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ARTICLE INFO ABSTRACT

Keywords: Limited literature available indicates the neurotoxic effects of excessive iron, however, a deep understanding of
Iron iron neurotoxicity needs to be developed. In this study, we evaluated the toxic effects of excessive iron on

Ne“rOtO’fiCitY learning and cognitive function in long-term iron exposure (oral, 10 mg/L, 6 months) of mice by behavioral tests
;Imteomms including novel object recognition test, step-down passive avoidance test and Morris water maze test, and further
emory

analyzed differential expression of hippocampal proteins. The behavioral tests consistently showed that iron
treatment caused cognitive defects of the mice. Proteomic analysis revealed 66 differentially expressed hippo-
campal proteins (30 increased and 36 decreased) in iron-treated mice as compared with the control ones.
Bioinformatics analysis showed that the dysregulated proteins mainly included: synapse-associated proteins (i.e.
synaptosomal-associated protein 25 (SNAP25), complexin-1 (CPLX1), vesicle-associated membrane protein 2
(VAMP2), neurochondrin (NCDN)); mitochondria-related proteins (i.e. ADP/ATP translocase 1 (SLC25A4), 14-3-
3 protein zeta/delta (YWHAZ)); cytoskeleton proteins (i.e. neurofilament light polypeptide (NEFL), tubulin beta-
2B chain (TUBB2B), tubulin alpha-4A chain (TUBA4A)). The findings suggest that the dysregulations of synaptic,
mitochondrial, and cytoskeletal proteins may be involved in iron-triggered memory impairment. This study
provides new insights into the molecular mechanisms of iron neurotoxicity.

1. Introduction

Iron is a necessary microelement in human body. It plays important
roles in many biological processes of the brain tissue, including DNA
synthesis, myelination as well as neurotransmitter synthesis and me-
tabolism (Schroder et al., 2013; Ward et al., 2014). Previous studies
reported that human exposed to iron through iron in tap water, iron
intake from food and use of iron pot (Andrade et al., 2017; Peto, 2010).
A recent review outlines on the neurotoxic effects of excessive iron on
cognition and neurodegeneration in animal models and humans
(Agrawal et al., 2017).

It is well known that both transferrin (Tf) and transferrin receptor
(TfR) play vital roles in iron homeostasis. The iron in bloodstream can
be captured by Tf and transported to peripheral tissues, and then
transported across blood brain barrier through brain microvascular
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endothelial cells (BMEC) via Tf-TfR and iron transport proteins divalent
metal transporter-1 (DMT1) and ferroportin. The circulating iron-Tf
complex can be captured by TfR on the membrane of BMEC, inter-
nalized via endocytosis, released to the cytoplasm of BMEC via DMT1
and exported into brain interstitial fluid via ferroportin. The iron bound
to Tf can be taken up by other cells including astrocytes and neurons
(Gao and Chang, 2014; Jiang et al., 2017; Ward et al., 2014). Several
factors may lead to brain iron accumulation in addition to body iron
stores which tend to increase with aging-related changes in the body,
including inflammation, increased blood-brain barrier permeability,
brain iron redistribution and abnormal iron homoeostasis (Conde and
Streit, 2006; Farrall and Wardlaw, 2009). Besides, accumulating evi-
dence indicates the correlation between iron deposition in specific
brain regions and neurodegenerative diseases, such as Alzheimer's
disease (AD), Parkinson's disease, and multiple sclerosis. The results
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Abbreviations PLP1 myelin proteolipid protein
PRKCE protein kinase C epsilon type
ACAA2  3-ketoacyl-CoA thiolase, mitochondrial PS1 presenilin 1
ACADM medium-chain specific acyl-CoA dehydrogenase RABSA  Ras-related protein Rab-5A
AD Alzheimer's disease RAB11A Ras-related protein Rab-11A
ADCY9 adenylate cyclase type 9 RAN GTP-binding nuclear protein Ran
APP amyloid precursor protein RPLP2  60S acidic ribosomal protein P2
BP biological process RPS24  40S ribosomal protein S24
CcC cellular component SLC1A3 excitatory amino acid transporter 1
CLDN11 claudin-11 SLC1A6 excitatory amino acid transporter 4
CPLX1  complexin-1 SLC25A4 ADP/ATP translocase 1
Cplxs complexins SNAP25 synaptosomal-associated protein 25
FA formic acid SNARE soluble N-ethylmaleimide-sensitive factor attachment
GNG7 guanine nucleotide-binding protein G(I)/G(S)/G(O) sub- protein receptors
unit gamma-7 Y% synaptic vesicle
HPRT1 hypoxanthine-guanine phosphoribosyltransferase TBST Tris-buffered saline/0.1% Tween
KEGG Kyoto Encyclopedia of Genes and Genomes TMT Tandem Mass Tag
MF molecular function TUBA4A tubulin alpha-4A chain
MT2 metallothionein-2 TUBB2B tubulin beta-2B chain
NCDN  neurochondrin VAMP2 vesicle-associated membrane protein 2
NEFL neurofilament light polypeptide VARS valine-tRNA ligase
NME2  nucleoside diphosphate kinase B YWHAZ 14-3-3 protein zeta/delta

