ratio,  by the  loss  of  mitochondrial  membrane  potential  and  by caspase-9  acti-
anganese toxicity
anganism
itochondrial dynamics

vation.  This  apoptotic  program  may  be in  turn  responsible  of  caspase-3/7  activation,  PARP-1  cleavage,
chromatin  condensation  and  fragmentation.  In addition,  we  determined  that  Mn  induces  deregulation
in  mitochondria-shaping  proteins  (Opa-1,  Mfn-2 and Drp-1)  expression  levels  in  parallel  with  the dis-
ruption  of the  mitochondrial  network  toward  to  an  exacerbated  fragmentation.  Since mitochondrial
dynamics  is altered  in  several  neurodegenerative  diseases,  these  proteins  could  become  future  targets  to
be  considered  in  Manganism  treatment.
. Introduction

Chronic exposure to high levels of inhalable Manganese (Mn)
auses a neurodegenerative disease termed Manganism. This dis-
rder is characterized by severe psychiatric and extrapyramidal
otor dysfunctions that closely resemble Idiopathic Parkinson
isease [23]. Manganism is considered primarily as an occupa-
ional disease. Mn  is used in pesticides, animal feed, alkaline
atteries and colorants for bricks. Furthermore, this metal may
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also be introduced into the environment through emissions from
steel plants, mining operations and the burning of fuel con-
taining MMT  (methylcyclopentadienyl manganese tricarbonyl),
an additive and octane enhancer in some gasoline mixtures
[10].

Manganism is characterized by the accumulation of high levels
of Mn  in the basal ganglia [3,23]. Particularly, the globus pallidus
is considered the brain region initially affected by Mn  exposure in
which GABAergic neurons represent the primary target of damage
[23].

Astrocytes are dynamic and metabolically active cells that
accumulate Mn through a high affinity transport system. Con-

sequently, they play a key role in Manganism development and
progress [5,28]. Once it is imported into the cell, Mn  is principally
sequestered by the mitochondria through the Ca2+ uniporters [4]
which represent the main site of damage [1,11].
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Notwithstanding conventional images showed mitochondria as
tatic organelles, they are organized as an interconnected dynamic
etwork. This is the consequence of a delicate balance between

usion and fission events that control the mitochondrial morphol-
gy and movement. Fusion and fission processes govern multiple
unctions such as mtDNA stability, respiratory capacity, response
o cellular stress, mitophagy and apoptosis through a battery
f mitochondria-shaping proteins [8,15]. In addition, when the
ntrinsic apoptotic pathway is triggered, mitochondria undergo
rominent structural changes including exacerbated fission and
ristae remodeling that ultimately mobilize the major pool of
ytochrome c to the cytosol [8].

Several reports indicate that Mn  induces apoptosis in differ-
nt cell types mainly by triggering the mitochondrial pathway
1,11,18,20,27]. However, the underlying molecular mechanisms
mplicated in Mn-induced apoptosis in glial cells have been poorly
lucidated in human cells. Furthermore, in this context there is no
vidence that the intrinsic pathway is involved and whether fusion
nd fission equilibrium is impaired in Mn  neurotoxicity. The aim
f this study was to explore the possible mitochondrial dynam-
cs alterations in Mn-exposed Gli36 cells, a cell line derived from

 human glial tumor. In the present report, we  described for the
rst time the occurrence of mitochondrial dynamics imbalance in
n-exposed human astrocytes undergoing apoptosis.

. Materials and methods

.1. Cell culture and treatment

Human glioma Gli36 cells were maintained in DMEM (Sigma)
upplemented with 10% heat-inactivated FBS (Fetal Bovine Serum)
BIO-NOS; Argentina), 2.0 mM glutamine, 100 units/ml penicillin,
00 �g/ml streptomycin and 2.5 �g/ml amphotericin B. After cul-
ure at 37 ◦C and 5% CO2–95% air to yield 70–80% confluence, cells
ere exposed to MnCl2 (Sigma) for 24 h.

.2. MTT  assay

Cell viability was assessed by 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
iphenyl-tetrazolium bromide (MTT) (Sigma) reduction assay as
reviously described [17] with slight modifications [1].

.3. Neutral Red assay

The Neutral Red (NR) dye (Sigma) accumulates in lysosomes of
iable uninjured cells. This technique was performed according to
6] with slight modifications [1].

