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Inflammation subsequent to mild
iron excess differentially alters
regional brain iron metabolism,
oxidation and neuroinflammation
status in mice

Azhaar Ahmad Ashraf?, Manal Aljuhani’, Chantal J. Hubens?,
Jéréme Jeandriens’?, Harold G. Parkes?, Kalotina Geraki?,
Ayesha Mahmood!, Amy H. Herlihy* and Po-Wah So*

!Department of Neuroimaging, Institute of Psychiatry, Psychology and Neuroscience, King's College
London, London, United Kingdom, 2Department of Human Biology and Toxicology, Faculty of
Medicine, University of Mons, Mons, Belgium, *Diamond Light Source, Harwell Science and
Innovation Campus, Didcot, United Kingdom, “Perspectum Diagnostics Ltd., Oxford, United Kingdom

Iron dyshomeostasis and neuroinflammation, characteristic features of the aged
brain,and exacerbated inneurodegenerative disease, may induce oxidative stress-
mediated neurodegeneration. In this study, the effects of potential priming with
mild systemic iron injections on subsequent lipopolysaccharide (LPS)-induced
inflammation in adult C57Bl/6J mice were examined. After cognitive testing,
regional brain tissues were dissected for iron (metal) measurements by total
reflection X-ray fluorescence and synchrotron radiation X-Ray fluorescence-
based elemental mapping; and iron regulatory, ferroptosis-related, and glia-
specific protein analysis, and lipid peroxidation by western blotting. Microglial
morphology and astrogliosis were assessed by immunohistochemistry. Iron only
treatment enhanced cognitive performance on the novel object location task
compared with iron priming and subsequent LPS-induced inflammation. LPS-
induced inflammation, with or without iron treatment, attenuated hippocampal
heme oxygenase-1 and augmented 4-hydroxynonenal levels. Conversely,
in the cortex, elevated ferritin light chain and xCT (light chain of System X.)
were observed in response to LPS-induced inflammation, without and with
iron-priming. Increased microglial branch/process lengths and astrocyte
immunoreactivity were also increased by combined iron and LPS in both the
hippocampus and cortex. Here, we demonstrate iron priming and subsequent
LPS-induced inflammation led to iron dyshomeostasis, compromised antioxidant
function, increased lipid peroxidation and altered neuroinflammatory state in a
brain region-dependent manner.

KEYWORDS

iron metabolism, inflammation, lipid peroxidation, cortex, hippocampus, aging,
System X.~, hyper-ramified microglia

Introduction

Iron is essential for crucial reactions in brain cells, including neurotransmitter, adenosine
triphosphate (ATP), and myelin syntheses. If unregulated, excess iron enhances reactive
oxygen species (ROS) production and oxidative stress, thus cellular iron levels are under strict
homeostatic control. Iron import proteins that regulate cellular iron entry include the
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transferrin receptor (TfR) and divalent metal transporter 1 (DMT1)
(Ashraf et al., 2018). Excess cellular iron is either sequestered by
ferritin in a non-toxic yet bioavailable form or exported out of the cell
via ferroportin aided by a ferroxidase, ceruloplasmin. In aging and
neurodegenerative diseases, the iron homeostatic cascade appears to
be disrupted (Ward et al., 2014). Ferroptosis, a recently discovered
form of iron-induced cell death (Dixon et al., 2012), is thought to be a
significant contributor to neurodegeneration, including in Alzheimer’s
disease (AD) (Ashraf and So, 2020; Ashraf et al., 2020).

Previously, we established that iron dyshomeostasis and
neuroinflammation are two facets of brain aging in C57Bl/6] mice
(Walker et al., 2016; Ashraf et al., 2019a). Iron is known to stimulate
microglia via NFkB activation and increase production of
pro-inflammatory cytokines (Saleppico et al., 1996). Inflammation can
induce iron dyshomeostasis through altering ferritin expression and
other players implicated in iron homeostasis (Zhang et al., 2015;
Ashrafetal., 2018; Ward et al., 2022). We propose the combination of
increasing iron dysregulation and chronic neuroinflammation with
aging contributes to advanced age being the major risk factor in
neurodegenerative disease. However, the effect of peripheral
administration of iron and/or lipopolysaccharide (LPS)-induced
inflammation on the young adult mouse brain remains to
be understood.

In this study, we initially administered (mild) iron injections into
8-week-old mice. From 8-weeks of age, iron has been shown to enter
the mouse brain, albeit relatively slowly and accumulate as brain iron
export is minimal (Holmes-Hampton et al., 2012). At this age, the
mouse brain has not had the opportunity to accrete iron, or exhibit
chronic neuroinflammation, as would be observed in older mice
(Walker et al., 2016; Ashraf et al., 2019a). Contrary to previous iron
dietary supplementation studies (Sobotka et al., 1996; Malecki et al.,
2002), we chose to systemically administer relatively lower iron doses
to represent the insidious brain accumulation of iron that is more
representative of aging, similar to other previous studies (Maaroufi
et al,, 2009, 2014). Supplementation of iron via the diet has been as
high as 20,000 parts of million (ppm) of carbonyl iron (Sobotka et al.,
1996) which approximates to ingestion of 0.86-1.43 mmol iron per
day as compared to approximately 0.0002 mmol iron per day as in our
and other studies (Maaroufi et al., 2009, 2014). Two weeks after iron
treatment, mice underwent a mild LPS dosing regime known to
modify brain immunological responses (Ifuku et al, 2012).
We induced an inflammatory insult sometime after the systemic iron
injections to allow/mimic the accretion of brain iron and subsequent
chronic neuroinflammation as seen with aging.