from the Australian Imaging, Biomarkers and Lifestyle study found that
the brain iron could combine with amyloid-B to accelerate AD pro-
gression (Ayton et al., 2017). A study from the German Center for
Neurodegenerative Diseases examined the whole-brain iron levels in 25
idiopathic Parkinson's disease patients and 50 matched controls, and
found an apparent increase of iron deposition in the dorsal substantia
nigra (Acosta-Cabronero et al., 2017). Another prospective study re-
ported that independent of tissue atrophy, iron alteration in the deep
gray matter was related to the evolution of multiple sclerosis
(Zivadinov et al., 2018). In addition, increased iron levels, especially in
hippocampus, cortical areas, and basal ganglia were found to be linked
to the cognitive dysfunction (Schroder et al., 2013).

Earlier animal studies showed that iron supplementation (orally or
intraperitoneal injection) at different growth phases of rodents could
induce memory deficits evaluated by various behavioral tests. For ex-
ample, a study of male NMRI mice showed that comparing with the
controls, mice treated orally with Fe?* (37 mg/kg) on the postnatal
days 10-12 displayed the impairments in radial arm maze learning
when they were 3 months old (Fredriksson et al., 1999). Another study
showed that adult male rats with iron treatment (FeSO,, 3 mg/kg, in-
traperitoneal injection, for 5 consecutive days) exhibited significant
learning impairments in a Morris water maze task (Maaroufi et al.,
2009).

Although the evidence from in-vitro studies indicated that iron ex-
posure could alter mitochondrial function of neurons, the mechanisms
underlying iron-induced neurotoxicity remain unknown. A study on
primary cultures of rat brain cortical neurons showed that after 24-h
treatment with ferric ammonium citrate, 58 mitochondrial proteins
were significantly altered when comparing with the control by using an
unlabeled quantitative proteomics approach (Huang et al., 2018).
Moreover, ferric ammonium citrate was found to induce mitochondrial
fragmentation in HT-22 hippocampal neuron cells of mice, which was
related to Ca®*-mediated calcineurin signals or dephosphorylation of
dynamin related protein 1 (Ser637) (Lee et al., 2016; Park et al., 2015).
Besides, the regulation of brain iron homeostasis is a complex network,
specially involving several important proteins (such as Tf, ferritin and
ferroportin) which can affect the import, storage and export of iron
(Chen et al., 2019). Iron dysregulation is any kind of deviation from
homeostatic iron metabolism (Pretorius et al., 2018). Intracellular iron
homeostasis within the brain is maintained by a balance of both iron
uptake and release, which is precisely regulated. Iron homeostasis at
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the cellular level is mainly regulated by iron transporters TfR, DMT1,
and ferroportin. The uneven distribution of TfR in cerebral endothelia is
found to be responsible for the differences of iron concentrations in
different brain regions (Gao and Chang, 2014). However, iron dysre-
gulation does occasionally occur. It is known that the control of cellular
iron homeostasis is a post-transcriptional regulatory action regarding
iron-regulatory proteins (IRP) 1 and 2. IRPs as cytosolic RNA-binding
proteins can bind to iron-responsive elements (IREs) that encode the
proteins to regulate the translation or stability of these mRNAs. Iron
deficiency can promote IRPs to bind to IREs and then facilitate the
regulations of ferritin, ferroportin, TfR1 and DMT1, leading to increase
in iron uptake and inhibition in iron storage and export. On the con-
trary, excessive iron can make the IRPs inactive, which induces the
translations of ferritin and ferroportin but destroys the stabilities of
TfR1 and DMT1 (Weinreb et al., 2013). In addition, excessive iron could
induce oxidative stress via free radical production through Fenton re-
action, damage the neuronal mitochondria, affect its energy production
and even lead to impaired synaptic function (Schroder et al., 2013).

In the current study, mice exposure to iron underwent a series of
behavioral tests to evaluate the cognitive function, and a Tandem Mass
Tag (TMT) proteomic approach was used to identify the differences in
the alterations of hippocampal proteins. Our findings may shed new
light on the molecular mechanisms of iron neurotoxicity.

2. Materials and methods
2.1. Reagents

Iron (III) chloride hexahydrate, dithiothreitol, iodoacetamide, hy-
droxylamine were purchased from Sigma-Aldrich Corporation (St.
Louis, MO, USA). Urea was purchased from GE Healthcare Life Sciences
(Uppsala, Sweden). Halt™ Protease Inhibitor Cocktail (100X), formic
acid (FA), triethylammonium bicarbonate, TMT sixplex™ Label Reagent
Set, Pierce™ BCA protein assay kit, Electro-Chemi-Luminescence kit
were purchased from Thermo Fisher Scientific (Rockford, IL, USA).
Sequencing Grade Modified Trypsin was obtained from Promega
Corporation (Madison, WI, USA). Radio Immunoprecipitation Assay
lysis buffer was purchased from Beyotime Biotechnology (Beijing,
China). Anti-B-actin (sc-47778) and anti-SNAP25 (ab41455) were
purchased from Santa Cruz Biotechnology (Dallas, TX, USA) and Abcam
(Cambridge, UK), respectively.
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2.2. Animals and treatments

Male mice (strain: C57/BL6) were originally obtained from the
Guangdong Medical Laboratory Animal Center (Guangdong, China).
They were housed with a 12-h light-dark cycle and given ad libitum
access to water and food. All experimental procedures were performed
following the National Institutes of Health guide for the care and use of
Laboratory animals (NIH Publications No. 8023, revised 1978) and
were approved by the Ethics Committee of the Shenzhen Center for
Disease Control and Prevention.

