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Biometals such as iron, copper, potassium, and zinc are essential regulatory elements
of several biological processes. The homeostasis of biometals is often affected
in age-related pathologies. Notably, impaired iron metabolism has been linked to
several neurodegenerative disorders. Autophagy, an intracellular degradative process
dependent on the lysosomes, is involved in the regulation of ferritin and iron
levels. Impaired autophagy has been associated with normal pathological aging,
and neurodegeneration. Non-mammalian model organisms such as Drosophila have
proven to be appropriate for the investigation of age-related pathologies. Here, we
show that ferritin is expressed in adult Drosophila brain and that iron and holoferritin
accumulate with aging. At whole-brain level we found no direct relationship between
the accumulation of holoferritin and a deficit in autophagy in aged Drosophila brain.
However, synchrotron X-ray spectromicroscopy revealed an additional spectral feature
in the iron-richest region of autophagy-deficient fly brains, consistent with iron–sulfur.
This potentially arises from iron–sulfur clusters associated with altered mitochondrial
iron homeostasis.
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INTRODUCTION

Iron is an essential biometal, widely used as a cofactor by a variety of proteins. Imbalance in
iron metabolism, where either a deficiency or excess of iron may have harmful effects, and
impaired iron metabolism may be modulators of neurodegeneration in several genetic or sporadic
neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease,
amyotrophic lateral sclerosis, and multiple sclerosis (Ward et al., 2014; Angelova and Brown, 2015;
Biasiotto et al., 2016).

Ferritin is a universal iron storage protein. Two types of subunits, the heavy (H) and light (L)
chains, assemble in different ratios into 24-subunit heteropolymers, in which iron can be stored
in a mineralized form. Expression of both H and L ferritin chains are closely related to iron bio-
availability (Gray and Hentze, 1994). Like in mammals, Drosophila genome encodes two types
of subunits, known as heavy-chain homolog (Fer1HCH) and light-chain homolog (Fer2LCH)
(Georgieva et al., 2002; Nichol et al., 2002; Hamburger et al., 2005). A mitochondrial ferritin subunit
was lately identified in both mammals and insects (Levi et al., 2001; Missirlis et al., 2006). On the
contrary to other ferritins, mitochondrial ferritin assembles as homopolymers (Levi et al., 2001).
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When cells exhibit an iron deficiency, iron can be released
from the ferritin. However, an excess of free iron may cause
substantial damage to lipids, DNA, and proteins through the
generation of highly reactive hydroxyl radicals (Zecca et al.,
2004b; Angelova and Brown, 2015). Therefore, strict regulation
of iron storage is essential to maintain cellular homeostasis
and integrity. Drosophila has been successfully used as a model
to evaluate the impact of iron storage deregulation on cell
physiology and animal behavior. Notably, iron metabolism has
been linked to circadian rhythms (Freeman et al., 2013; Rudisill
et al., 2019), the autosomal recessive disease Friedreich’s ataxia
(Navarro et al., 2015; Soriano et al., 2016), neurodegenerative
diseases and age-associated defects (Xun et al., 2008; Rival et al.,
2009; Kosmidis et al., 2011, 2014; Tang and Zhou, 2013).

Cells use two main cytosolic degradative processes: the
ubiquitin-proteasome pathway (UPS) and the autophagy-
lysosomal pathway. While the UPS is specialized in the
degradation of monomeric, short-lived proteins; autophagy has
the potency to degrade large protein complexes and organelles
(Korolchuk et al., 2010; Nam et al., 2017). Autophagy is
divided into three different processes that differ by the way
substrates are being delivered to the lysosome for degradation.
Chaperone-mediated autophagy and microautophagy are defined
by their ability to transfer proteins directly to the lysosomes
through pores or membrane invagination respectively (Tekirdag
and Cuervo, 2017). However, macroautophagy (referred to as
autophagy) requires the isolation of cytoplasmic content into
double-membraned autophagosomes that eventually fuse with
the lysosomes (Yin et al., 2016). The molecular components
involved in autophagy progression are highly conserved among
Eukaryotes and most of these proteins have orthologs in
Drosophila (Mulakkal et al., 2014; Bhattacharjee et al., 2019). The
complexes of Atg (Autophagy) proteins regulating the formation
of autophagosomes are well-conserved and characterized.
One essential component of this machinery is the protein
Atg8a (LC3 in mammals), which is cleaved and lipidated
before anchoring into the autophagosomal membrane (Nagy
et al., 2015). Atg8a is essential to the recruitment of other
components of the autophagic machinery, as well as for the
selection of receptors and their cargoes for selective degradation
(Alemu et al., 2012; Wild et al., 2014; Schaaf et al., 2016).
The best known selective cargo receptor in Drosophila is
Ref(2)P (homologous to mammalian p62/SQSTM1) (Nezis
et al., 2008; De Castro et al., 2013; Bartlett et al., 2014;
Nagy et al., 2014). Selective autophagy can also contribute
to the regulation of ferritin turnover (Hou et al., 2016;
Gatica et al., 2018). The selective degradation of ferritin
by autophagy is referred to as ferritinophagy and requires
the cargo receptor NCOA4 in mammals (Mancias et al.,
2014, 2015); no homologous receptor has been yet identified
in Drosophila.

It has been extensively shown that autophagy declines
during aging. Indeed, essential autophagy genes are
transcriptionally down-regulated during healthy aging
(Lipinski et al., 2010; Schultz et al., 2013; Omata et al.,
2014). Accumulation of damaged proteins and organelles
also constitutes a hallmark of numerous age-associated

neurodegenerative disorders (Nixon, 2017; Colacurcio
et al., 2018). Alteration of autophagy has been identified
as an early onset feature in Alzheimer’s disease-affected
neurons (Zare-Shahabadi et al., 2015). However, the
interplay between autophagy, iron and neurodegeneration
is poorly understood.

In the present study, we used the model organism Drosophila
melanogaster to investigate the effect of aging and autophagy
disruption on the load of iron in the brain. We show
that iron and holoferritin (where ferritin – Fer1HCH and
Fer2LCH heteropolymer – protein surrounds an iron oxide
core) accumulate in the brain from old flies regardless of their
autophagy status, suggesting that autophagy is not essential to
regulate total iron levels in the Drosophila brain. The spectrum
of iron phases present is unchanged within the limits of
detection for wild-type as a function of aging, but there is
evidence of a distinct iron fraction in the autophagy-deficient fly
brain, consistent with a proportional elevation in an iron–sulfur
phase. This may, in turn, indicate disrupted mitochondrial iron
homeostasis (Rouault and Tong, 2005).

MATERIALS AND METHODS

Drosophila Stocks and Maintenance
Flies were maintained on standard yeast-cornmeal medium at
25◦C, 70% humidity with a 12 h light-dark cycle. The following
fly strains were used: wild-type w1118 (BDRC #3605), Atg8a-
deficient Atg8aKG07569 (gift from Dr. Gabor Juhasz), Atg7-
deficient Atg7177 and Atg7114/CyO (Juhasz et al., 2007) (gift
from Dr. Gabor Juhasz), Fer1HCHG188/TM3 (DGRC #110-620;
this line encodes a GFP-tagged version of the Fer1HCH subunit)
(Missirlis et al., 2007), hml(delta)-GAL4 UAS-eGFP (BDRC #
30140) and hml(delta)-GAL4 UAS-eGFP UAS-hid/CyO (gift from
Dr. François Leulier). For the generation of Atg7-deficient flies,
virgin females Atg7114/CyO were crossed with males Atg7177

and the progeny lacking balancer chromosome was collected
after hatching. Stocks were backcrossed to w1118 to isogenise the
genetic background.

Aging and Lifespan Measurement
For all experiments, age-matched adult male flies were used.
Flies were collected within 24 h of hatching and aged in cohorts
of 20 individuals. Flies were transferred every 2–3 days on
fresh medium until collection after 1 week, 1 or 2 months.
Because of their shorter lifespan, old autophagy-deficient flies
were collected at 1 month.

Generation of Hemizygous
GFP-Fer1HCH Expressing Flies
Homozygous virgin females wild-type (w1118) or
autophagy-deficient (Atg8aKG07569) were crossed with males
Fer1HCHG188/TM3. From the progeny, only hemizygous males
w1118/Y; Fer1HCHG188/+ and Atg8aKG07569/Y; Fer1HCHG188/+
were collected, and aged or fed as mentioned where appropriate
in the figure legends.
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Feeding With Iron or
Bortezomib-Supplemented Diets
Adult males were selected within 24 h from hatching and placed
onto Nutri-Fly Instant Drosophila Medium (Genesee Scientific,
66–117) prepared in water supplemented with 1 mM FAC (ferric
ammonium citrate) or 20 mM bortezomib in DMSO (#2204 Cell
Signaling Technology). Flies were flipped onto freshly made food
every day for 5 days. The same diet without FAC or with 0.002%
DMSO were used as respective control for regular diets.