.4. Apoptotic nuclei detection

Evaluation of apoptotic nuclei was performed according to [1]
sing Hoechst 33258 (1 �g/ml) (Sigma). Images were analyzed with
n Nikon Eclipse E800 C1 (Nikon Instech Co.) equipped with objec-
ive lens Nikon Plan Apo 100X/1.40 Oil, DAPI (�ex: 330–380 nm;
em: 435–485 nm). Digital pictures were analyzed and assembled
sing ImageJ software (NIH). Uniformly stained nuclei were scored
s healthy cells (normal), whereas apoptotic cells were scored eval-
ating the presence of condensed and fragmented nuclei.

.5. Caspase-3/7 activity assay
After Mn  exposure, cells were washed with PBS and specific
ctivity was measured as described in Ref. [11] employing the sub-
trate Ac-DEVD-pNA. Results were expressed as pNA absorbance
Letters 554 (2013) 76– 81 77

units per mg  protein. Protein concentration was  determined
according to Ref. [7].

2.6. Western blotting

Western blots were performed according to procedure previ-
ously described [11]. Antibodies: PARP-1 (H-250), Bax (N-20), Bcl-2
(N-19), Mfn-2 (H-68), anti-�-Actin (C4), rabbit IgG-HRP and mouse
IgG-HRP (Santa Cruz Biotechnology); Opa-1 (612607) and Drp-1
(611113) (BD Pharmingen). Each membrane was reprobed with
an anti-�-actin to normalize for protein loading. Immunoreactive
bands were detected by chemiluminescence employing ECL detec-
tion reagents (Sigma) and analyzed using the LAS 1000 plus Image
Analyzer (Fuji). Quantitative changes in protein levels were evalu-
ated with ImageJ software (NIH).

2.7. Analysis of mitochondrial membrane potential (�ϕm)  and
morphology

Cells were exposed to MitoTracker Red CMXRos (Molecular
Probes) fluorescent probe for 30 min  at 37 ◦C. Then, cells were
washed with PBS and fixed with 4% PFA. Finally, samples were
examined under a FV300 confocal fluorescence microscope (Olym-
pus Corp.) (�ex: 543 nm)  equipped with an image acquisition
system and Fluoview 3.3 software (Olympus Corp.). Digital pictures
were analyzed and assembled using ImageJ software (NIH).

2.8. Immunocytochemistry

Cells were fixed with 4% PFA, permeabilized with 0.25% Tri-
ton X-100-PBS (10 min, RT) washed with PBS and incubated in 1%
BSA-PBS for 30 min  at RT. Cells were incubated with primary anti-
bodies anti-GFAP (Glial Fibrillary Acid Protein) (1:3000) (DAKO)
and anti-S100B (S100 calcium binding protein B) (1:1000) (Sigma)
for 24 h at 4 ◦C. The specific staining was  detected with secondary
antibodies conjugated with FITC or Rhodamine RRX (1:800) (Jack-
son ImmunoResearch). Negative controls were performed under
the same conditions without primary antibodies (data not shown).
Samples were examined under a fluorescence microscope Olympus
IX-81 (Olympus Corp.). Digital pictures were analyzed and assem-
bled using Adobe Photoshop 7.0 software and ImageJ software
(NIH).

2.9. Statistics

Experiments were carried out in triplicate unless otherwise
stated. Results are expressed as 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 4 software (GraphPad Sofware).

3. Results

3.1. Human Gli36 cells express astrocytic markers

Gli36 cells growing in monolayer exhibit a flat and mainly
stellated morphology (Fig. 1A). The immunocytochemical analy-
sis showed that both GFAP and S100B (extensively used as markers
for astrocytes identification [24]) are expressed in Gli36 cells con-
firming their astrocytic lineage (Fig. 1B).
3.2. Mn-induced cytotoxicity

To investigate the Mn  cytotoxic effects, we exposed cells to
increasing concentrations of MnCl2 (200–1000 �M)  for 24 h. The
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Fig. 1. (A) Gli36 morphological features. Phase-contrast image of cells growing under culture. (B) Immunocytochemistry of astrocytic markers: GFAP and S100B. Magnification:
1 sayed
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0×  (left panels) and 20× (right panels). (C) Mn-induced cytotoxicity. Viability as
onsidered 100%. **p  < 0.01, ***p < 0.001 vs. respective control. +p < 0.01 vs. control 

50  �M Mn displayed cell monolayer disruption with shrinkage and retraction of ce
how  representative events through the samples. Scale bar: 50 �m.

ncubation time was selected from the cell viability vs. incubation
ime curve (data not shown).