Mice aged 3 months were randomly assigned to control or iron-
treated groups (15 mice in each group). The control mice were given a
standard diet and drinking water. The iron-treated mice were fed a
standard diet and drinking water containing 10 mg/L of iron for 6
consecutive months. The oral dosage of iron was selected based on a
previous report (Railey et al., 2011). Subsequently, mice aged 9 months
were subjected to a series of behavioral tests to assess their cognitive
functions. The mice were continuously treated with iron when the be-
havioral tests were performed. After the completion of behavioral tests,
brain tissues were dissected out and appropriately treated for further
analysis.

2.3. Behavioral tests

Considering the counterbalances in the series of behavioral tests
(including the novel object recognition test, step-down passive avoid-
ance test and Morris water maze test), we took the certain measures.
For instance, the series of behavioral tests in the mice were performed
in turn. There was an interval of 2 days between each two tests of the
designed behavioral tests. The behavioral tests in mice were conducted
in a quiet testing room between 9:00 a.m. and 5:00 p.m. Moreover,
experimenters were blind to the groups, and mice in iron-treated and
control groups were randomly tested.

2.3.1. Novel object recognition test

To evaluate recognition memory, we carried out the novel object
recognition test according to the method as described by Faraco et al.
(2018). Briefly, on the first day of this test, mice (n = 15 per group)
were allowed to move freely in an empty plastic box
(length x width x height: 47.5 X 35 x 20 cm®) for 5min to adapt to
the environment. Twenty-four hours after habituation, mice were al-
lowed free exploration for 5min in the same box with two identical
objects. One hour later, one of the two objects was replaced by a novel
object with similar size but different shape, and then the mice were
allowed to stay in the same box for additional 5 min. Exploration time
for each object was recorded and expressed as a percentage of total
exploration time.

2.3.2. Step-down passive avoidance test

To evaluate aversive learning and memory in mice model, we per-
formed step-down passive avoidance test as described previously (Zhou
et al., 2019). The apparatus consisted of 5 rectangular plexiglass
chambers (length X width x height: 15 x 15 x 46 cm®) with a floor of
steel rods spaced 0.8 cm apart, and then a wooden platform (4.5 cm in
diameter) was positioned in the middle of the floor. Mice (n = 13 per
group) underwent 2 trials in turn: a training trial and a test trial 24 h
later. During the training session, mice were firstly placed on the floor
made of steel rods to conduct the electrical shock (36 V, AC) for 5 min.
During the test session, mice were placed on the platform with en-
ergized steel rods. The latency of step-down and number of errors
within 5 min were recorded.

2.3.3. Morris water maze test

To evaluate spatial learning and memory of mice, we conducted
Morris water maze test according to the previous method (Vorhees and
Williams, 2006). The apparatus was composed of a circular pool
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(170 cm in diameter) filled with opaque water (made white with milk
power, 30 cm in depth, 22 °C), and a white escape platform (10 cm in
diameter) was placed 2 cm underwater. Mice (n = 13 per group) went
through the navigation trial and the probe trial. During the navigation
test, mice were trained to find the hidden platform 4 trials (1 min for
each mouse to explore the platform/each trial) each day for 5 con-
secutive days. The mouse was taken to the platform and stayed there for
15s, if it failed to find the platform within 1 min. Six days after the
completion of training, the probe test was performed, i.e., mice were
allowed to swim in the pool without the platform for 2 min. Various
parameters were recorded, including probe time, the number of
crossing movements, time spent in target quadrant, distance travelled
in target quadrant, and swimming paths.

2.4. Proteomic analysis

2.4.1. Preparation of protein samples

Protein samples from the hippocampi of mice were prepared based
on the previous method (Xu et al., 2018). Briefly, after intraperitoneally
injected with 1% pentobarbital sodium (60 mg/kg), mice were sacri-
ficed and then the hippocampus tissues were dissected and stored at
—80 °C until use. Hippocampus tissues (4 mice each group) in 8 M urea
in phosphate buffered saline buffer were lysed with ultrasonic homo-
genizer (SONICS & MATERIALS INC., NEWTOWN, CT, USA). The ly-
sates were centrifuged, and protein concentration was determined with
NanoDrop 2000/2000c spectrophotometers (Thermo Fisher Scientific,
Waltham, MA, USA).