Protein Extraction From Adult Drosophila
Heads and Bodies
Age-matched adult males were flash frozen in liquid nitrogen.
Flies were decapitated by short burst vortexing in 15 mL tubes.
Heads, bodies, and appendices were separated using sieves (no.
25 and no. 40) chilled with liquid nitrogen beforehand. Heads
were collected in microcentrifuge tubes and homogenized in
ice-cold lysis buffer (20 mM Tris pH 7.5, 137 mM NaCl,
1% Triton X-100, 1% glycerol) supplemented with complete
protease inhibitor cocktail (cOmpleteTM, Mini, EDTA-free
Protease Inhibitor Cocktail; Sigma-Aldrich, 04693159001 Roche)
and 50 mM N-ethylmaleimide (Sigma-Aldrich, E3876). Protein
concentrations were determined using Bradford assay.

Hemocyte Ablation
The cell-specific ablation of mature hemocytes was performed
by crossing virgin females Fer1HCHG188/TM3 with males
hml(delta)-GAL4 UAS-eGFP UAS-hid/CyO. As a control, virgin
females Fer1HCHG188/TM3 were crossed with males hml(delta)-
GAL4 UAS-eGFP/CyO. From the progeny, adult flies lacking the
balancer chromosomes were selected and aged for 5 days onto
regular diet before collection of their hemolymph.

Hemolymph Collection
Immediately before hemolymph collection, anesthetized flies
were surface sterilized by dipping them briefly in 70% ethanol.
Excess ethanol was blotted off on filter paper. Flies were
punctured with a tungsten needle in their thorax and immediately
placed in a collection tube on ice. Collection tubes were made by
piercing through the bottom of a 0.5 mL centrifuge tube with a
25G needle and placing it into a 1.5 mL centrifuge tube. A total
of 40 punctured flies per genotype were pooled per collection
tube. Hemolymph was isolated by centrifugation at 5000 rpm for
5 min at 4◦C. Collected hemolymph samples were then diluted in
Laemmli loading buffer and heated for 5 min at 95◦C.

In gel Iron Staining
Protein extracts were prepared in 2x concentrated non-
denaturing/non-reducing loading buffer (62.5 mM Tris-HCl pH
6.8, 25% glycerol, 1% bromophenol blue). Protein concentrations
were determined using Bradford assay; 20 µg of total protein for
each sample was separated on 6% native-PAGE gel in ice-cold
running buffer (25 mM Tris, 192 mM glycine) after pre-run of
the gel for 30 min at 100 V. Following protein separation, the
gel was stained for 48 h with Prussian blue staining solution
(10% K4Fe(CN)6, 350 mM HCl) at room temperature with gentle

agitation. After washes in ultrapure water, holoferritin was visible
as blue bands. All the glassware and tanks were acid-rinsed (1%
HCl in ultrapure water) and left to air dry before use.

Western Blotting and Antibodies
Protein extracts were prepared in Laemmli loading buffer
containing 2.5% beta-mercaptoethanol (except for experiment
in non-reducing condition where no beta-mercaptoethanol
was added) and heated for 5 min at 95◦C before separation
of 20 µg total proteins on 8 or 12% SDS-PAGE gels.
Separated proteins were transferred onto nitrocellulose or
PVDF membranes. The membranes were blocked in TBS
(Tris-buffered saline; 50 mM Tris-Cl, pH 7.6, 150 mM
NaCl), 0.1% Tween-20, 5% non-fat milk. The following
antibodies were used: anti-GFP (Santa Cruz sc-9996, 1:1,000),
anti-GABARAP/Atg8a (Cell Signaling Technology No. 13733,
1:2,000), anti-Ref(2)P (Abcam ab178440, 1:1,000), anti-β actin
(Abcam ab8227, 1:2,000), anti-α tubulin (Sigma-Aldrich T5168,
1:40,000), HRP-coupled secondary antibodies anti-rabbit and
anti-mouse (Thermo Scientific No. 31460 and 31450, 1:10,000).
Signals were developed using the ECL detection reagents
(Amersham, RPN2209).

Immunocytochemistry
Dissected brains from adult males Fer1HCHG188 were fixed for
30 min in 4% paraformaldehyde in 1x PBS (phosphate buffered
saline; 137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, pH
7.4). The brains were permeabilized for 1 h in permeabilization
buffer (0.1% Triton X-100, 0.3% BSA in PBS) before incubation
overnight at 4◦C with anti-Brp (DSHB, nc82 supernatant;
1:10 in permeabilization buffer) (Wagh et al., 2006) or anti-
Elav (DSHB, Elav-9F8A9 supernatant; 1:100 in permeabilization
buffer) (O’neill et al., 1994). Subsequent incubation with an
Alexa568-coupled secondary antibody (Sigma No. SAB4600082,
1:500) was conducted in permeabilization buffer for 2 h at
room temperature. Nuclei were stained with Hoechst 33342
(1 µg/mL in PBS). All washes were performed with 0.1% Triton
X-100 in PBS. Images were captured with a Zeiss LSM880
confocal microscope.

X-Ray Fluorescence Imaging and
Spectroscopy on Isolated Brains
Whole dissected brain from flies at the desired age were dissected
using tungsten-coated titanium tweezers in ultrapure deionized
water. Dissected brains were mounted onto ultralene film and
allow to air dry for a minimum of 2 h (nine brains per slide: three
brains per genotype/age).

Specimens were analyzed at the I18 Microfocus
Spectroscopy beamline at the Diamond Light Source in
Oxford, United Kingdom, using a pair of opposing Si detectors
to maximize recovery of the fluorescence emitted from the
ultralene-mounted samples. The focused beam was tuned to
10.5 keV, with a beam spot diameter of 60 µm for initial surveys
with microfocus X-ray Fluorescence (µXRF), and 20 µm for
mapping over the area of each intact brain. The method used
here is not as precise in determining absolute concentration
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as mass spectrometry imaging, but it is non-destructive
and highly sensitive to relative differences in concentration
between samples (Collingwood and Adams, 2017). Three to
nine intact brains were imaged at room temperature for each
group of flies. Detector position and acquisition times were
kept consistent throughout the experiment to facilitate the
subsequent comparative analysis. Subsequently, site-specific
X-ray Absorption Near Edge Spectroscopy with a microfocused
beam (µXANES) analysis was performed at the iron K-edge,
using the 20 µm diameter beam to acquire a spectrum from
the iron-richest region in the central brain from each fly, where
the region of interest (ROI) was confirmed using the µXRF
intensity image for iron. The absorption edge position in energy
was calibrated with reference to an iron foil spectrum obtained
during the same experiment, with alignment and removal of
background being performed using the established workflow
in the IFEFFIT Athena software package for XAFS analysis
(Ravel and Newville, 2005).

Genomic DNA Extraction and PCR
Genomic DNA (gDNA) from 15 flies per genotype was extracted
using DNeasy Blood and Tissues Kit (Qiagen 69504). PCR
amplifications were conducted on 100 ng of gDNA with
DreamTaq Green PCR Master Mix (Thermo Scientific K1081) in
a Bio-Rad T100 thermal cycler. Samples were loaded on 1% (w/v)
agarose gel in 1x TAE (40 mM Tris-base, 20 mM acetic acid, 1 mM
EDTA pH 8.0). GelRed (VWR 41003) was used to stain nuclei
acids. Primer sequences are listed in Table 1.

RNA Extraction and Real Time
(RT)-qPCR
Total RNA extraction was performed on adult males using
the PureLinkTM RNA Mini kit (Life Technologies Ambion)
according to the manufacturer protocol. For all subsequent steps,
1 µg of RNA was used for each condition. Genomic DNA
were digested out using DNase I (Thermo Scientific K1622).
Synthesis of cDNA was done using the RevertAid Kit (Thermo
Scientific K1622). Relative quantitation of gene expression was
performed in an Agilent MxPro4005P qPCR system using the

GoTaq qPCR Master Mix (Promega A6002). Primer sequences
are listed in Table 1.