It has been reported that the use of serum has substantial dis-
dvantages such us protection from metal toxicity [14,22]. Hence,
e performed experiments in serum (S) and serum free (SF) media.
esults indicated that Mn  induces concentration-dependent cyto-
oxicity (Fig. 1C). Particularly, 350 �M Mn  generated a moderate
ell death (∼40–50%) measured by both MTT  and NR meth-
ds. Morphological characteristics consistent with apoptosis such
s rounded, shrunken and loosely attached cells with plasma
embrane blebbing were observed (Fig. 1D). These events were
ore pronounced in SF conditions. In addition, serum depriva-

ion by itself induced ∼20% decrease in cell viability. Therefore, we
mployed 350 �M Mn  in further experiments to evaluate the events
mplicated in Mn-induced cell death.

.3. Mn  triggers apoptotic cell death

Caspase-3 plays a critical role in the apoptotic cascade being
ARP-1 (poly [ADP-ribose] polymerase-1) one of its main targets.
leavage of PARP-1 in fragments of 89 and 24 kDa is considered an
poptotic marker [9]. Therefore, to determine the possible partic-

pation of an apoptotic caspase-dependent pathway, we assessed
aspase 3/7 activity and examined PARP-1 levels by western blot
nalysis. Our results showed that Mn  induces an increase of
3 ± 2% (p < 0.01) and 68 ± 12% (p < 0.001) in caspase-3/7 activity
 by MTT  and NR. Data were expressed as average ± SEM (n = 8) and controls were
MTT: 82.4 ± 3.1%; NR: 79 ± 2.1%). (D) Phase-contrast microscopy. Cells exposed to
processes (white arrowheads) and membrane blebbing (black arrowheads). Arrows

in S and SF conditions, respectively (Fig. 2A). Correspondingly, we
found a decrease in PARP-1 full length protein levels (116 kDa)
with an almost complete signal disappearance in SF conditions
(Fig. 2B). Chromatin condensation and nuclear fragmentation are
morphological hallmarks of apoptosis. We  observed an increase
in condensed and fragmented nuclei in parallel with a marked
decrease in the number of cells, being these events more pro-
nounced in SF conditions (Fig. 2C, b and d). Overall, our results
demonstrate that Mn  induces a caspase-dependent apoptotic cell
death in Gli36 cells.

3.4. The mitochondrial apoptotic pathway is involved in
Mn-induced apoptosis

The mitochondrial apoptotic pathway is triggered by alterations
in mitochondrial structure and function, including mitochondrial
membrane permeabilization (MMP)  and release of pro-apoptotic
factors into the cytosol, such as cytochrome c. This hemeprotein
together with Apoptotic Protease Activating Factor-1, dATP/ATP
and caspase-9 form the apoptosome, a multi-protein complex that
activates this initiator caspase. Besides, the MMP  is controlled by
a balance between the pro- and anti-apoptotic members of the

Bcl-2 family [12,26]. To evaluate the intrinsic apoptotic pathway
involvement in our model, we  first monitored the activation of
caspase-9 by pre-incubating cells with the specific inhibitor (Ac-
LEHD-CMK, 10 �M,  Calbiochem). As shown in Fig. 2D this inhibitor
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Fig. 2. Mn triggers apoptotic cell death. Cells were incubated for 24 h with 350 �M Mn under S or SF conditions. (A) Caspase 3/7 activity. Specific activity was  determined
spectrophotometrically using a specific substrate Ac-DEVD-pNA (100 �M).  (B) PARP-1 cleavage. (C) Apoptotic nuclei. Hoechst 33258 staining showed the presence of
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cl-2  expression levels. (F) Bax/Bcl-2 ratio was calculated based on Western Blot si
ontrol and ##p < 0.01 vs. Mn  under S conditions. AU: arbitrary units. Scale bar: 10 �

revented cell death (p < 0.01) only under S conditions. Thereafter,
e determined the ratio between the pro-apoptotic Bax protein

nd its anti-apoptotic counterpart Bcl-2. Western blot analysis of
ell lysates revealed that Mn  increases Bax levels (3.2- and 15.5-
old under S and SF conditions respectively) while decreases Bcl-2
xpression (∼50%) under SF conditions. As a consequence, Bax/Bcl-

 ratio is enhanced (34-fold; p < 0.001) favoring the susceptibility
oward cell death (Fig. 2E and F). Finally, we evaluated the �ϕm
issipation employing MitoTracker Red CMXRos. Results showed
hat Mn  induced the �ϕm collapse evidenced by the presence of
igh dye fluorescence in the cytoplasm, being more pronounced in
F conditions (Fig. 3A, see arrows). Collectively, these results sug-
est that the apoptotic intrinsic pathway is involved in Mn-induced
ell death in Gli36 cells.

