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Abstract
Iron accumulation plays a major role in neuronal cell death which has severe effects on mental health like neurodegenerative
disorders. The present work aims to explore the involvement of molecular pathways involved in iron-mediated neuronal cell
death using Ferric AmmoniumCitrate (FAC) as a source of iron to treat neuroblastoma SH-SY5Y cells. In this study, it was found
that cytotoxicity induced by iron treatment is highly correlated with enhanced intracellular reactive oxygen species (ROS)
generation and loss of mitochondrial integrity. Appearance of early and late apoptotic cells with altered nuclear morphology
and increased expression of effector proteins, i.e., cleaved Caspase 3 and cleaved PARP (Poly-ADP-ribose Polymerase), clearly
confirmed iron-induced apoptotic cell deaths. Furthermore, excess accumulation of acidic vesicles and microtubule-associated
protein 1 light chain 3 (LC3) puncta and LC3II/I expressions were observed. Simultaneously, ultrastructural studies of SH-SY5Y
cells demonstrated the accumulation of a large number of autophagosomes, autophagic vacuolization, and swollen mitochondria
which further confirmed the induction of autophagy concomitant with mitochondrial damage. Furthermore, increased incorpo-
ration of lysosome-specific dye, LysoTracker Deep Red, and the red fluorescence retention of LC3-GFP-RFP constructs indicates
the incomplete autophagy or autophagy dysfunction due to altered lysosomal activity. Hence, the present work unveiled the
interruption in autophagy progression caused by the plausible suppression of lysosomal activity due to iron treatment resulting in
autophagic cell death in SH-SY5Y cell lines. In general, both apoptotic and autophagic pathways were prominent and each of the
pathways played their prospective roles, in iron-mediated neuronal cell death.
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Introduction

A progressive loss of functional neurons may cause retrogres-
sive effects widely known as neurodegeneration. Amidst dif-
ferent molecular pathways being inaccurately regulated dur-
ing neurodegeneration, one of the major molecular pathways
is autophagy lysosomal pathway (ALP). Autophagy is a nat-
ural process through which unnecessary and dysfunctional

components of the cell undergo an ordered process of
destruction/degradation and is later recycled [1]. It is the fore-
most catalytic pathway maintaining cellular homeostasis.
Hence, different neurodegenerative phenomena like aggrega-
tion and overexpression of α-synuclein are the aftermaths of
autophagy dysfunction [2]. This pathway is a double-edged
sword which plays a crucial role in both neuroprotection and
neurotoxicity. Defects in autophagic clearance have been seen
responsible for the progression of Parkinson’s disease (PD)
and other neurological disorders [3, 4].

Among other factors affecting neuronal deaths, imbalances
of iron concentrations or iron dyshomeostasis are the causal
reasons for the generation of reactive oxygen species (ROS),
thus resulting in various neurodegenerative diseases like
Parkinson’s disease (PD), Alzheimer’s disease (AD),
Friedreich ataxia, and Huntington’s disease [5, 6].
Furthermore, iron accumulation has been found to be the lead-
ing cause of neurodegeneration. In a rotenone-induced model
of PD, the iron chelator, deferoxamine (DFO), enhances the
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progression of autophagy by stabilizing Hypoxia-inducible
factor-1α (HIF-1α) and DFO is known to inhibit the
rotenone-mediated apoptotic pathways [7]. On the other hand,
autophagy inhibition is a therapeutic strategy against intra-
cerebral iron overload. Increased ratio of LC3II/LC3I and ac-
cumulation of autophagic vacuoles cause autophagic cell
deaths in intracranial hemorrhage, wherein iron plays a signif-
icant role. Thus, chelation of lysosomal iron has been ob-
served to inhibit the H2O2 insult as demonstrated in SH-
SY5Y cells by inhibiting autophagy [8, 9]. The physiological
concentration of iron, being a potent modulator of autophagic
events, is known to be maintained by Ferritin which stores
unused iron and maintains iron homeostasis through ALP
[10]. Thus, deregulated iron homeostasis may result in an
interrupted autophagic flux and thereby causing deleterious
effects on neuronal physiology.