RESULTS

Ferritin Is Expressed in Adult Drosophila
Brain
It has been previously shown that ferritin is expressed in
various tissues in Drosophila. The protein expression of a
GFP-knock-in mutant for fer1hch has been used to show the
localization of Fer1HCH protein in different tissues and organs,
including the larval brain where it accumulates primarily in
the optic lobes and notochord (Georgieva et al., 2002; Mehta
et al., 2009). However, no information is readily available
concerning the localization of the GFP-Fer1HCH in adult fly
brain. To evaluate the expression of GFP-Fer1HCH in the
head of adult flies, we performed western blot on lysates
from isolated heads and bodies from a fly strain expressing
GFP-tagged Fer1HCH due to the genomic insertion of GFP
between the first and second exons of the gene (Fer1HCHG188

flies) (Missirlis et al., 2007). Wild-type flies were used as a
negative control. As expected from previous studies, GFP-
Fer1HCH was detected in samples from both heads and
bodies (Figure 1A).

Drosophila ferritin is known to be secreted in the hemolymph,
which is analogous to vertebrates’ blood, and remains in direct
contact with tissues. In order to evaluate whether the GFP-
Fer1HCH protein we detected in Drosophila heads corresponds
to secreted or cytosolic ferritin, we extracted the hemolymph
from adult Fer1HCHG188 flies. As expected, GFP-Fer1HCH
strongly accumulates in the hemolymph, but also remains present
in the bodies after draining their hemolymph (Figure 1B).
It was shown that GFP-Fer1HCH accumulates in hemocytes
(Gonzalez-Morales et al., 2015). To make the distinction between
ferritin which is secreted in the hemolymph and expressed in the
hemocytes, we compare the level of GFP-Fer1HCH protein in the
hemolymph from flies lacking mature hemocytes (phagocytes)
and flies with a normal hemocytes pool (Figures 1C,D).
Tubulin was used as a marker for the successful ablation of

TABLE 1 | Primer sequences used in this study.

PCR primers

Hml1 forward CCAACAATTTCCGATTAGCCTAAC

GAL4 reverse CGATACAGTCAACTGTCTTTGACC

pUAST3′ AACCAAGTAAATCAACTGC

Hid reverse GAATGGTGTGGCATCATGTGC

EGFP reverse CTTGTAGTTGCCGTCGTCCTTGAA

RT-qPCR Forward primer sequences Reverse primer sequences

fer1hch TCTGATCAATGTGCCGACTG TGGTAGTGGTTGTAGGGCTTG

fer2lch GCCAGAACACTGTAATCACCG GGCTCAATATGGTCAATGCCA

Atg8a GGTCAGTTCTACTTCCTCATTCG GATGTTCCTGGTACAGGGAGC

Atg7 TCGTGGGCTGGGAGCTAAATA GGTTTACAGAGTTCTCAGCGAG

rp49 AAGAAGTTCCTGGTGCACAACGTG AATCTCCTTGCGCTTCTTGGAGGA
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FIGURE 1 | Ferritin heavy chain is expressed in adult Drosophila brain. (A–C)
Western blot analysis of GFP-Fer1HCH in reduced/denaturated protein
samples extracted from (A) fly heads or bodies; (B) hemolymph (Haemo) or
bodies drained from their hemolymph (Bodies); (C) hemolymph from flies
depleted (–) or not (+) of their phagocytes. (D) Gel electrophoresis on PCR
products from gDNA extracted from transgenic (transg.) flies used in (C),
gDNA from w1118 wild-type flies was used as negative control. (E,F) Confocal
imaging of an adult Drosophila brain expressing GFP-Fer1HCH (left panel,
green in merged panel) and stained for either (E) Bruchpilot (Brp) or (F) Elav
(middle panel, red in merged channel). For all the experiments, 1-week-old
adult males were used.

the phagocytes (Figure 1C) and the presence of the relevant
transgenes was validated by PCR on gDNA (Figure 1D).
We observed a moderate reduction of GFP-Fer1HCH in the
hemolymph from the flies lacking phagocytes, meaning that
most of the ferritin in the hemolymph corresponds to secreted
ferritin (Figure 1C).

To confirm that ferritin detected in the adult Drosophila
head comes mainly from the tissues rather than the
surrounding hemolymph, we used fluorescence microscopy
to establish the distribution of ferritin in Drosophila adult
brain. We observed that GFP-Fer1HCH is expressed in
the cell bodies surrounding the neuropil, marked using an
antibody against the presynaptic protein Bruchpilot (Brp)
(Wagh et al., 2006) (Figure 1E). The localization of GFP-
Fer1HCH also matches the expression of Elav, a neuron-specific
protein (Figure 1F).

Taken together, the above results show that ferritin heavy chain
is expressed in the brain of adult Drosophila fly and accumulates
in the neuronal cell bodies.

Decline of Autophagy Induces
Accumulation of High Molecular Weight
Ferritin Heavy Chain
Various studies have demonstrated that autophagy, which
declines with age, is implicated in the degradation of ferritin
and iron turnover (Asano et al., 2011; Mancias et al., 2014; Ott
et al., 2016). To evaluate whether autophagy and aging affect
the level of ferritin in adult Drosophila heads, we made use of
the GFP-Fer1HCH expressing flies. First, extracts from adult
heads of wild-type or Atg8a mutant males heterozygous for the
Fer1HCHG188 allele were analyzed. Atg8a mutant fly heads were
used as a negative control for GFP-Fer1HCH expression. Western
blots probed with anti-GFP antibody revealed the presence of a
band at the expected size of 50 kDa consistent with the fusion
of the 27 kDa GFP protein to the 23 kDa Fer1HCH chain
(Figure 2A). No noticeable difference was observed between
wild-type and autophagy mutant. However, 1-week old Atg8a
mutant fly head samples, but not young age-matched wild-
type, exhibited the accumulation of a higher molecular weight
band around 120 kDa (Figure 2A). Similarly, we noted the
presence of higher molecular weight bands in old (2-months old)
Fer1HCHG188 male fly heads that were not detected in young
(1-week old) wild-type flies (Figure 2B).

To test whether this high molecular weight ferritin in Atg8a
mutant and aged wild-type fly heads corresponds to aggregates,
we performed a differential detergent protein extraction (Nezis
et al., 2008; Simonsen et al., 2008; Jacomin and Nezis, 2019).
Soluble proteins from fly heads were first extracted in a 0.1%
Triton X-100 lysis buffer. The pellets, containing aggregated
proteins, were then broken down by sonication in a 2% SDS lysis
buffer. Samples were reduced and denaturated before separation
by SDS-PAGE. We observed that 50 kDa GFP-Fer1HCH is
predominantly located in the soluble fraction (Triton). High
molecular weight ferritin heavy chains were solely detected
in the soluble fraction and were excluded entirely from the
insoluble fraction (SDS) (Figure 2C). Some proteins can form
oligomers that can be identified using reduced and non-reduced
lysis condition. We compared the effect of reducing agent on
the formation of higher molecular weight GFP-Fer1HCH. Lysis
of wild-type and Atg8a mutant fly heads was performed in
lysis buffer supplemented with 50 mM N-ethylmaleimide to
prevent the formation of new disulfide bond during the lysis
procedures. Loading samples were then prepared by boiling
in SDS-loading buffer in the presence (reduced) or absence
(non-reduced) of 2.5% β-mercaptoethanol (Figure 2D). The
preparation of the samples from in non-reduced condition
had no effect on the accumulation of the high molecular
weight GFP-Fer1HCH which was consistently observed in 1-
week old autophagy mutant (but not age-matched wild-type)
fly heads samples. To evaluate the implication of the proteasome
in the clearance of ferritin, we have fed flies expressing GFP-
Fer1HCH with bortezomib – an inhibitor of the proteasome –
and looked at the accumulation of GFP-Fer1HCH high molecular
weight band; no significant effect was observed (Figure 2E).
The efficiency of bortezomib to block the proteasome was
checked by probing the membrane with an antibody against
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FIGURE 2 | Continued
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FIGURE 2 | Soluble high molecular weight heavy-chain ferritin accumulates in autophagy-deficient fly heads. (A,B) Western blot analysis of GFP-Fer1HCH after
samples reduction/denaturation in total protein lysates from (A) 1-week old wild-type (WT) and Atg8a mutant flies or (B) 1-week or 2-months old wild-type flies.
(C) Western blot analysis of GFP-Fer1HCH in soluble (Triton) and insoluble/aggregated (SDS) proteins fraction from 1-week old wild-type (WT) and Atg8a mutant fly
heads. (D) Western blot analysis of GFP-Fer1HCH in total protein lysates from 1-week old wild-type (WT) and Atg8a mutant fly heads prepared in either reduced or
non-reduced conditions before SDS-PAGE and western blotting. (E) Western blot analysis of GFP-Fer1HCH in total protein lysates from Fer1HCHG188 fly heads
after feeding for 6 days on 10 µM bortezomib or vehicles. Membranes were probed for GFP, Atg8a (A), ubiquitinated proteins (E); β-actin (A,C) or α-tubulin (B,D,E)
were used as loading control. Arrowheads show high molecular weight bands of GFP-Fer1HCH. The terms ‘short exp.’ and ‘long exp.’ refer to the duration of film
exposure on the membrane before developing. A longer exposure (long exp.) was necessary for the observation of the high molecular weight GFP-Fer1HCH which
are less abundant than 50 kDa GFP-Fer1HCH.