2.4.2. TMT labeling

The sample with 100 ug protein was treated with dithiothreitol, and
then incubated with iodoacetamide. Samples were diluted with phos-
phate buffered saline (pH 8.0) (final concentration: 1 M urea), digested
with 1:25 w/w trypsin/Lys-C at 37 °C overnight and acidified with 1%
FA. After centrifugation, the supernatants were desalted with reversed-
phase column (Oasis HLB; Waters, Milford, MA, USA), dried with va-
cuum concentrator, and then dissolved in triethylammonium bicarbo-
nate. Peptides were labeled with the TMT reagents at room temperature
for 1h: TMT-126 for hippocampi of the control mice; TMT-131 for
hippocampi of the iron-treated mice (n = 4 per group). Hydroxylamine
was used to terminate the reactions. The labeled peptides from the
control and iron-treated groups were mixed (n = 4), desalted, dried,
and dissolved in 100 pL 0.1% FA.

2.4.3. High performance liquid chromatography (HPLC) separation

The labeled peptides were fractionated using a previously described
procedure (Gokce et al., 2011). Briefly, peptides were loaded onto the
Xbridge BEH300 C;g column (Waters, Milford, MA, USA) for HPLC
(UltiMate 3000 UHPLC; Thermo Fisher Scientific, Waltham, MA, USA)
separation. Fractions were collected, dried, dissolved in 20 uL 0.1% FA
for further liquid chromatography (LC)-mass spectrometry (MS)/MS
analysis.

2.4.4. LC-MS/MS analysis and database searching

Peptide analysis was conducted by LC-MS/MS according to a pre-
vious method (Xu et al., 2018). Briefly, UltiMate 3000 RSLCnano
System (Thermo Fisher Scientific, Waltham, MA, USA) was directly
interfaced with Thermo Q Exactive Benchtop mass spectrometer
(Thermo Fisher Scientific, Waltham, MA, USA). Peptides were sepa-
rated by an analytical capillary column (Upchurch, Oak Harbor, WA,
USA) packed with Cyg silica resin (Varian, Lexington, MA, USA).

The raw mass spectra were searched with the Uniprot-Mus musculus
database (released in October 2018) using Proteome Discoverer 2.1
software (Thermo Fisher Scientific, Waltham, MA, USA). The search
criteria were set based on a previous study (Xu et al., 2018).
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2.4.5. Bioinformatics analysis

We used t-tests in the Perseus computational platform to compare
log2-transformed scaled abundances of proteins between the control
and iron-treated groups (Bereczki et al., 2018; Tyanova et al., 2016). P
value was adjusted by false discovery rate controlling approach to re-
duce the number of false positives for multiple comparisons (Pike,
2011). Differentially expressed proteins were determined (require-
ments: adjusted P < 0.05 and fold change < 0.9 or > 1.1). GraphPad
Prism 7.00 was used to make heat map and volcano plot. The identified
proteins involved in molecular function (MF), cellular component (CC),
biological process (BP), and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway were analyzed by DAVID Bioinformatics Resources
6.8 (https://david.nciferf.gov/). STRING database was used to analyze
the protein-protein interaction, and the interaction network was vi-
sualized in Cytoscape version 3.7.0.

2.5. Western blot

Hippocampal proteins were prepared by Radio
Immunoprecipitation Assay lysis buffer and then quantified with
Pierce™ BCA protein assay kit. Afterwards, proteins samples were
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separated on 12% sodium dodecyl sulfate polyacrylamide gel electro-
pheresis and transferred to polyvinylidene fluoride membranes.
Membranes were blocked with 5% skim milk in Tris-buffered saline/
0.1% Tween (TBST) buffer for 1 hat room temperature, and then in-
cubated with anti-B-actin (1:3000) and anti-SNAP25 (1:3000) in TBST
buffer overnight at 4 °C. The membrane was washed in TBST, incubated
with anti-mouse or anti-rabbit IgG HRPs (1:3000) in TBST buffer for
1 h, washed again in TBST, and exposed with chemiluminescence re-
agents from an Electro-Chemi-Luminescence kit. Densitometry analysis
of the Western blot protein was performed by using Image Processing
and Analysis in Java (ImageJ) software (National Institutes of Health,
Bethesda, Maryland, USA).

2.6. Statistical analysis

Data were expressed as mean + SEM. Intergroup differences were
evaluated by unpaired Student's ¢ tests. Statistic analysis was performed
by SPSS 12.0 software (Statistical Program for Social Sciences Inc.,
Chicago, IL, USA). Two-sided P values < 0.05 were considered statis-
tically significant.
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Fig. 1. Iron induced cognitive dysfunction in mice. A) Differences in the exploration time of novel object in novel object recognition test (n = 15 per group). B-C)
The latency and number of errors in the step-down passive avoidance test (n = 13 per group). D) Escape latency in the Morris water maze training trials. E-I)
Differences in representative tracks of movement patterns, probe time, the number of crossing movements, percent of time spent in the platform quadrant, and
percent of distance travelled in the platform quadrant in the probe trial of the Morris water maze test (n = 13 per group). Data were presented as mean *= SEM.