Controversy still exists over the fact that whether inhibition
or progression of autophagic flux is neuroprotective because
there exists plenty of increasing evidences which depict the
involvement of autophagy dysfunction associated with differ-
ent neurological disorders. Especially, deposition of
autophagosome marker LC3II in postmortem brain of PD
and AD patients has proven to be the hallmark of incomplete
autophagy [11]. Hence, the present study is particularly aimed
at revealing the predominant role of autophagy in iron-
induced neuronal deaths and the molecular mechanisms in-
volved thereof by iron deposition. This study shows the oc-
currence of autophagy augmentation in a dose-dependent
manner by FAC treatment and subsequent decline in cell via-
bility, along with an increase in LC3II expression with en-
hanced apoptotic cell population. In summary, the present
study substantiates involvement of autophagic flux during
iron-mediated neuronal cell deaths and further establishes
the probable suppression of the lysosomal activity in particu-
lar within the process.

Materials and Methods

Materials

Ferric Ammonium Citrate (FAC), Acridine Orange (AO),
Dimethyl sulfoxide (DMSO), 2′,7′-dichlorofluorescin
diacetate (DCFDA), Hoechst 33258, and Chloroquine (CQ)
were purchased from the Sigma Aldrich (St Louis, MO,
USA). [3-(4,5-dimethylthiazol-2-yl)-2,5-di-phenyl-tetrazoli-
um bromide] (MTT) was obtained from Hi Media, India. All
cell culture ingredients were purchased from Gibco BRL
(Grand Island, NY, USA). SH-SY5Y cells (ATCC CRL-
2266) were purchased from ATCC (American Type Cell
Culture). LysoTracker Deep Red was purchased from
Invitrogen Inc. (Carlsbad, CA, USA). Apoptosis detection
kit was obtained from Cayman Chemical (Ann Arbor, MI,

USA). Western blot antibodies were purchased from Abcam
(Cambridge, UK).

Cell Culture and Treatment

A human neuroblastoma cell line, SH-SY5Y, was maintained
in DulbeccoModified Eagle Medium (DMEM) supplemented
with 10% heat-inactivated Fetal Bovine Serum (HIFBS) and
1% penicillin-streptomycin as described. Cells were main-
tained in a humidified chamber at 37 °C in the presence of
5%CO2. One hundred millimolars FAC stock was prepared in
incomplete media under aseptic condition and added into the
cell culture medium at the time of treatment as per required
volume to achieve the respective concentrations of 1 mM,
2.5 mM, and 5 mM, respectively and continued the incubation
for another 48 h.

Cell Viability Assay

Cell viability was determined by the conventional MTT (3-[4,
5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide)
reduction assay. Briefly, 5 × 104 cells were cultured in each
well of 96 well plates for 24 h, followed by treatment of the
cells with increasing concentrations of FAC for another 48 h.
After the completion of incubation, MTT (0.5 mg/ml) was
added in each well and incubated for an additional 4 h at
37 °C. Dark blue–colored formazan crystals formed on intact
cells were further solubilized in dimethyl sulfoxide and absor-
bance was measured at 570 nm in a Microplate Reader
(iMARK™, Bio-Rad Laboratories, Hercules, CA, USA).
Results were expressed as percentages of reduced MTT, as-
suming the absorbance of control cells as 100%.

Measurement of Intracellular Reactive Oxygen
Species (ROS)

In order to monitor intracellular accumulation of ROS,
t h e f l u o r e s c e n t c e l l - p e rme a b l e d y e ( 2 ′ , 7 ′ -
dichlorofluorescein diacetate) (DCFDA) was used.
Briefly, following deacetylation within the cell, the dye
binds with the intracellular radicals thus generated in a
quantitative manner and is converted into its fluorescent
product DCF. For the purpose, following 24 h of FAC
treatment, cells were harvested and resuspended in 1×
PBS (Phosphate Buffer Saline, 0.02 M, pH 7.4). DCFH-
DA solution (10 μM) was added to the suspension of the
cells (2 × 105/ml), and the mixture was further incubated
for 30 min at 37 °C. Cells were then washed twice and
resuspended in 1× PBS and the fluorescence intensity
was measured spectrofluorimetrically (Perkin-Elmer LS-
55) with excitation and emission wavelengths of 485 nm
and 530 nm, respectively.