FIGURE 3 | Holoferritin accumulation in fly head. (A) Lifespan of a 100 wild-type and Atg8a and Atg7 mutant flies reared in standard conditions. (B) In gel staining for
holoferritin in protein lysates from wild-type and Atg8a and Atg7 mutant flies fed on either normal diet or diet supplemented with 1 mM FAC. (C) Relative quantity of
holoferritin normalized to loading control. (D) Analysis by RT-qPCR of mRNA level for fer1hch, fer2lch, Atg8a, and Atg7 in flies fed on either normal or
FAC-supplemented diet. (E) In gel staining for holoferritin on protein lysates from wild-type (WT) Atg8a (8a) and Atg7 (7) mutant fly heads at 1-week, 1-month and
2-month old. (F) Relative quantity of holoferritin normalized to loading control. (G) Analysis by RT-qPCR of mRNA level for fer1hch, fer2lch, Atg8a, and Atg7 in aged
flies. The bar charts show mean ± SD. Statistical significance was determined using one-way ANOVA, ∗P < 0.05, ∗∗P < 0.01. Western blots on denaturated
samples were probed for Ref(2)P as an autophagy-deficiency control and α-tubulin as a loading control.
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FIGURE 4 | Quantification of iron in isolated Drosophila brain. (A) The total quantity of iron per whole fly brain was measured from complete brain images obtained
using µXRF at 20 µm resolution. Individual biological samples are shown as circles. Open circle data were acquired during a different experiment than close circle
data. Bar represents mean ± SD. Statistical significance was determined using one-way ANOVA; significant values are indicated above the bars, ∗∗∗P < 0.001.
(B) Correlation between the area of the brain in pixels (px) and the quantity of iron. Spearman’s rank correlation coefficient ρ = 0.3311. (C) Fe K-edge XANES from
Drosophila and ferritin standard, with spectra vertically offset for clarity. (D,E) Overlay of spectra shown in (C), focussing on the region where the spectra from Atg8a
and wild-type differ (arrowhead). (F) Linear combination fitting of Atg8a spectrum. The Atg8 spectrum was shown to be consistent with that of the wild-type model +
Fe(III) sulfate (Fe2(SO4)3), with a χ2 value of 0.01 obtained for the fit. All XANES spectra were subjected to an edge-step normalization and flattened using Athena
fitting software prior to fitting.
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ubiquitinated proteins, which accumulate when the proteasome
is blocked (Figure 2E).

Taken together, these results show that ferritin does not form
aggregates in Drosophila head when autophagy is impaired.

Holoferritin Is Not Affected in Autophagy
Mutant Fly Heads
It has been well-documented that iron bioavailability and ferritin
levels are correlated. We have verified that we can detect
changes in holoferritin in wild-type and autophagy-deficient
Drosophila by feeding adult flies on either normal diet or
on a diet supplemented in iron in the form of FAC. Flies
lacking either Atg8a or Atg7, two major regulators of autophagy,
were used as autophagy-deficient Drosophila. We performed
Prussian blue staining for holoferritin in protein samples from
whole adult flies separated on native-PAGE. As expected,
holoferritin accumulated in flies fed on iron-supplemented diet
(Figures 3B,C) and correlated with an increase in the mRNA
expression level of fer1hch and fer2lch, while Atg8a and Atg7
remained unchanged (Figure 3D).

We then performed in gel Prussian blue staining on protein
lysates prepared from wild-type or autophagy-deficient fly heads
collected from age-matched flies at 1-week, 1-month, or 2-
months old. Because of their significantly shorter lifespan,
samples from old Atg8a and Atg7 mutant flies were collected
at 1-month old only, solely wild-type samples were collected
at 2-month old (Figure 3A). We observed that holoferritin
accumulated in protein samples from heads isolated from
old flies, regardless of their autophagy-deficiency status. No
difference was observed in heads from young autophagy-deficient
flies when compared to age-matched wild-type (Figures 3E,F).
The quantity of holoferritin was normalized against α-tubulin,
used as a loading control, from the same samples separated by
SDS-PAGE after denaturation and reduction of the samples in
Laemmli loading buffer and boiling at 95◦C. Gene expression
of fer1hch and fer2lch, as well as Atg8a and Atg7, was accessed
by RT-qPCR. Wild-type and Atg7 mutant flies showed an
increased level in fer1hch and fer2lch as a result of their
respective aging, which correlated with the accumulation of
holoferritin, while no significant change was observed in
Atg8a mutants (Figure 3G). As expected, Atg8a expressing
is reduced in old wild-type flies (Simonsen et al., 2008;
Omata et al., 2014).

Altogether, these results suggest that the accumulation of
holoferritin during the course of aging in Drosophila head is
independent of autophagy.

Ferric Iron Accumulates in the Brain of
Aged Flies
X-ray fluorescence microscopy was previously demonstrated to
be a robust way to image and quantify biometals in the non-
mammalian model organisms, Drosophila and Caenorhabditis
elegans (Lye et al., 2011; Jones et al., 2015; Ganio et al., 2016).
Therefore, we used synchrotron µXRF imaging to measure the
concentration of iron in the brain of Drosophila. Elemental
maps were collected from whole brains dissected from young

and old wild-type flies and young autophagy-deficient flies
(Atg8a mutant). Three to nine entire brains per fly group were
imaged at 20 µm resolution, providing an excellent signal to
noise for the elements of interest. The data collected were used
to quantify and compare iron concentrations (ppm) between
each group. The quantification was done by first defining the
ROI encompassing each brain based on the iron distribution
map, and calculating the mass fraction for elements of interest
after subtraction of the background signal (accounting for
any background scatter reaching the detector, including any
signal from the ultralene). As the present study focuses on
iron, the other elements simultaneously acquired in the XRF
imaging merit further investigation and will be the subject
of future work. We observed that iron accumulated as a
function of aging in the wild-type and autophagy-deficient brains
(Figure 4A). Checking the relationship between the area mapped
and the total metal ion signal confirmed that there was no
correlation between the size of the brain and the amount of
iron as shown by the Spearman’s rank correlation coefficient
ρ = 0.3311 (Figure 4B).

In addition to determining the elemental distribution of
iron by µXRF, we performed site-specific microfocus X-ray
Absorption Near Edge Structure (µXANES) spectroscopy
analysis to obtain information about the dominant iron phase(s)
present in the central brain region where iron deposition was
the highest for each of the three groups. The µXANES spectra
from wild-type and autophagy deficient flies incorporate the
sum of contributions from the iron phases present at the
iron-richest region in the central brain, including signal from
the mineralized iron in holoferritin, typically a ferrihydrite-
like hydrated iron oxide (Collingwood and Telling, 2016); the
spectrum from the iron in purified horse spleen ferritin is
included for comparison (Figure 4C). The µXANES spectra
from these iron-rich sites in the 1-week and 2-months
old wild-type flies are indistinguishable in this experiment
(Figure 4D), whereas comparison of 1-week old wild-type and
Atg8a-deficient reveals an additional feature in the autophagy-
deficient fly at 7138 eV (Figure 4E). Linear combination
fitting was undertaken for the 1-week old Atg8a-deficient fly
spectrum using the 1-week wild-type spectrum and a range
of reference standards (including those measured recently at
the same beamline: iron metal reference foil, ferric sulfate,
ferric and ferrous chloride, ferric citrate, horse spleen ferritin,
previously-acquired iron nitride, and iron oxide standards
including ferrihydrite, magnetite, and wustite). The best fitting
result indicated that the feature can be well-accounted for
by including a ferric sulfate reference standard (Figure 4F),
suggesting that approximately 1/3 of the signal might be
attributed to iron–sulfur complexes, and 2/3 attributed to the
spectrum of iron phases found in the central brain of the wild-
type fly.