*P < 0.05, **P < 0.01 versus control mice.
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3. Results
3.1. Iron exposure induced cognitive impairments

Novel object recognition task (Fig. 1A) showed that the exploration
time for the novel object was shorter in iron-treated mice than in the
control ones (t = 3.922, P < 0.01). The step-down passive avoidance
test (Fig. 1B and C) showed that iron-treated mice reduced the latency
(t=2435 P < 0.05) but increased the number of mistakes
(t = —2.287, P < 0.05) compared to the controls. Morris water maze
test showed that during the 5 consecutive days of training trials, iron-
treated mice took longer escape latency than the control ones,
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especially on the second, fourth and fifth days of training session
(t=-2369, P < 0.05; t=—-2295 P < 0.05 t= —2567,
P < 0.05; respectively; Fig. 1D). During the probe test, iron-treated
mice exhibited an increase in the probe time (t = —4.355, P < 0.01;
Fig. 1F) but a decrease in the number of crossing movements
(t = 2.704, P < 0.05; Fig. 1G) when comparing with the control ones.
Besides, compared with the control mice, iron-treated mice showed a
decrease in the percentage of time spent in target quadrant and per-
centage of distance travelled in target quadrant although no significant
difference was found (t = 1.495, P > 0.05; t = 1.359, P > 0.05; re-
spectively; Fig. 1H and I). The representative movement tracks of mice
from different groups indicated that the iron-treated mice appeared

B

-Log10(p-value)

1.5

Log2(Ratio: Iron vs. control)

Fig. 2. Differential expression of hippocampal proteins between iron-treated and control mice. A) Heat map of altered proteins expression. B) Volcano plot for the
identified proteins. Red and green dots indicate significantly up-regulated and down-regulated proteins, respectively. (For interpretation of the references to colour in

this figure legend, the reader is referred to the Web version of this article.)
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spatial memory impairments (Fig. 1E).
3.2. Differential expression of hippocampal proteins

In total, 4100 proteins were identified by one or more unique
peptides (false discovery rate < 1%). Among the identified 4100 pro-
teins, 66 proteins were significantly altered in the hippocampal tissues
of iron-treated mice (adjusted P < 0.05 and ratio < 0.9 or > 1.1),
which were mainly related to synaptic function, mitochondrial func-
tion, cytoskeleton, chaperone, GTP/GDP conversion, transcription
regulation, ribosome, transport, and others (Fig. 2A). The names, ac-
cession numbers, fold-change levels, and P values of the differential
hippocampal proteins were displayed in Supplementary Table 1.

Among 66 differential expression proteins (Fig. 2B), 36 proteins
were down-regulated in iron-treated mice compared with the control
ones, and 10 of them were related to synaptic function, including sy-
naptosomal-associated protein 25 (SNAP25), complexin-1 (CPLX1),
vesicle-associated membrane protein 2 (VAMP2), excitatory amino acid
transporters 1 and 4 (SLC1A3 and SLC1A6), and guanine nucleotide-
binding protein G(I)/G(S)/G(0) subunit gamma-7 (GNG7). Ad-
ditionally, 30 proteins were up-regulated (Fig. 2B).

3.3. Enrichment analysis of differential expression proteins

To categorize the differential expression of hippocampal proteins,
gene ontology analysis was performed. The 66 altered proteins were
grouped based on the biological process, cellular component, and mo-
lecular function. The top 11 enriched items were displayed according to
the corresponding P-values. The biological process of the identified
proteins (Fig. 3A) mainly involved transport, translation, mitochondrial
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membrane permeability regarding apoptotic process, axonal transport
of mitochondrion, axon ensheathment, neuromuscular process con-
trolling balance, regulation of vesicle-mediated transport, axon devel-
opment, cell-cell adhesion, chloride transport, and L-glutamate trans-
port. Cellular component annotation (Fig. 3B) displayed the strong
enrichments of extracellular exosome, myelin sheath, melanosome,
synaptobrevin 2-SNAP-25-syntaxin-la-complexin I complex, focal ad-
hesion, perinuclear region of cytoplasm, ruffle, cytosol, cytoplasmic
vesicle membrane, blood microparticle, and cell periphery. The results
for molecular function (Fig. 3C) showed the strong enrichments of en-
zyme binding, protein domain specific binding, identical protein
binding, structural molecule activity, syntaxin-1 binding, cadherin-
mediated cell-cell adhesion, GTPase activity, actin binding, ion channel
binding, protein binding, and structural constituent of ribosome.

KEGG pathway analysis (Fig. 3D) revealed that the highly enriched
terms included glutamatergic synapse, synaptic vesicle cycle, purine
metabolism, Fc gamma R-mediated phagocytosis, gap junction, and
insulin secretion. Among proteins involved in the glutamatergic sy-
napse pathway (Fig. S1), SLC1A3, SLC1A6, and GNG7 were down-
regulated in the iron-treated mice compared with the controls, and
adenylate cyclase type 9 (ADCY9) was up-regulated. However, several
proteins (including SNAP25, CPLX1, and VAMP2) in the synaptic ve-
sicle (SV) cycle pathway (Fig. S2) were down-regulated in the hippo-
campal proteins of iron-treated mice.