Rakshit et al.



Measurement of Mitochondrial Membrane Potential
(MMP)

MMP was determined by the fluorescent probe Rhodamine-
123 Chloride (Cayman, USA) (Rh-123). Following FAC
treatment, for the prescribed time, cells were incubated in
the presence of 10 μg/ml Rh-123 for 15 min in the dark.
After, the incubation cells were washed with 1× PBS and
observed under fluorescence microscope (Leica DM 1000,
Wetzlar, Germany). Fluorescence intensity of captured images
was analyzed by Image J software.

Microscopic Analysis of Morphology and Autophagy
Induction

Cells were cultured in six well plates for morphological anal-
ysis following the prescribed treatments with FAC. For bright-
field microscopy, cells were observed under × 40 objective of
an inverted fluorescent microscope (EVOS FL, Invitrogen,
Carlsbad, CA, USA). Fifty micrograms per milliliter
Hoechst stain for 15 min was used to determine the nuclear
morphology under × 40 objective of an inverted fluorescent
microscope (EVOS FL, Invitrogen, Carlsbad, CA, USA). To
monitor the autophagic flux following FAC treatments for
48 h, Acridine Orange solution was added in a final concen-
tration of 1 μg/ml and incubated for an additional 15 min.
Following incubation, cells were washed and resuspended in
1× PBS, and subsequently visualized and analyzed under the
× 40 objective of a fluorescent microscope (Leica DM 1000,
Wetzlar, Germany). LysoTracker Deep Red was used (final
concentration of 1 μg/ml for 1 h) to monitor lysosomal activ-
ity. Lysosomes were visualized and analyzed under × 40 ob-
jective of an inverted fluorescent microscope (EVOS FL,
Invitrogen, Carlsbad, CA, USA).

LC3-GFP Transfection for Monitoring Autophagy
Induction

To monitor the progression of autophagy, 3 × 105 cells/well
were seeded on six well plate. After achieving the desired
confluency, LC3-GFP construct (Addgene no. 22405) was
used for transfection subsequently followed by FAC treat-
ments for an additional 48 h. Following completion of treat-
ments, images were visualized and captured under fluores-
cence microscope (× 40) (EVOS FL, Invitrogen, Carlsbad,
CA, USA).

Ultrathin Sectioning and Transmission Electron
Microscopy

Following a 48-h incubation with 5 mMFAC, SH-SY5Y cells
were harvested and fixed with 3% glutaraldehyde in 0.1 M
sodium cacodylate buffer for 4 h. Subsequently, a secondary

fixation was conducted with 1% Osmium tetroxide, followed
by dehydration with ascending grades of acetone, and finally
embedded in Agar 100 resin and polymerization at 60 °C. The
ultrathin sections (40–50 nm) of the cells were obtained using
a Leica Ultracut UCT ultramicrotome (Leica Microsystems,
Germany), picked up on nickel grids, and dual-stained with
2% aqueous uranyl acetate and 0.2% lead citrate. The sections
were visualized under a FEI Tecnai 12 Biotwin transmission
electron microscope (FEI, Hillsboro, OR, USA) at an acceler-
ating voltage of 100 kV.

RFP-GFP-LC3B Transfection for Monitoring
Autophagy Progression

To monitor the progression of autophagy, 3 × 105 cells were
seeded on coverslips. After achieving the desired confluency,
a Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B Kit
(Invitrogen) was used for transfection of LC3B following the
manufacturer’s protocol which was subsequently followed by
FAC treatments for an additional 48 h. Following completion
of treatments, images were visualized and captured under a
fluorescence microscope (× 40) (EVOS FL, Invitrogen,
Carlsbad, CA, USA).