DISCUSSION

During the course of aging, the load of iron in the brain increases
significantly, possibly due to decreased efficiency of the iron
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homeostasis system. Neurodegenerative pathologies associated
with aging, such as Parkinson’s or Alzheimer’s diseases, have
previously been associated with changes in iron homeostasis
(Zecca et al., 2004a; Ward et al., 2014).

Our data corroborate previous studies of iron accumulation
in the brain during aging in Drosophila (Massie et al., 1985,
1993). However, it was surprising to observe that neither
iron nor ferritin heavy-chain levels are affected in autophagy-
deficient flies. Indeed, an increase in iron in those flies
was anticipated because of the recent studies pinpointing at
the impact of autophagy on iron mobilization and recycling
(Kurz et al., 2011; Mancias et al., 2014; Ott et al., 2016). The
lack of accumulation of iron and holoferritin in autophagy-
deficient flies at any age, matched to the age of wild-type
individuals, suggests that autophagy is either not required
or plays a minor role in the turnover of ferritin and iron
during the course of aging in Drosophila brain. A recent
study showed that lysosomal trafficking of ferritin could
be independent of macroautophagy (Goodwin et al., 2017).
Nonetheless, we noticed the presence of supernumerary GFP-
Fer1HCH bands in the heads of young Atg8a-deficient flies
while the main GFP-Fer1HCH band remained unchanged in
age-match wild-type fly heads. This high molecular weight
GFP-Fer1HCH probably corresponds to a non-functional
form of ferritin heavy-chain as there is no accumulation of
holoferritin in these flies as demonstrated by Prussian Blue
in gel staining and µXRF. Autophagy has been extensively
described for its role in the degradation of protein aggregates,
and ferritin has been shown to be degraded by autophagy
(Hyttinen et al., 2014; Mancias et al., 2014). However,
using a differential-detergent protein fractionation protocol,
we have observed that high molecular weight GFP-Fer1HCH
bands do not correspond to insoluble aggregates. A shift
in protein molecular weight could be associated with post-
translational modifications. A study has shown that both
ferritin subunits are ubiquitinated in muscles from a rat
model of Amyotrophic Lateral Sclerosis (Halon et al., 2010).
Ferritin has also been detected as being pupylated (prokaryotic
homolog of ubiquitination) in the bacterium Corynebacterium
glutamicum (Kuberl et al., 2016). Ferritin is also known to
be glycosylated in mammals and insects; notably, secreted
ferritin L has been shown to be N-glycosylated in culture
hepatocytes (Cragg et al., 1981; Ketola-Pirie, 1990; Ghosh et al.,
2004; Cohen et al., 2010). Therefore, it is possible that high
molecular weight Fer1HCH corresponds to a modified, soluble
form of the protein.

It was previously shown that iron storage increases
significantly with age in both mammals and insects (Massie
et al., 1985; Zecca et al., 2001). The control of ferritin subunit
synthesis frequently occurs at the translational level. Ferritin
mRNAs contain an iron-responsive element (IRE) in 5′ UTR
that can be recognized by iron regulatory proteins (IRPs).
Depending on iron availability, the translation of ferritin
subunits is modulated by the binding or releasing of the IRPs to
the mRNA (Gray and Hentze, 1994; Lind et al., 1998; Missirlis
et al., 2007). Interestingly, no noticeable increase in the quantity
of GFP-Fer1HCH with age was observed in the fly brain while

the iron levels and holoferritin levels were significantly increased.
Most of the studies aiming at elucidating the IRE/IRP-dependent
regulation of ferritin are based on supplementation of animal
food with iron or chelators. It is possible that such changes
in the diet have more drastic effects on the iron uptake by
the cells than that which would occur under physiological
conditions. It is also possible that intestinal ferritin is more prone
to transcriptional regulation as the gut is the first organ to be
affected by dietary iron.

The evidence for an additional minor peak at 7138 eV in
the iron absorption spectrum for autophagy deficient flies, but
not in wild-type, is consistent with signal contribution from
an iron–sulfur-rich material. The good fit achieved with the
inclusion of ferric sulfate does not exclude other possibilities;
we note that iron-phosphorus-containing material can also
exhibit a peak in this energy region. However, examination of
the XRF signal at the sites where the XANES spectra were
acquired indicate that sulfur was significantly more abundant
than phosphorus, and that while iron and sulfur levels at sites of
XANES acquisition were equivalent for wild-type and autophagy
mutant, the phosphorus level at the XANES site in the autophagy
deficient fly was lower (approximately 1/5th) of that measured in
wild-type. Therefore, it is more likely that the additional feature
in the autophagy mutant is associated with iron–sulfur than with
iron–phosphorus. Iron–sulfur clusters might account for this
signal, a ubiquitous class of metalloproteins involved in many
regulatory processes, including mitochondrial iron homeostasis
(Rouault and Tong, 2005).

In summary, we have shown that holoferritin accumulates
in the brain from old flies but not young Atg8a-deficient
flies, suggesting that macroautophagy is not a dominant
process in ferritin and iron turnover in the Drosophila adult
head. The origin of increased iron in the brain during
the course of aging in Drosophila brain remains unclear
but appears not to be related to, or sufficient to induce
the synthesis of, ferritin heavy-chain. In addition, our work
provides evidence of the feasibility to accurately detect variation
in biometal levels and distributions in intact isolated adult
Drosophila brain, thus opening new fields of investigation
for normal and pathological aging. Most neurodegenerative
diseases are linked to altered metabolism of biometals, including
iron, in the brain. Drosophila has been successfully used
as model for a broad range of neuropathologies. Further
studies combining those readily-available model strains with
synchrotron spectromicroscopy methods should contribute to
uncovering the relationships between disrupted metabolism of
biometals and neurodegeneration.

AUTHOR CONTRIBUTIONS

A-CJ, KG, JB, VT-T, and JC performed the experiments and
analyzed the data. KG, JB, VT-T, and JC provided material,
expertise, and technical help in synchrotron X-ray fluorescence
microscopy data acquisition and analysis. A-CJ, IN, and JC
designed the study. A-CJ wrote the manuscript and analyzed the
data. All authors read and contributed to the manuscript.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 July 2019 | Volume 7 | Article 142

https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00142 July 24, 2019 Time: 14:55 # 11

Jacomin et al. Iron in Aging Drosophila Brain

FUNDING

This work was supported by the BBSRC grants BB/L006324/1 and
BB/P007856/1 to IN. We thank the Diamond Light Source for
access to beamline I18 (proposals SP12879 to JC and SP24642
to A-CJ).

ACKNOWLEDGMENTS

We thank Drs. G. Juhasz and F. Leulier and the Drosophila
Genomics Resource Center (supported by the NIH grant
2P40OD010949) for providing the fly stocks, and M. Ward for
the fly food preparation.

REFERENCES
Alemu, E. A., Lamark, T., Torgersen, K. M., Birgisdottir, A. B., Larsen, K. B., Jain,

A., et al. (2012). ATG8 family proteins act as scaffolds for assembly of the
ULK complex: sequence requirements for LC3-interacting region (LIR) motifs.
J. Biol. Chem. 287, 39275–39290. doi: 10.1074/jbc.M112.378109

Angelova, D., and Brown, D. (2015). Iron. Aging Neurodegeneration. Metals 5,
2070–2092.

Asano, T., Komatsu, M., Yamaguchi-Iwai, Y., Ishikawa, F., Mizushima, N., and
Iwai, K. (2011). Distinct mechanisms of ferritin delivery to lysosomes in iron-
depleted and iron-replete cells. Mol. Cell Biol. 31, 2040–2052. doi: 10.1128/
MCB.01437-10

Bartlett, B. J., Isakson, P., Lewerenz, J., Sanchez, H., Kotzebue, R. W., Cumming,
R. C., et al. (2014). p62, Ref(2)P and ubiquitinated proteins are conserved
markers of neuronal aging, aggregate formation and progressive autophagic
defects. Autophagy 7, 572–583. doi: 10.4161/auto.7.6.14943

Bhattacharjee, A., Szabo, A., Csizmadia, T., Laczko-Dobos, H., and Juhasz, G.
(2019). Understanding the importance of autophagy in human diseases using
drosophila. J. Genet. Genomics. 46, 157–169. doi: 10.1016/j.jgg.2019.03.007

Biasiotto, G., Di Lorenzo, D., Archetti, S., and Zanella, I. (2016). Iron and
neurodegeneration: is ferritinophagy the link? Mol. Neurobiol. 53, 5542–5574.
doi: 10.1007/s12035-015-9473-y

Cohen, L. A., Gutierrez, L., Weiss, A., Leichtmann-Bardoogo, Y., Zhang, D. L.,
Crooks, D. R., et al. (2010). Serum ferritin is derived primarily from
macrophages through a nonclassical secretory pathway. Blood 116, 1574–1584.
doi: 10.1182/blood-2009-11-253815

Colacurcio, D. J., Pensalfini, A., Jiang, Y., and Nixon, R. A. (2018). Dysfunction
of autophagy and endosomal-lysosomal pathways: roles in pathogenesis of
down syndrome and Alzheimer’s Disease. Free Radi.c Biol. Med. 114, 40–51.
doi: 10.1016/j.freeradbiomed.2017.10.001

Collingwood, J. F., and Adams, F. (2017). Chemical imaging analysis of the brain
with X-ray methods. Spectrochimica Acta Part BAt. Spectrosc. 130, 101–118.
doi: 10.1016/j.sab.2017.02.013

Collingwood, J. F., and Telling, N. D. (2016). Iron Oxides in the Human Brain.
Hoboken, NJ: Wiley.