3.4. STRING analysis of protein-protein interaction networks

STRING database was used for the protein-protein interaction net-
works based on the differential expression proteins in relation to iron

treatment (Fig. 4). Proteins regarding synaptic function and
B Cellular Component
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0 11 22 33 44 55
extracellular exosome ®  -LOG10(P-value)
myelin sheath = Percentage of genes
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D
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Percentage of genes (%)
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Fig. 3. Enrichment analysis of the differentially expressed hippocampal proteins in the iron-treated and untreated mice. A-C) Gene Ontology analysis of the dys-
regulated proteins involved in the biological process, cellular component, molecular function. D) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway

analysis of the dysregulated proteins.
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mitochondrial function accounted for about half of all regulated pro-
teins. Interactions among the proteins regarding synaptic function were
evident, such as proteins (SNAP25, CPLX1, and VAMP?2) involved in SV
cycle pathway, proteins (ADCY9 and GNG7) in the glutamatergic sy-
napse pathway and others including hypoxanthine-guanine phosphor-
ibosyltransferase (HPRT1), Ras-related protein Rab-5A (RABS5A),
claudin-11 (CLDN11), and myelin proteolipid protein (PLP1). We found
the obvious interactions of proteins involved in mitochondrial function,
including 3-ketoacyl-CoA thiolase, mitochondrial (ACAA2), ADP/ATP
translocase 1 (SLC25A4), medium-chain specific acyl-CoA dehy-
drogenase (ACADM), nucleoside diphosphate kinase B (NME2), valine-
tRNA ligase (VARS), protein kinase C epsilon type (PRKCE), Ras-related
protein Rab-11A (RAB11A), and 14-3-3 protein zeta/delta (YWHAZ).
The other proteins were grouped into cytoskeletal proteins (15.8%),
ribosomal proteins (5.3%), transport protein (5.3%) and so on.

3.5. Differential expression of representative proteins

Based on the functional analysis, the scaled abundances of nine
representative proteins were further analyzed, including synapse-re-
lated proteins SNAP25, CPLX1, VAMP2, and neurochondrin (NCDN);
mitochondria-associated proteins SLC25A4 and YWHAZ; cytoskeleton
proteins neurofilament light polypeptide (NEFL), tubulin beta-2B chain
(TUBB2B) as well as tubulin alpha-4A chain (TUBA4A) (Fig. 5A-C).

3.6. Validation of differential expression protein

To confirm proteomic data, the further verification of differential
expression of synaptic protein SNAP25 was performed using Western
blot. SNAP25 protein was selected to be further analyzed based on
bioinformatics analysis including KEGG pathway analysis, protein-
protein interaction networks as well as fold-change levels of the dif-
ferential hippocampal proteins. The results of Western blot was in ac-
cordance with those of proteomic analysis, showing that expression of
SNAP25 protein was down-regulated in the iron-treated mice compared
to the control ones (t = 2.470, P < 0.05; Fig. 6A-C).

"3
S|Cz5az\\Mitochondrial function
N
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Fig. 4. Analysis of protein-protein interaction networks of
the differentially expressed proteins between iron-treated
and control mice. The line thickness represents the con-
fidence scores, and thicker connection lines indicate the
higher confidence of protein-protein interaction. Proteins
are presented with red nodes (increased proteins) and green
nodes (decreased proteins) respectively. Nodes are labeled
with gene names. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web
version of this article.)

Transport

4. Discussion

The current study found that after long-term iron exposure, mice
exhibited cognitive impairments accompanying the alterations of hip-
pocampal proteins. The differentially expressed proteins were largely
relevant to synaptic function, mitochondrial function, cytoskeleton, etc.
The downregulation of SNAP25, a significant synaptic protein located
in the SV cycle, was further verified by Western blot in the iron-treated
mice.

The analysis of data obtained from the behavioral tests consistently
demonstrated that iron administration could induce cognitive impair-
ments of the mice. The results were in line with previous studies, which
suggested that iron supplementation via drinking water (10 mg/mL for
3 months, or 10 mg/L for 11 months) could exacerbate defects in spatial
learning and memory in different mouse models of AD (amyloid pre-
cursor protein (APP)/presenilin 1 (PS1) transgenic mice or Tg2576
mice) (Guo et al., 2013; Railey et al., 2011). Another study also re-
ported that intraperitoneal injection of Fe** (10 mg/kg, twice a week,
for 4 weeks) could hasten cognitive decline in APP/PS1 mice by a novel
object recognition test (Becerril-Ortega et al., 2014).

Proteomics has been recently applied to explore the toxic effects of
various chemicals (Revel et al., 2017; Wei et al., 2018; Yan et al., 2018),
because proteomic methods can provide information about the overall
response of the model systems to toxins, and help to comprehensively
understand mechanisms of toxic substances based on the detailed
bioinformatics analysis. Whereas, little in vivo studies regarding iron
neurotoxicity with proteomics approaches have been reported. The
results indicated that iron induced the alterations of hippocampal
proteins from the mice, showing the dysregulation of proteins involved
in the synaptic function, mitochondrial function, and cytoskeleton.