Measurement of Apoptosis

The presence of apoptotic cells were analyzed by Annexin V-
FITC Apoptosis detection kit (Cayman, USA) as per the man-
ufacturer’s instructions. Briefly, 5 × 105 cells/well in a six well
plate were cultured in the absence and presence of FAC. Cells
were then harvested and washed with PBS. Following two
washes with Annexin V binding buffer (10 mM HEPES/
NaOH, pH 7.4, 140 mM NaCl, 2.5 mM CaCl2), cells were
resuspended in the same buffer and Annexin V-FITC/PI mix-
ture (1:1) was added as per the manufacturer’s instructions.
The cells were incubated for 15 min in the dark at 37 °C and
after a final wash with Annexin V binding buffer, 10,000 cells
were analyzed in a flow cytometer (FACS Verse, Becton
Dickinson, San Jose, CA, USA). Acquisition was performed
on 10,000 gated events. Data were analyzed using either his-
togram or quadrant plot with FACS Diva software (BD
Biosciences, San Jose, CA, USA).

Western Blot Analysis

Cells were lysed in Radio Immuno Precipitation Assay
(RIPA) Buffer (Sigma Aldrich, St Louis, MO, USA) supple-
mented with 1 mMPhenylmethane Sulfonyl Fluoride (PMSF)
(Sigma Aldrich, St Louis, MO, USA) and 1 mM protease
inhibitor cocktail (Amresco Inc., Cleveland, OH, USA) on
ice for 30 min and centrifuged at 12,000 rpm for 20 min.
Supernatants were collected, and equal amounts (50 μg/well)
of proteins were separated on a 12% SDS PAGE and
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transferred to Polyvinylidene difluoride (PVDF) (Millipore
Sigma, Burlington, MA, USA) membranes. The membranes
were incubated in primary antibodies (1:500 to 1:1000 dilu-
tion) specific for active caspase-3 (ab2302), cleaved PARP1
(ab32064), LC3I/II (ab128025), p62 (ab56416), Beclin1
(ab62557), and β-actin (ab8227), respectively followed by
Alkaline Phosphatase (AP) conjugated secondary antibodies
(1:5000 dilution). Respective protein targets were identified
and visualized using NBT/BCIP (Amresco Inc., Cleveland,
OH, USA) reagent. Protein-level expression analysis was con-
ducted using a Bio-Rad Gel Doc imaging system (Hercules,
CA, USA) with the Quantity One 1-D Analysis Software.
Fold changes in signal intensities compared with the control
levels at the same time points were further represented.

Statistical Analysis

Each experiment was performed at least three times and in
duplicate and all results were expressed as Mean ± SD.
Statistical analyses were performed by one-way ANOVA
followed by Kruskal Wallis test (wherever applicable), using
Graph Pad Prism software, version 5 (GraphPad Software
Inc., San Diego, CA, USA).

Results

Effect of Iron on Cell Viability and Morphology

Reduced cell viability with increasing doses of FAC was
assessed by MTT assay (Fig. 1a) and morphological

alterations were clearly observed by bright-field phase con-
trast microscopy (Fig. 1b). There was no significant loss of
cell viability and morphological changes in 1 mM of FAC
treatment but significant loss of cell viability with altered mor-
phology was observed in ≥ 2.5 mM of FAC treatment in SH-
SY5Y cells for 48 h. With increasing doses of FAC, SH-
SY5Y cells were rounded up and the intercellular connections
were lost due to the loss of neuritis.

Iron-Induced Intracellular ROS Generation

Intracellular ROS generation was increased in SH-SY5Y cells
exposed to FAC as compared with the untreated cells. In
2.5 mM and 5 mM FAC treatments, there were significant
increases in ROS generation (P < 0.01 and P < 0.001, respec-
tively) (Fig. 2).

Iron Reduced Mitochondrial Membrane Potential

Maintaining integrity of mitochondrial membrane or mito-
chondrial membrane potential (MMP) is an important phe-
nomenon for cell viability. Dysfunctional mitochondria or al-
tered MMP caused irreversible apoptotic cell death. Here,
MMP was significantly decreased in 2.5 mM (P < 0.01) and
5 mM (P < 0.001) FAC-treated SH-SY5Y cells (Fig. 3).