Cragg, S. J., Wagstaff, M., and Worwood, M. (1981). Detection of a glycosylated
subunit in human serum ferritin. Biochem. J. 199, 565–571. doi: 10.1042/
bj1990565

De Castro, I. P., Costa, A. C., Celardo, I., Tufi, R., Dinsdale, D., Loh, S. H., et al.
(2013). Drosophila ref(2)P is required for the parkin-mediated suppression
of mitochondrial dysfunction in pink1 mutants. Cell. Death Dis. 4:e873.
doi: 10.1038/cddis.2013.394

Freeman, A. A., Mandilaras, K., Missirlis, F., and Sanyal, S. (2013). An emerging
role for Cullin-3 mediated ubiquitination in sleep and circadian rhythm:
insights from drosophila. Fly 7, 39–43. doi: 10.4161/fly.23506

Ganio, K., James, S. A., Hare, D. J., Roberts, B. R., and Mccoll, G. (2016). Accurate
biometal quantification per individual caenorhabditis elegans. Analyst 141,
1434–1439. doi: 10.1039/c5an02544c

Gatica, D., Lahiri, V., and Klionsky, D. J. (2018). Cargo recognition and
degradation by selective autophagy. Nat. Cell. Biol. 20, 233–242. doi: 10.1038/
s41556-018-0037-z

Georgieva, T., Dunkov, B. C., Dimov, S., Ralchev, K., and Law, J. H. (2002).
Drosophila melanogaster ferritin: CDNA encoding a light chain homologue,
temporal and tissue specific expression of both subunit types. Insect Biochem.
Mol. Biol. 32, 295–302. doi: 10.1016/s0965-1748(01)00090-x

Ghosh, S., Hevi, S., and Chuck, S. L. (2004). Regulated secretion of glycosylated
human ferritin from hepatocytes. Blood 103, 2369–2376. doi: 10.1182/blood-
2003-09-3050

Gonzalez-Morales, N., Mendoza-Ortiz, M. A., Blowes, L. M., Missirlis, F., and
Riesgo-Escovar, J. R. (2015). Ferritin is required in multiple tissues during
drosophila melanogaster development. PLoS One 10:e0133499. doi: 10.1371/
journal.pone.0133499

Goodwin, J. M., Dowdle, W. E., Dejesus, R., Wang, Z., Bergman, P., Kobylarz,
M., et al. (2017). Autophagy-independent lysosomal targeting regulated by
ULK1/2-FIP200 and ATG9. Cell Rep. 20, 2341–2356. doi: 10.1016/j.celrep.2017.
08.034

Gray, N. K., and Hentze, M. W. (1994). Iron regulatory protein prevents binding
of the 43S translation pre-initiation complex to ferritin and eALAS mRNAs.
EMBO J 13, 3882–3891. doi: 10.1002/j.1460-2075.1994.tb06699.x

Halon, M., Sielicka-Dudzin, A., Wozniak, M., Ziolkowski, W., Nyka, W., Herbik,
M., et al. (2010). Up-regulation of ferritin ubiquitination in skeletal muscle of
transgenic rats bearing the G93A hmSOD1 gene mutation. Neuromuscul Disord
20, 29–33. doi: 10.1016/j.nmd.2009.08.014

Hamburger, A. E., West, A. P. Jr., Hamburger, Z. A., Hamburger, P., and Bjorkman,
P. J. (2005). Crystal structure of a secreted insect ferritin reveals a symmetrical
arrangement of heavy and light chains. J. Mol. Biol. 349, 558–569. doi: 10.1016/
j.jmb.2005.03.074

Hou, W., Xie, Y., Song, X., Sun, X., Lotze, M. T., Zeh, H. J., et al. (2016). Autophagy
promotes ferroptosis by degradation of ferritin. Autophagy 12, 1425–1428. doi:
10.1080/15548627.2016.1187366

Hyttinen, J. M., Amadio, M., Viiri, J., Pascale, A., Salminen, A., and Kaarniranta,
K. (2014). Clearance of misfolded and aggregated proteins by aggrephagy and
implications for aggregation diseases. Ageing Res. Rev. 18, 16–28. doi: 10.1016/
j.arr.2014.07.002

Jacomin, A. C., and Nezis, I. P. (2019). Assays to monitor aggrephagy in drosophila
brain. Methods Mol. Biol. 1854, 147–157. doi: 10.1007/7651_2018_157

Jones, M. W., De Jonge, M. D., James, S. A., and Burke, R. (2015). Elemental
mapping of the entire intact Drosophila gastrointestinal tract. J. Biol. Inorg.
Chem. 20, 979–987. doi: 10.1007/s00775-015-1281-3

Juhasz, G., Erdi, B., Sass, M., and Neufeld, T. P. (2007). Atg7-dependent autophagy
promotes neuronal health, stress tolerance, and longevity but is dispensable for
metamorphosis in drosophila. Genes Dev. 21, 3061–3066. doi: 10.1101/gad.
1600707

Ketola-Pirie, C. A. (1990). Characterization of an insect ferritin subunit synthesized
in a cell-free system. Biochem. Cell Biol. 68, 1005–1011. doi: 10.1139/o90-148

Korolchuk, V. I., Menzies, F. M., and Rubinsztein, D. C. (2010). Mechanisms of
cross-talk between the ubiquitin-proteasome and autophagy-lysosome systems.
FEBS Lett. 584, 1393–1398. doi: 10.1016/j.febslet.2009.12.047

Kosmidis, S., Botella, J. A., Mandilaras, K., Schneuwly, S., Skoulakis, E. M., Rouault,
T. A., et al. (2011). Ferritin overexpression in drosophila glia leads to iron
deposition in the optic lobes and late-onset behavioral defects. Neurobiol. Dis.
43, 213–219. doi: 10.1016/j.nbd.2011.03.013

Kosmidis, S., Missirlis, F., Botella, J. A., Schneuwly, S., Rouault, T. A., and
Skoulakis, E. M. (2014). Behavioral decline and premature lethality upon pan-
neuronal ferritin overexpression in drosophila infected with a virulent form of
Wolbachia. Front. Pharmacol. 5:66. doi: 10.3389/fphar.2014.00066

Kuberl, A., Polen, T., and Bott, M. (2016). The pupylation machinery is involved in
iron homeostasis by targeting the iron storage protein ferritin. Proc. Natl. Acad.
Sci. U. S. A. 113, 4806–4811. doi: 10.1073/pnas.1514529113

Kurz, T., Eaton, J. W., and Brunk, U. T. (2011). The role of lysosomes in iron
metabolism and recycling. Int. J. Biochem. Cell. Biol. 43, 1686–1697. doi: 10.
1016/j.biocel.2011.08.016

Levi, S., Corsi, B., Bosisio, M., Invernizzi, R., Volz, A., Sanford, D., et al. (2001). A
human mitochondrial ferritin encoded by an intronless gene. J. Biol. Chem. 276,
24437–24440. doi: 10.1074/jbc.c100141200

Lind, M. I., Ekengren, S., Melefors, O., and Soderhall, K. (1998). Drosophila ferritin
mRNA: alternative RNA splicing regulates the presence of the iron-responsive
element. FEBS Lett. 436, 476–482. doi: 10.1016/s0014-5793(98)01186-7

Lipinski, M. M., Zheng, B., Lu, T., Yan, Z., Py, B. F., Ng, A., et al. (2010). Genome-
wide analysis reveals mechanisms modulating autophagy in normal brain aging
and in Alzheimer’s disease. Proc. Natl. Acad. Sci. U. S. A. 107, 14164–14169.
doi: 10.1073/pnas.1009485107