We found that iron treatment induced the decreased synaptic pro-
teins in the hippocampal neurons, such as SNAP25, CPLX1, VAMP2,
and NCDN. SNAP25, CPLX1, and VAMP2 proteins in the SV cycle
pathway are essential to neuronal communications, because the exo-
cytosis of SVs mediated the neurotransmitter release from presynaptic
nerve terminal (Wang et al., 2017a). While SNAP25 can provide the
driving force for vesicle docking and fusion, abnormalities in its ex-
pression and structure can induce multiple neurological disorders
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Fig. 5. Differential expression of representative proteins in iron-treated mice.
A) Abnormal expression of proteins relevant to synaptic function. B) Abnormal
expression of proteins relevant to mitochondrial function. C) Abnormal ex-
pression of proteins relevant to cytoskeleton. Data were presented as
mean * SEM. *P < 0.05, **P < 0.01 versus the control mice. n = 4 in each
group. Abbreviations: SNAP25, synaptosomal-associated protein 25; CPLX1,
complexin-1; VAMP2, vesicle-associated membrane protein 2; NCDN, neu-
rochondrin; SLC25A4, ADP/ATP translocase 1; YWHAZ, 14-3-3 protein zeta/
delta; NEFL, neurofilament light polypeptide; TUBB2B, tubulin beta-2B chain;
TUBAA4A, tubulin alpha-4A chain.

including AD, attention deficient hyperactivity disorder, schizophrenia
(Noor and Zahid, 2017). On the one hand, SNAP25 may play significant
roles in presynaptic events, including the interaction with various sy-
naptic proteins, formations of several complexes and alterations of
presynaptic plasma membrane dynamics. On the other hand, SNAP25
was found to participate in the regulation of spine morphogenesis, in-
dicating that SNAP25 may be an important role-player in postsynaptic
events as well (Karmakar et al., 2019). Complexins (Cplxs) which co-
operate with soluble N-ethylmaleimide-sensitive factor attachment
protein receptors (SNARE) complexes, play an important role in the
regulation of SV fusion. A study in Cplx1 knock-out mice showed that
CPLX1 could enhance both spontaneous and evoked transmitter re-
leases, stabilize newly primed synaptic vesicles and prevent premature
release of them (Chang et al., 2015). Our previous study showed that
the downregulation of CPLX1 in hippocampus contributed to spatial
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Fig. 6. Validation of differentially expressed protein SNAP25 was further per-
formed using Western blot analysis. Data were presented as mean = SEM.
*P < 0.05 versus the control mice. n = 4 for each group. Abbreviations:
SNAP25, synaptosomal-associated protein 25.

memory impairment in triple transgenic mouse model of AD (Ying
et al., 2017). Additionally, expression level of VAMP2 can affect sy-
naptic transmission, vesicle fusion, endocytosis, and neurotransmitter
release. The downregulation of VAMP2 was found in the brains of AD
patients (Pham et al., 2010). A recent study reported that mutations of
VAMP2 could affect synaptic membrane fusion and impair the devel-
opment and functions of human brain (Salpietro et al., 2019). In
knockout mice lacking VAMP2, spontaneous synaptic vesicle fusion and



X. Wang, et al.

fast Ca®*-triggered fusion were markedly decreased (Schoch et al.,
2001). Besides, the shape and size of the vesicles in synapses altered in
the Vamp2-deficient mice, showing a defect in the endocytosis (Deak
et al., 2004). NCDN plays an essential role in synaptic plasticity, neurite
outgrowth, and regulation of signal transduction. Additionally, it may
have the potential as a therapeutic target for the neurodegenerative
disease spinal muscular atrophy (Thompson et al., 2018). Taken to-
gether, our findings revealed the correlations between iron-induced
memory impairment and the downregulations of SV cycle-related pro-
teins including SNAP25, CPLX1, VAMP2, and other synapse-associated
proteins.

Dysfunction of iron homeostasis may induce energy supply defi-
ciency and mitochondrial fragmentation, thus affect mitochondrial
function (Huang et al., 2018). The proteomic data showed that oral iron
treatment could downregulate mitochondria-associated proteins in the
mice, including SLC25A4 and 14-3-3 protein zeta/delta (YWHAZ).
SLC25A4 located in the inner membrane of mitochondria is one of the
significant enzymes in ATP/ADP exchange, and abnormal SLC25A4
activity can lead to cellular dysfunction and even cell death (Sari et al.,
2010). The Slc25a4-deficient mice had impaired mitochondrial ex-
change of ATP/ADP, increased production of mitochondrial reactive
oxygen species and decreased tissue respiration stimulated by ADP
(Esposito et al., 1999). The studies found that SLC25A4 may be a reg-
ulatory element of the mitochondrial permeability transition pore in-
volved in the regulated cell death (Clemencon et al., 2013; Kato et al.,
2018). Abundant 14-3-3 proteins in the brain play key roles in lots of
cellular processes, such as protein synthesis and trafficking, signal
transduction, cell cycle as well as the regulation of metabolism. They
have been connected with a number of neurological diseases involving
AD, amyotrophic lateral sclerosis, Parkinson's disease (Iwamoto et al.,
2014; Smani et al., 2018). The 14-3-3 proteins can bind to apoptotic
signal transducing proteins and mitochondrial apoptotic proteins, and
then directly inhibit apoptosis (Jeon et al., 2016). A study found that
the depletion of 14-3-3 zeta could lead to endoplasmic reticulum stress
and cell death in mouse hippocampal cultures (Murphy et al., 2008),
while another one reported that overexpression of 14-3-3 zeta may
protect the mouse hippocampus against neuronal death induced by
endoplasmic reticulum stress and seizure (Brennan et al., 2013). The
present study clearly showed the reduced expression of SLC25A4 and
YWHAZ in the iron-treated mice as compared with the control ones,
indicating that abnormal expression of mitochondria-related proteins

Iron exposure

Hippocampal proteo#mic@

Food and Chemical Toxicology 130 (2019) 242-252

could be involved in the cognitive dysfunction induced by iron ad-
ministration.