Cellular Apoptosis Induced by Iron

FAC treatment increased the cellular apoptosis as compared
with the untreated cells. For 2.5mM and 5mMFAC treatments,
there was a significant (P < 0.01 and P < 0.001, respectively)

Fig. 1 Cytotoxic effect of FAC on SH-SY5Y cells. a Increasing
concentrations of FAC (1 to 5 mM) caused SH-SY5Y cell deaths as
determined by MTT assay for cell viability. The values were expressed
as mean ± SD of three independent experiments [**P < 0.01,
***P < 0.001 as compared with the untreated group (Control)]. b

Morphological evaluation of SH-SY5Y cells with increasing FAC con-
centrations was made through microscopic observations (scale bar =
100 μm). Black arrows indicated shrinkage of cells with decreased neu-
ritis extension as a measure of cell death
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increase in both early and late apoptotic cell populations (Fig.
4a). Increasing number of condensed and fragmented nuclei as a
consequence of increasing FAC treatments was also evident of
apoptotic cell deaths (Fig. 4b). There was also significant upreg-
ulation of cleaved caspase 3 and cleaved PARP, the proteins that

are better known as effectors for apoptotic progression (Fig. 4c).
The expression of cleaved caspase 3 and cleaved PARP were
significantly increased in both 2.5 mM FAC (P < 0.01) and
5mMFAC (P < 0.001) treatments as comparedwith the untreat-
ed SH-SY5Y cells.

Iron-Induced Autophagy and Autophagic Flux
Blocked in SH-SY5Y Cell

AO staining was used to identify the cells containing AVOs
(Fig. 5a). A methachromatic shift of AO from green to red
fluorescence due to the excess accumulation of low pH
autophagosome, an apparent indication of autophagy induction,
was thereby observed. This observation was further confirmed
by the transient transfection of LC3-GFP vector construct in
SH-SY5Y cells followed by the increasing doses of FAC treat-
ments (Fig. 5b). LC3-GFP puncta formation was augmented
with increased FAC treatments. In immunoblot analyses, there
were increased expressions of Beclin1, LC3II, and p62 which
are responsible for autophagosome formation (Fig. 6a). LC3II is
an autophagosome-specific protein and it is degraded during
lysosomal hydrolysis . When the fusion between
autophagosome and lysosome is inhibited or the lysosomal ac-
tivity is disrupted, LC3II gets deposited as a consequence. This
is due to the fact that not degradation but LC3II production
occurs. In order to check whether the autophagy block indeed
caused the increase in LC3II level, SH-SY5Y cells were co-

Fig. 3 FAC treatment decrease the MMP of SH-SY5Y cell: RH-123 staining was used to determine the MMP by measuring fluorescence intensity. The
values were expressed as mean ± SD of three independent experiments [*P < 0.01, ***P < 0.001 as compared with the untreated group (Control)]

Fig. 2 Determination of ROS generation with increasing concentrations
of iron. DCFDA assay was performed to determine the intracellular ROS
generation. Twenty-four hours of treatment of SH-SY5Y with different
concentrations of FAC, i.e., 2.5 mM and 5 mM FAC treatments,
respectively caused a significant increase in ROS generation (expressed
as DCF fluorescence). The values were expressed as mean ± SD of three
independent experiments [**P < 0.01, ***P < 0.001 as compared with
the untreated group (Control)]
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FAC 2.5 mM FAC 1 mM

Control FAC 5 mM

a
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treated with FAC and chloroquine (CQ), a lysosome inhibitor. It
was observed that LC3II levels remain unchanged in CQ co-
treatment with FAC as compared with CQ treatment alone
(Fig. 6b). In addition, ultra structural analysis of SH-SY5Y cells
further confirmed FAC-mediated autophagy induction through
excess accumulation of autophagic vacuoles (AVs), and early/
late autophagosomes in comparison with the control (untreated)
SH-SY5Y cells (Fig. 7). Moreover, swollen mitochondria as a
consequence of FAC treatment were clearly visible in the cyto-
plasm of treated cells whereas very few number of early
autophagosomes (APs) and regular mitochondria were observed
in the cytoplasm of control cells.