.5. Mn  impairs the mitochondrial dynamics

Mitochondria are highly dynamic organelles that can fuse and
ivide during cell life. These morphologies are controlled by a
ight balance between two antagonistic events: fusion and fission
8,15]. A morphological analysis of cells loaded with MitoTracker
ed CMXRos (Fig. 3A) revealed the occurrence of a mitochondrial
etwork disruption induced by Mn.  In fact, control cells under

 conditions displayed elongated, thread-like mitochondria while
n-treated cells, as well as those serum deprived, exhibited smaller
unctuated mitochondria, suggesting an imbalance between fusion
nd fission processes toward the latter. Notably, the effect of Mn
nder SF conditions resulted to be extremely severe. In this case
ell morphology was totally lost indicating a complete damage over
rrows show representative events through the samples. (D) Caspase-9 activation.
expressed as average ± SEM (n = 8) and controls were considered 100%. (E) Bax and
quantified with the ImageJ software. *p < 0.05, **p  < 0.01, ***p < 0.001 vs. respective

mitochondrial mass. To gain further insight into the events related
with mitochondrial dynamics, we  focused on key mitochondria-
shaping proteins. Since Opa-1 (Optic atrophy protein-1) and Mfn-2
(Mitofusin-2) are required for mitochondrial membrane fusion and
Drp-1 (Dynamin related protein-1) is considered the master regula-
tor of mitochondrial fission [8], we studied their expression levels in
Mn-exposed cells. As shown in Fig. 3B–D, Mn  induced a decrease in
Opa-1 and Mfn-2 expression (p < 0.01) whereas Drp-1 levels were
markedly increased (p < 0.001). No significantly differences were
observed in the expression levels of mitochondria-shaping pro-
teins under SF conditions. Altogether, these findings suggest that
Mn induced an imbalance in the fusion–fission equilibrium in Gli36
cells (Fig. 3E).

4. Discussion

In the present report, we examined morphological and immuno-
cytochemical characteristics of the Gli36 cell line derived from a
human glial tumor. Their tumorigenic properties have been demon-
strated since the s.c. injection of cultured cells into nude mice gave
rise to growing tumors [2]. Despite being extensively used as a viral
host, to our knowledge, these cells were not immunocytochem-
ically characterized. The morphological evaluation showed that
Gli36 cells resemble normal human astrocytes and other human
glioblastoma cell lines [29]. In the present report, most Gli36 cells

were strongly positive for both GFAP and S100B (Fig. 1A and B) thus
confirming their astrocytic origin.

We next analyzed the effect of Mn  exposure on cell viabil-
ity. Experiments were carried out both in the presence and the
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Fig. 3. �ϕm dissipation and mitochondrial dynamics alterations. (A) Mitochondria were labeled with 75 nM MitoTracker Red CMXRos and visualized by laser confo-
c  and 

m me il

a
w
s
i
h
b
�
t
o
n
m
t
r
s

a
t
O
i
(
r
h
t
c
t

al  microscopy. Scale bar: 10 �m.  Arrows show cells presenting �ϕm disruption
itochondria-shaping proteins expression levels: Opa-1, Mfn-2 and Drp-1. (E) Sche

bsence of FBS. Similar results were obtained in both scenarios
ith cytotoxicity being more severe in SF conditions. Although

erum is widely used in cell culture to improve in vitro growth,
ts employment in certain situations results detrimental [22]. It
as been reported that serum protects cells from toxicity induced
y several transition metals. Particularly, Mn  can bind transferrin,
2-macroglobulin and albumin being the latter the prevalent pro-

ein in mammalian sera and the potential cause for the reduction
f metal-induced cytotoxicity [21]. Moreover, cells in the central
ervous system are protected by the blood–brain barrier which
aintains a much more restricted milieu than culture media con-

aining 10% FBS [22]. Our results demonstrated that Gli36 cells
esulted sensitive to Mn  in both the presence and absence of
erum (Fig. 1C and D).

Several reports have proposed that Mn  cytotoxicity is mainly
ssociated with mitochondrial dysfunction and the trigger of
he intrinsic/mitochondrial apoptotic pathway [1,12,18,20,27].
ur findings demonstrated that 350 �M Mn  induced an

ncrease in Bax/Bcl-2 ratio, �ϕm loss and caspase-9 activation
Figs. 2D–F and 3A). To the best of our knowledge, this is the first
eport describing the Mn-induced mitochondrial impairment in

uman astrocyte-like cells. Surprisingly, Ac-LEHD-CMK was  unable
o prevent Mn-induced cell death under SF conditions. Under these
ritical circumstances we should contemplate the impossibility
o prevent cells from dying. However, we cannot dismiss the
are representative events through the samples. (B)–(D) Western blot analysis of
lustrating the effect of Mn  on fusion–fission equilibrium in Gli36 cells.

chance that the inhibitor concentration tested may have been low.
However, higher concentrations of Ac-LEHD-CMK resulted toxic
for cells (data not shown).