We found that iron treatment could downregulate expression of
major cytoskeletal proteins in the hippocampus of mice, including
NEFL, tubulin beta-2B chain (TUBB2B), tubulin alpha-4A chain
(TUBA4A). NEFL as a component of the neuronal cytoskeleton is pre-
dominantly expressed in large-caliber myelinated axons, and changes of
NEFL expression are associated with brain atrophy and brain damage in
various neurodegenerative disorders (Byrne et al., 2018; Preische et al.,
2019; Schreiber et al., 2018). An earlier study found that knocking out
the Nefl gene in the mice could eliminate neurofilaments in myelinated
peripheral nervous system axons, which may affect their normal en-
largements during the development (Zhu et al., 1997). A study in the
APP/PS1 Nefl™’" mice showed that the deletion of Nefl gene could in-
crease the accumulation of neocortical amyloid-beta, synapse vulner-
ability close to plaques and microgliosis, indicating the protective role
of NEFL in AD (Fernandez-Martos et al., 2015). Microtubule is com-
posed of tubulin (a and () subunits. It is the second major component of
the axonal cytoskeleton and plays significant roles in cellular structure
(Teunissen et al., 2005). Recent studies have revealed the connection
between neuronal cytoskeletal damage and neurodegeneration, and
cytoskeleton is considered as a new therapeutic target for neurode-
generative diseases (Eira et al., 2016). Collectively, our results indicate
that decreased levels of NEFL and tubulin may contribute to iron neu-
rotoxicity regarding disrupting axonal integrity.

In addition, iron treatment altered the levels of proteins related to
iron metabolism and oxidative stress in the mice. For instance, me-
tallothionein-2 (MT2) was upregulated in the iron-treated mice.
Metallothioneins (MTs) as a superfamily of low-molecular weight pro-
teins could participate in various physical processes, including meta-
bolisms (transport and storage) of iron, copper and zinc, detoxification
of cadmium and mercury, and protection against oxidative damage to
dopaminergic neurons (Comes et al., 2019; Park and Yu, 2013;
Schuermann et al., 2015). MTs as thiol rich metal binding proteins are
able to regulate the distributions of metals in body and donate required
metals to enzymes or transcription factors (Joneidi et al., 2019). The
reasons for the potential antioxidant activity of MTs may be the direct
scavenging of destructive free radicals, complex reactions involving
redox active transition metals and the alteration of zinc homeostasis
(Formigari et al., 2007; Wang et al., 2017b). Owing to the fact that
metals and oxidative stress affect the expression of MTs, the increased

Fig. 7. Schematic diagram demonstrating
the effects of iron treatment on cognitive
function and hippocampal proteome in
mice. Iron treatment induced alterations in
hippocampal proteome, including proteins
related to synaptic function, mitochondrial
function, cytoskeleton, etc. The changes of
expression levels of these key proteins may

Mitochondrial

Synaptic function function

Cytoskeletal
proteins

contribute to iron-induced memory impair-
ments as observed. Abbreviations:
SNAP25, synaptosomal-associated protein
25; CPLX1, complexin-1; VAMP2, vesicle-
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associated membrane protein 2; NCDN,
neurochondrin; SLC25A4, ADP/ATP trans-
locase 1; YWHAZ, 14-3-3 protein zeta/delta;
NEFL, neurofilament light polypeptide;
TUBB2B, tubulin beta-2B chain; TUBA4A,
tubulin alpha-4A chain; MT2, metallothio-
nein-2; RAN, GTP-binding nuclear protein
Ran; RPLP2, 60S acidic ribosomal protein
P2; RPS24, 40S ribosomal protein S24.
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MT?2 levels in the iron-treated mice may be a compensation response of
the accumulation of free radicals.

5. Conclusions

Long-term iron exposure induced the cognitive defects accom-
panying the alterations of certain hippocampal proteins in the mice,
particularly involving synapse-associated proteins (SNAP25, CPLX1,
VAMP2, NCDN), mitochondria-related proteins (SLC25A4, YWHAZ),
and cytoskeleton proteins (NEFL, TUBB2B, TUBA4A) (summarized in
Fig. 7). The alterations of hippocampal synaptic, mitochondrial, and
cytoskeletal proteins may be involved in the iron-induced memory
impairment. Our results may provide new insights into the molecular
mechanisms of iron neurotoxicity. Further studies are needed to eluci-
date the roles and relevant molecular mechanisms of the identified key
proteins in iron-mediated cognitive impairments.
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