Hence, it was confirmed that there was no further progres-
sion of autophagy following autophagosome formation. To
check whether the lysosomes are functional or non-functional,
the cells were labeled with LysoTracker Deep Red (Fig. 8a).
Labeling experiments clearly revealed the presence of acidic
vesicles which got accumulated in a concentration-dependent
manner of FAC. Besides, a similar phenomenon was observed
when cells were treated with lysosomal inhibitor CQ.
Furthermore, to confirm the deposition of LC3II as a conse-
quence of inhibition of lysosomal activity, SH-SY5Y cells
were transfected with LC3-GFP-RFP Tandem reporter con-
structs followed by different doses of FAC. It was eventually
observed that the red fluorescence was essentially overriding
the green fluorescence in comparison with the untreated cells
(Fig. 8b). This phenomenon was further observed for CQ-
treated cells which finally supports the fact that iron induces
autophagy block or prevent the progression of autophagy by
inhibiting the lysosomal activities.

Discussion

Iron is a crucial trace metal for any physiological system.
Excess iron or imbalance in iron turnover may cause different

�Fig. 4 Analysis of FAC-mediated neuronal apoptosis. a Annexin V- and
PI-stained cells were analyzed by FACS. Population of early and late
apoptotic cells (sum of upper right and lower right quadrants) increased
with increasing concentration of FAC. 2.5 mM and 5mMFAC treatments
caused a significant increase in apoptotic cells compared with the untreat-
ed group (Control). The values were expressed as mean ± SD of three
independent experiments [**P < 0.01, ***P < 0.001 as compared with
the untreated group (Control)]. b FAC treatment induced the apoptotic
nuclear morphology in SH-SY5Y cell (white arrows). FAC-treated cells
containing large number of fragmented nuclei (n = 3). c FAC treatment
increased the expression of cleaved caspase 3 and cleaved PARP as com-
pared with the untreated cells. The values were expressed as mean ± SD
of three independent experiments [*P < 0.05, **P < 0.01, ***P < 0.001
as compared with the untreated group (Control, C)]

Fig. 4 (continued)
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pathophysiological conditions in different vital organ systems
like the hepatic system, cardiac system, and neuronal systems
[12]. In the brain, availability of iron is tightly regulated by a
sophisticated mechanism in order to exploit its utility in cel-
lular operations, while preventing its deleterious effects. On
the other hand, genetic mutation of Iron Regulatory Proteins
(IRPs) may cause excess iron deposition which is sufficient to
cause iron-elevated neurodegenerative diseases like
Alzheimer’s disease (AD) and Parkinson’s disease (PD)
[13]. However, the present investigation is an approach to
understand the molecular mechanism and cell death pathways
that are involved in iron-mediated neuronal cell deaths. With
increasing doses of FAC (1 to 5 mM) on SH-SY5Y, neuro-
blastoma cells caused a dose-dependent gradual decrease in
cell viability. Disappearance of neuritis and altered cellular
morphology was further confirmed by bright-field microsco-
py. That iron decreased cell viability in primary cultures and as
well as in SH-SY5Y cells were earlier demonstrated as de-
scribed [14]. However, they conducted experiments using fer-
rous chloride as the iron source and at concentrations in mi-
cromolar levels.

Next, we intended to examine the effect of iron on the
oxidative damage of cell, if any, through increased rate of
ROS generation besides loss of mitochondrial membrane po-
tential (MMP). Iron is an effective inducer for the generation
of intracellular hydroxyl radicals (OH·) through the Fenton’s
reaction. In this study, it was indicated that the accumulation
of iron increased the generation of intracellular ROS which

prevailed over the cellular antioxidant mechanisms as custom-
ary, such as GSH and other free radical scavenging enzymes
[15]. Decrease in MMP is the other evidence of altered mito-
chondrial activity and induction of the irreversible apoptotic
cell death as a consequence of cellular oxidative damage [16].