Mitochondrial apoptotic pathway may be in turn responsible for
the subsequent events described such as caspases-3/-7 activation,
chromatin condensation and fragmentation (Fig. 2A–C), membrane
blebbing and cell shrinkage (Fig. 1D). All these events support the
involvement of an apoptotic pathway triggered by Mn.  As far as
we know, only two reports have studied the apoptotic effect of Mn
in human glial cells. One of them distinguish TUNEL positive U-87
MG  cells after Mn  exposure (1 mM,  72 h) [20] and the other detected
caspase-3 activation and chromatin condensation and fragmenta-
tion for 100–800 �M,  24 h in T98G cells [18]. In the present study
we described more comprehensively the different steps involved in
Mn-induced apoptosis in Gli36 cells. Precisely, our results indicate
that Mn  activates a caspase-dependent mitochondrial apoptotic
pathway.

Mitochondria typically form a non-static reticular network reg-
ulated through a complex equilibrium between fission and fusion
processes. The balance between these events is controlled by mul-
tiple proteins that mediate the outer and inner mitochondrial

membranes remodeling [8]. As far as we  know, there are no previ-
ous reports describing the mitochondrial dynamics in Mn-treated
human cells undergoing apoptosis. In this report we demonstrate
for the first time that Mn  induces a shift in fusion–fission balance



ience 

r
m
o
l
m
d
B
p
u
n
s
n

d
e
p
a
d

d
m
a
e
p
a
i
w
p
s
t
a

t
t
g
a
m
e
m
(
u

5

a
d
a
s
b

C

A

c
a
a
f
A
Q

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

A. Alaimo et al. / Neurosc

esulting in a mitochondrial network fragmentation enhance-
ent in human astrocytes. This phenomenon is the consequence

f decreased Opa-1 and Mfn-2 and increased Drp-1 expression
evels (Fig. 3A–D). Interestingly, the fission event contributes to

itochondria quality control by enabling the autophagic removal of
amaged organelles (mitophagy) and can facilitate apoptosis [30].
ased on this evidence we cannot rule out the possibility that this
rocess could be implicated in our model. In this scenario, cells
nder SF conditions (an autophagic inductor) would be more vul-
erable to Mn  than their counterparts with serum. Experiments
upporting this hypothesis are in progress in our laboratory (data
ot shown).

Increasing evidence suggest that defects in mitochondrial
ynamics correlate with the progression of neurodegenerative dis-
ases such Alzheimer’s, Huntington’s and Parkinson’s [25]. The
resent study provides novel evidence to consider Manganism
s another neurodegenerative disorder in which mitochondrial
ynamics is impaired.

As mentioned above, serum deprivation resulted in a 20%
ecrease in cell viability. Even though we detected a 5-fold incre-
ent in Bax/Bcl-2 ratio under these conditions, most of the

poptotic events induced by Mn  were absent: (a) cells did not
xhibit the morphological appearance typically observed in this
rocess (Fig. 1D), (b) neither caspase-9 nor caspase-3/-7 were
ctivated (Fig. 2A and D), (c) �ϕm remained intact (Fig. 3A). Surpris-
ngly, PARP-1 levels were decreased in SF conditions in comparison

ith S (Fig. 2B). This enhanced cleavage may  be mediated by other
roteases different from caspases [9]. Based on these results we
peculated that although mitochondria could be slightly dysfunc-
ional, SF conditions per se did not trigger a caspase-dependent
poptotic pathway.

It has been reported that serum deprivation could induce
he cell cycle arrest in G0 [13]. Moreover, it was  demonstrated
hat mitochondrial morphology and their biogenesis are inte-
rated to the cell cycle [19]. In particular, mitochondria of G0
rrested NRK cells exhibited mostly intermediate and fragmented
orphologies [16]. Notably, we observed these mitochondrial

vents in serum deprived Gli36 cells although no changes in the
itochondria-shaping proteins expression levels were observed

Fig. 3). Therefore, we cannot reject the hypothesis that these cells
ndergo growth arrest under starvation.

. Conclusions

Our results demonstrated that Mn  induces caspase-dependent
poptotic cell death in human Gli36 cells. In this report we
escribed for first time the impairment in the fusion–fission bal-
nce in Mn  toxicity. Since mitochondrial dynamics is altered in
everal neurodegenerative diseases, Opa-1, Mfn-2 and Drp-1 could
ecome future targets to be considered in Manganism treatment.
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