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 July 2019 | Volume 7 | Article 142

https://doi.org/10.1074/jbc.M112.378109
https://doi.org/10.1128/MCB.01437-10
https://doi.org/10.1128/MCB.01437-10
https://doi.org/10.4161/auto.7.6.14943
https://doi.org/10.1016/j.jgg.2019.03.007
https://doi.org/10.1007/s12035-015-9473-y
https://doi.org/10.1182/blood-2009-11-253815
https://doi.org/10.1016/j.freeradbiomed.2017.10.001
https://doi.org/10.1016/j.sab.2017.02.013
https://doi.org/10.1042/bj1990565
https://doi.org/10.1042/bj1990565
https://doi.org/10.1038/cddis.2013.394
https://doi.org/10.4161/fly.23506
https://doi.org/10.1039/c5an02544c
https://doi.org/10.1038/s41556-018-0037-z
https://doi.org/10.1038/s41556-018-0037-z
https://doi.org/10.1016/s0965-1748(01)00090-x
https://doi.org/10.1182/blood-2003-09-3050
https://doi.org/10.1182/blood-2003-09-3050
https://doi.org/10.1371/journal.pone.0133499
https://doi.org/10.1371/journal.pone.0133499
https://doi.org/10.1016/j.celrep.2017.08.034
https://doi.org/10.1016/j.celrep.2017.08.034
https://doi.org/10.1002/j.1460-2075.1994.tb06699.x
https://doi.org/10.1016/j.nmd.2009.08.014
https://doi.org/10.1016/j.jmb.2005.03.074
https://doi.org/10.1016/j.jmb.2005.03.074
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1080/15548627.2016.1187366
https://doi.org/10.1016/j.arr.2014.07.002
https://doi.org/10.1016/j.arr.2014.07.002
https://doi.org/10.1007/7651_2018_157
https://doi.org/10.1007/s00775-015-1281-3
https://doi.org/10.1101/gad.1600707
https://doi.org/10.1101/gad.1600707
https://doi.org/10.1139/o90-148
https://doi.org/10.1016/j.febslet.2009.12.047
https://doi.org/10.1016/j.nbd.2011.03.013
https://doi.org/10.3389/fphar.2014.00066
https://doi.org/10.1073/pnas.1514529113
https://doi.org/10.1016/j.biocel.2011.08.016
https://doi.org/10.1016/j.biocel.2011.08.016
https://doi.org/10.1074/jbc.c100141200
https://doi.org/10.1016/s0014-5793(98)01186-7
https://doi.org/10.1073/pnas.1009485107
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-07-00142 July 24, 2019 Time: 14:55 # 12

Jacomin et al. Iron in Aging Drosophila Brain

Lye, J. C., Hwang, J. E., Paterson, D., De Jonge, M. D., Howard, D. L., and Burke,
R. (2011). Detection of genetically altered copper levels in Drosophila tissues by
synchrotron x-ray fluorescence microscopy. PLoS One 6:e26867. doi: 10.1371/
journal.pone.0026867

Mancias, J. D., Pontano Vaites, L., Nissim, S., Biancur, D. E., Kim, A. J., Wang,
X., et al. (2015). Ferritinophagy via NCOA4 is required for erythropoiesis and
is regulated by iron dependent HERC2-mediated proteolysis. eLife 4:e10308.
doi: 10.7554/eLife.10308

Mancias, J. D., Wang, X., Gygi, S. P., Harper, J. W., and Kimmelman, A. C. (2014).
Quantitative proteomics identifies NCOA4 as the cargo receptor mediating
ferritinophagy. Nature 509, 105–109. doi: 10.1038/nature13148

Massie, H. R., Aiello, V. R., and Williams, T. R. (1985). Iron accumulation during
development and ageing of drosophila. Mech. Ageing Dev. 29, 215–220. doi:
10.1016/0047-6374(85)90020-x

Massie, H. R., Aiello, V. R., and Williams, T. R. (1993). Inhibition of iron absorption
prolongs the life span of drosophila. Mech. Ageing Dev. 67, 227–237. doi:
10.1016/0047-6374(93)90001-8

Mehta, A., Deshpande, A., Bettedi, L., and Missirlis, F. (2009). Ferritin
accumulation under iron scarcity in Drosophila iron cells. Biochimie 91, 1331–
1334. doi: 10.1016/j.biochi.2009.05.003

Missirlis, F., Holmberg, S., Georgieva, T., Dunkov, B. C., Rouault, T. A., and
Law, J. H. (2006). Characterization of mitochondrial ferritin in Drosophila.
Proc. Natl. Acad. Sci. U. S. A. 103, 5893–5898. doi: 10.1073/pnas.060147
1103

Missirlis, F., Kosmidis, S., Brody, T., Mavrakis, M., Holmberg, S., Odenwald, W. F.,
et al. (2007). Homeostatic mechanisms for iron storage revealed by genetic
manipulations and live imaging of drosophila ferritin. Genetics 177, 89–100.
doi: 10.1534/genetics.107.075150

Mulakkal, N. C., Nagy, P., Takats, S., Tusco, R., Juhasz, G., and Nezis, I. P.
(2014). Autophagy in Drosophila: from historical studies to current knowledge.
Biomed. Res. Int. 2014:273473. doi: 10.1155/2014/273473

Nagy, P., Karpati, M., Varga, A., Pircs, K., Venkei, Z., Takats, S., et al. (2014).
Atg17/FIP200 localizes to perilysosomal Ref(2)P aggregates and promotes
autophagy by activation of atg1 in drosophila. Autophagy 10, 453–467. doi:
10.4161/auto.27442

Nagy, P., Varga, A., Kovacs, A. L., Takats, S., and Juhasz, G. (2015). How and why
to study autophagy in drosophila: it’s more than just a garbage chute. Methods
75, 151–161. doi: 10.1016/j.ymeth.2014.11.016

Nam, T., Han, J. H., Devkota, S., and Lee, H. W. (2017). Emerging paradigm of
crosstalk between autophagy and the ubiquitin-proteasome system. Mol. Cells
40, 897–905. doi: 10.14348/molcells.2017.0226

Navarro, J. A., Botella, J. A., Metzendorf, C., Lind, M. I., and Schneuwly, S. (2015).
Mitoferrin modulates iron toxicity in a drosophila model of friedreich’s ataxia.
Free Radic Biol. Med. 85, 71–82. doi: 10.1016/j.freeradbiomed.2015.03.014

Nezis, I. P., Simonsen, A., Sagona, A. P., Finley, K., Gaumer, S., Contamine, D.,
et al. (2008). Ref(2)P, the drosophila melanogaster homologue of mammalian
p62, is required for the formation of protein aggregates in adult brain. J. Cell
Biol. 180, 1065–1071. doi: 10.1083/jcb.200711108

Nichol, H., Law, J. H., and Winzerling, J. J. (2002). Iron metabolism in insects.
Annu. Rev. Entomol. 47, 535–559.

Nixon, R. A. (2017). Amyloid precursor protein and endosomal-lysosomal
dysfunction in Alzheimer’s disease: inseparable partners in a multifactorial
disease. FASEB J. 31, 2729–2743. doi: 10.1096/fj.201700359

Omata, Y., Lim, Y. M., Akao, Y., and Tsuda, L. (2014). Age-induced reduction
of autophagy-related gene expression is associated with onset of Alzheimer’s
disease. Am. J. Neurodegener. Dis. 3, 134–142.