Currently, ferroptosis is a well-studied phenomenon behind
iron-mediated cell deaths which is highly dependent on the
generation of oxidative stress but distinct from caspase-
dependent apoptosis [17] and other forms of cell deaths. In
the present study, it was also our interest to investigate if
apoptosis was involved in the neuronal cell deaths that oc-
curred as a consequence of iron treatment. A significant in-
crease in early apoptotic and late apoptotic cells was observed
and the data was highly correlated with the dose-dependent
increase in FAC concentrations. Our results suggest that lower
doses of FAC are sufficient to cause the early apoptosis of
cells, and with increasing concentrations of FAC, the cells
gradually moved into necrotic death following late apoptosis.
Consequently, the condensation and fragmentation of nuclei
with increased expression of cleaved casase-3 and cleaved
PARP clearly signify the involvement of apoptotic pathways
in iron-induced neuronal cell death [18–20].

Next, it was our interest to investigate the process of au-
tophagy, if any, which could plausibly be involved in the cell
death process. Taking into consideration again that cell death
may be an outcome of interrupted autophagy, we treated SH-
SY5Y cells with increasing doses of FAC, as prescribed, and
further analyzed to determine the molecular events involved in

Fig. 4 (continued)

Rakshit et al.



Fig. 5 Assessment of FAC-mediated autophagy induction. a
Determination of AVO accumulation. AO stain was incorporated into
the autophagosome and with increasing acidity; the gradual
metachromatic shift from green fluorescence to red fluorescence is
shown for 2.5 mM and 5 mM FAC treatments. All values were
expressed as mean ± SD of three independent experiments [**P < 0.01,

***P < 0.001 as compared with the untreated group (Control)]. b
Determination of autophagosome accumulation. Fluorescence
micrograph of LC3-GFP-transfected SH-SY5Y cells. Punctated LC3-
GFP (white arrows) was observed in FAC-treated SH-SY5Y cells as
compared with the diffused fluorescence of untreated cells. All
experiments were performed in triplicate

Iron-Induced Apoptotic Cell Death and Autophagy Dysfunction in Human Neuroblastoma Cell Line SH-SY5Y



Fig. 6 Expressional study of autophagymarker proteins. a LC3I to LC3II
conversion was clearly observed by means of Western blotting
experiments with increasing doses of FAC. However, p62 expressions
increased plausibly due to the inhibition of lysosomal degradation. The
reduced amount of Beclin 1 expression as a result of higher doses of FAC
compared with the lower FAC doses suggests no further autophagic
progression. b LC3II expression was significantly increased in FAC

(2.5 mM) treated and FAC with CQ-co-treated cells (**P < 0.01,
***P < 0.001 as compared with the Control). There is no significant
(ns) change in LC3II expression level between CQ-treated and FAC with
CQ-co-treated cells. The values were expressed as mean ± SD of three
independent experiments [*P < 0.05, **P < 0.01, ***P < 0.001 as
compared with the untreated group (Control, C)]

Rakshit et al.



the iron-mediated neuronal deaths. The autophagy pathway is
known to be divided into three regulatory segments, viz. ini-
t i a t ion or au tophagosome format ion , fus ion of
autophagosome and autolysosome, and finally the lysosomal
degradations or termination. Inhibition in any of these events
may lead to cell death [21]. In the present work, we used
Acridine Orange (AO), a cell-permeable green fluorophore
with increasing concentrations of FAC. In an acidic condition,
as evident from the accumulation of acidic vesicular organelle
(AVO) and as a consequence of autophagy progression, AO
gets protonated resulting in a metachromatic shift from green
to red fluorescence when compared with control cells.
Concomitant with the AVO deposition, there was further
LC3-GFP puncta formation observed as a marker of mature
autophagosome formation. Further, the expression levels of
other autophagy related genes, such as Beclin 1 and p62/
SQTM1. Beclin 1 is an initiator protein of autophagy which
is known to commence the phagophore formation [22].
Interestingly, Beclin 1 was found to be upregulated, as evi-
denced from the Western blotting studies suggesting once
again a clear indication of autophagy initiation although there
had been no significant increase in the initiator protein later
with increasing doses of FAC. On the other hand, a different
phenomenonwas observed for the adaptor protein p62 expres-
sion, which is well known to degrade with the progression of
autophagy [23]. Surprisingly, in the present investigation, the
p62 levels remained unchanged for all FAC-treated cells in
comparison with the controls. Besides, as expected, a twofold
increase in the expression of LC3II concomitant with higher
doses of iron was observed. Consequently, from the data ob-
tained so far, it was clearly evident that the conversion of LC3I
into its lipidated form, LC3II, was not sufficient to ascertain

that there was indeed a progression of autophagy. However,
our data establish the fact that initially a higher rate of autoph-
agy was induced upon FAC treatment but resulted in an in-
complete progression of the process possibly due to defects in
late stage of autophagy [22, 24]. CQ is particularly a late stage
autophagy blocker which is popularly known to inhibit lyso-
somal activity [25]. In the present study, co-treatment of FAC
with CQ caused no significant increase in LC3 II expressional
level as compared with the CQ-treated cell which confirms the
blockage of autophagy in late stage. On the other hand, the
presence of intracellular autophagic structures in FAC-treated
SH-SY5Y cell lines were visualized by ultrastructual (TEM)
studies which confirmed the induction of autophagy [26].
Moreover, the increased number of damaged or swollen mi-
tochondria with augmented accumulation of AVs and APs in
the cytoplasm is a clear indication of autophagic cell deaths
[27].

Late stage autophagy inhibition is the outcome of lyso-
somal dysfunction. Lysotracker Deep Red staining re-
vealed the formation of lysosomal acidic vesicles with an
increase in size of lysosomes as compared with the control.
Similar phenomenon was also observed in CQ-treated
cells. Hence, it was evident that autophagy block was in-
deed due to the iron-induced lysosomal dysfunction. It was
also evident that iron inhibited the lyosomal hydrolase ac-
tivities [28, 29]. LC3-GFP-RFP reporter tracking is a well-
accepted method to check the intracellular fate of LC3II
during autophagy induction and also during autophagy
block [30]. The presence of red fluorescence over the green
fluorescence as a consequence of increasing iron treatment
clearly signifies LC3B deposition which is correlated with
lysosomal dysfunction [31].

Fig. 7 Ultrastructural study revealed autophagy induction in FAC-treated
SH-SY5Y cell line. As compared with the control cells, formation of
autophagy-related structures was clearly seen in FAC-treated SH-SY5Y
cells. Membrane-bound autophagic vacuoles (AV) (arrows), early

autophagosomes (*), and late autophagosomes (**) were a clear
evidence of FAC-mediated autophagy induction. Swollen mitochondria
(arrow heads) were also observed in FAC-treated cells. M, mitochondria
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Taken together, the present investigation attempts to focus
that levels of iron are indeed crucial for maintaining the nor-
mal neuronal physiology but excess of iron deposition is suf-
ficient to induce the generation of intracellular ROS leading to
neuronal cell deaths. It was further evident that there was a
significant correlation between increasing apoptotic cell pop-
ulations with and enhanced population of AVO-containing
cells which occurred as a result of high doses of FAC and
subsequently caused the neuronal cell deaths. However, we
report for the first time that interruption in autophagy progres-
sion or perhaps the inhibition of lysosomal hydrolase action is
probably responsible for the iron-induced neuronal cell
deaths. Our work thus demonstrates that iron-induced neuro-
nal cell death is not only mediated by any apoptotic cell death
pathway; death is induced through inhibition of autophagy
pathway, which may be considered to be an alternative form
of a cell survival pathway [32]. This work is intended to open
new avenues in the field of treating iron-induced neurotoxicity
that leads to neurodegeneration by inducing the progression of
autophagy or completion of autophagy lysosomal pathway.
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