O’neill, E. M., Rebay, I., Tjian, R., and Rubin, G. M. (1994). The activities of two
Ets-related transcription factors required for Drosophila eye development are
modulated by the Ras/MAPK pathway. Cell 78, 137–147. doi: 10.1016/0092-
8674(94)90580-0

Ott, C., Konig, J., Hohn, A., Jung, T., and Grune, T. (2016). Reduced autophagy
leads to an impaired ferritin turnover in senescent fibroblasts. Free Radic Biol.
Med. 101, 325–333. doi: 10.1016/j.freeradbiomed.2016.10.492

Ravel, B., and Newville, M. (2005). Athena. Artemis, Hephaestus: data analysis
for X-ray absorption spectroscopy using IFEFFIT. J. Synchrotron. Radiat. 12,
537–541. doi: 10.1107/s0909049505012719

Rival, T., Page, R. M., Chandraratna, D. S., Sendall, T. J., Ryder, E., Liu,
B., et al. (2009). Fenton chemistry and oxidative stress mediate the
toxicity of the beta-amyloid peptide in a Drosophila model of Alzheimer’s

disease. Eur. J. Neurosci. 29, 1335–1347. doi: 10.1111/j.1460-9568.2009.
06701.x

Rouault, T. A., and Tong, W. H. (2005). Iron-sulphur cluster biogenesis and
mitochondrial iron homeostasis. Nat. Rev. Mol. Cell Biol. 6, 345–351. doi:
10.1038/nrm1620

Rudisill, S. S., Martin, B. R., Mankowski, K. M., and Tessier, C. R. (2019). Iron
deficiency reduces synapse formation in the drosophila clock circuit. Biol. Trace.
Elem. Res. 189, 241–250. doi: 10.1007/s12011-018-1442-7

Schaaf, M. B., Keulers, T. G., Vooijs, M. A., and Rouschop, K. M. (2016).
LC3/GABARAP family proteins: autophagy-(un)related functions. FASEB J. 30,
3961–3978. doi: 10.1096/fj.201600698r

Schultz, S. W., Brech, A., and Nezis, I. P. (2013). “Time Flies: autophagy during
ageing in drosophila,” in Autophagy - A Double-Edged Sword - Cell Survival or
Death?, ed. Y. Bailly (Croatia: In-Tech), 487–511.

Simonsen, A., Cumming, R. C., Brech, A., Isakson, P., Schubert, D. R., and Finley,
K. D. (2008). Promoting basal levels of autophagy in the nervous system
enhances longevity and oxidant resistance in adult Drosophila. Autophagy 4,
176–184. doi: 10.4161/auto.5269

Soriano, S., Calap-Quintana, P., Llorens, J. V., Al-Ramahi, I., Gutierrez, L.,
Martinez-Sebastian, M. J., et al. (2016). Metal homeostasis regulators suppress
frda phenotypes in a drosophila model of the disease. PLoS One 11:e0159209.
doi: 10.1371/journal.pone.0159209

Tang, X., and Zhou, B. (2013). Ferritin is the key to dietary iron absorption and
tissue iron detoxification in drosophila melanogaster. FASEB J. 27, 288–298.
doi: 10.1096/fj.12-213595

Tekirdag, K. A., and Cuervo, A. M. (2017). Chaperone-mediated autophagy and
endosomal microautophagy: joint by a chaperone. J. Biol. Chem. 293, 5414–
5424. doi: 10.1074/jbc.R117.818237

Wagh, D. A., Rasse, T. M., Asan, E., Hofbauer, A., Schwenkert, I., Durrbeck, H.,
et al. (2006). Bruchpilot, a protein with homology to ELKS/CAST, is required for
structural integrity and function of synaptic active zones in Drosophila. Neuron
49, 833–844. doi: 10.1016/j.neuron.2006.02.008

Ward, R. J., Zucca, F. A., Duyn, J. H., Crichton, R. R., and Zecca, L. (2014). The
role of iron in brain ageing and neurodegenerative disorders. Lancet Neurol. 13,
1045–1060. doi: 10.1016/S1474-4422(14)70117-6

Wild, P., Mcewan, D. G., and Dikic, I. (2014). The LC3 interactome at a glance.
J. Cell Sci. 127, 3–9. doi: 10.1242/jcs.140426

Xun, Z., Kaufman, T. C., and Clemmer, D. E. (2008). Proteome response to the
panneural expression of human wild-type alpha-synuclein: a drosophila model
of Parkinson’s disease. J. Proteome Res. 7, 3911–3921. doi: 10.1021/pr800207h

Yin, Z., Pascual, C., and Klionsky, D. J. (2016). Autophagy: machinery and
regulation. Microb. Cell 3, 588–596. doi: 10.15698/mic2016.12.546

Zare-Shahabadi, A., Masliah, E., Johnson, G. V., and Rezaei, N. (2015). Autophagy
in Alzheimer’s disease. Rev. Neurosci. 26, 385–395. doi: 10.1515/revneuro-2014-
0076

Zecca, L., Gallorini, M., Schunemann, V., Trautwein, A. X., Gerlach, M., Riederer,
P., et al. (2001). Iron, neuromelanin and ferritin content in the substantia
nigra of normal subjects at different ages: consequences for iron storage and
neurodegenerative processes. J. Neurochem. 76, 1766–1773. doi: 10.1046/j.
1471-4159.2001.00186.x

Zecca, L., Stroppolo, A., Gatti, A., Tampellini, D., Toscani, M., Gallorini, M., et al.
(2004a). The role of iron and copper molecules in the neuronal vulnerability
of locus coeruleus and substantia nigra during aging. Proc. Nat. Acad. Sci. 101,
9843–9848. doi: 10.1073/pnas.0403495101

Zecca, L., Youdim, M. B., Riederer, P., Connor, J. R., and Crichton, R. R. (2004b).
Iron, brain ageing and neurodegenerative disorders. Nat. Rev. Neurosci. 5,
863–873. doi: 10.1038/nrn1537

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Jacomin, Geraki, Brooks, Tjendana-Tjhin, Collingwood and Nezis.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 July 2019 | Volume 7 | Article 142

https://doi.org/10.1371/journal.pone.0026867
https://doi.org/10.1371/journal.pone.0026867
https://doi.org/10.7554/eLife.10308
https://doi.org/10.1038/nature13148
https://doi.org/10.1016/0047-6374(85)90020-x
https://doi.org/10.1016/0047-6374(85)90020-x
https://doi.org/10.1016/0047-6374(93)90001-8
https://doi.org/10.1016/0047-6374(93)90001-8
https://doi.org/10.1016/j.biochi.2009.05.003
https://doi.org/10.1073/pnas.0601471103
https://doi.org/10.1073/pnas.0601471103
https://doi.org/10.1534/genetics.107.075150
https://doi.org/10.1155/2014/273473
https://doi.org/10.4161/auto.27442
https://doi.org/10.4161/auto.27442
https://doi.org/10.1016/j.ymeth.2014.11.016
https://doi.org/10.14348/molcells.2017.0226
https://doi.org/10.1016/j.freeradbiomed.2015.03.014
https://doi.org/10.1083/jcb.200711108
https://doi.org/10.1096/fj.201700359
https://doi.org/10.1016/0092-8674(94)90580-0
https://doi.org/10.1016/0092-8674(94)90580-0
https://doi.org/10.1016/j.freeradbiomed.2016.10.492
https://doi.org/10.1107/s0909049505012719
https://doi.org/10.1111/j.1460-9568.2009.06701.x
https://doi.org/10.1111/j.1460-9568.2009.06701.x
https://doi.org/10.1038/nrm1620
https://doi.org/10.1038/nrm1620
https://doi.org/10.1007/s12011-018-1442-7
https://doi.org/10.1096/fj.201600698r
https://doi.org/10.4161/auto.5269
https://doi.org/10.1371/journal.pone.0159209
https://doi.org/10.1096/fj.12-213595
https://doi.org/10.1074/jbc.R117.818237
https://doi.org/10.1016/j.neuron.2006.02.008
https://doi.org/10.1016/S1474-4422(14)70117-6
https://doi.org/10.1242/jcs.140426
https://doi.org/10.1021/pr800207h
https://doi.org/10.15698/mic2016.12.546
https://doi.org/10.1515/revneuro-2014-0076
https://doi.org/10.1515/revneuro-2014-0076
https://doi.org/10.1046/j.1471-4159.2001.00186.x
https://doi.org/10.1046/j.1471-4159.2001.00186.x
https://doi.org/10.1073/pnas.0403495101
https://doi.org/10.1038/nrn1537
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Impact of Autophagy and Aging on Iron Load and Ferritin in Drosophila Brain
	Introduction
	Materials and Methods
	Drosophila Stocks and Maintenance
	Aging and Lifespan Measurement
	Generation of Hemizygous GFP-Fer1HCH Expressing Flies
	Feeding With Iron or Bortezomib-Supplemented Diets
	Protein Extraction From Adult Drosophila Heads and Bodies
	Hemocyte Ablation
	Hemolymph Collection
	In gel Iron Staining
	Western Blotting and Antibodies
	Immunocytochemistry
	X-Ray Fluorescence Imaging and Spectroscopy on Isolated Brains
	Genomic DNA Extraction and PCR
	RNA Extraction and Real Time (RT)-qPCR

	Results
	Ferritin Is Expressed in Adult Drosophila Brain
	Decline of Autophagy Induces Accumulation of High Molecular Weight Ferritin Heavy Chain
	Holoferritin Is Not Affected in Autophagy Mutant Fly Heads
	Ferric Iron Accumulates in the Brain of Aged Flies

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References