We determined whether proteins involved in iron homeostasis
and antioxidation, and lipid peroxidation protein adduct levels were
modulated by systemic inflammation/neuroinflammation subsequent
to previous acute mild iron doses. Furthermore, we assessed whether
iron priming prior to inflammation/neuroinflammation modulates
subsequent glial morphology and spatial learning ability. We focused
on the hippocampus, cortex and basal ganglia regions, but in
particular, the hippocampus and cortex as these regions play major
roles in cognition, which is impaired in normal aging and
neurodegenerative diseases such as AD (Devanand et al., 2012; Fjell
etal, 2014). We also investigated possible changes in the basal ganglia
as these brain regions accrete iron to a much greater extent than other
brain regions with aging (Hallgren and Sourander, 1958; Ward et al.,
2014) and are affected in neurodegenerative diseases (Guan et al.,
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2022).

immunohistochemical analyses, mice underwent spatial learning

Prior to brain isolation for metal, western blot and

behavioral testing. Total reflection X-ray fluorescence (TXRF) and
synchrotron radiation X-ray fluorescence (SRXRF) mapping were
used for bulk and spatial iron (metals) analyses, respectively.
Ferroptosis-related—iron regulatory and antioxidant proteins, glia-
specific proteins, and lipid peroxidation protein adducts were assessed
by western blotting. Ionized calcium-binding adaptor molecule 1
(Ibal) and fibrillary (GFAP)
immunohistochemistry, was used to assess microglial morphology

glial acidic ~ protein
and astrogliosis, respectively. Microglia and astroglia are key players
in neuroinflammation, and microglial and astroglial measurements
were used as putative indicators of neuroinflammation.
We  hypothesized that

neuroinflammation in a normal young mouse model would exhibit

iron priming and subsequent
protein changes reminiscent of ferroptosis (iron accumulation/
dyshomeostasis, impaired antioxidation, lipid peroxidation) in the
brain to a greater extent than by systemic iron injections or

inflammation alone.

Materials and methods
Animals and treatment

Young male C57Bl/6] mice (3-weeks of age, n=56) were obtained
from Envigo (Huntingdon, United Kingdom), housed in pairs on
arrival, and acclimatized before experimentation. All experimental
procedures were approved by the local ethical review panel of King’s
College London in accordance with the UK. Home Office Animals
Scientific Procedures Act 1986.

After acclimatization, at 8-weeks of age, mice were injected
intraperitoneally with saline (n=27) or 3mg/kg ferrous sulphate
heptahydrate (423731000, Fisher Scientific, Leicestershire,
United Kingdom; n=29) daily for 5days (Maaroufi et al., 2009).
Saline- or iron-treated (n=5/group) mice were euthanized two days
after the final injection and brains isolated (see below) to study the
acute effects of mild iron treatment on the brain (Cohort 1). Similarly,
another cohort (saline, n="7; iron-treated, n=8) were killed at three
weeks post-dose (aged 12 weeks) and brains isolated (see below) to
determine the potential longer term/chronic effect of a single iron
treatment (Cohort 2). The remaining saline- or iron-treated mice were
subdivided and received either saline (10 mg/kg) or 0.25mg/kg LPS
(L2880, Sigma, Dorset, United Kingdom) intraperitoneally daily for a
week, yielding four final groups (Cohort 3): saline only (control group,
n=7), iron only (n=8), LPS only (n=8) and iron + LPS group (n=38).
Two weeks after the final injection, mice (aged 15-weeks) underwent
spatial learning behavioral (cognitive) assessment (see behavior
testing) and then brains isolated (see below).

Brains were harvested after exsanguination by transcardial
perfusion with phosphate-buffered saline (PBS) under terminal
isoflurane-oxygen anesthesia. Hippocampus, cortex, striatum, and
substantia nigra were dissected from the right-brain hemisphere and
snap-frozen in liquid nitrogen and stored at —80°C for western
blotting and TXRF (see below). (Note, the substantia nigra was not
dissected out for Cohort 1.) The remaining left-brain hemisphere was
fixed in 4% paraformaldehyde in PBS for 48h before storage in
PBS-0.025% sodium azide at 4°C for immunohistochemistry and
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SRXRE (see below). An overview of the study design and protocol is
shown in Figure 1.

Behavioral (cognitive) testing

Novel object location (NOL) testing was used to evaluate learning
and memory in mice, as described previously (Lueptow, 2017). Briefly,
testing was performed in an opaque arena (40 cm x40 cm, and 50 cm
high walls), and exposed to light intensity of 50 lux and ambient noise,
~65dB (supplied by a radio). All behavior trials were recorded using
EthoVision XT software (Noldus information technology, VA,
United States). Equipment between trials were wiped clean and treated
with 0.1% acetic acid to eliminate residual odors.

Mice were placed into the arena and allowed to explore two
identical objects for 10 min (training trial) and then returned to their
home cage. An hour later, they were re-introduced into the arena after
one of the objects had been moved to a novel location and allowed to
explore again for 10 min (test trial). The total time each animal spends
exploring each object, characterized by active sniffing, or rearing
against the object with the nose directed towards the object within
2-3cm of the object, was recorded. The center-point of the mice
defined its position for analysis. We calculated the discrimination
index for NOL using Eq. 1:

10.3389/fnagi.2024.1393351

where T,oq and Tim.r are times spent exploring a novel and
familiar location, respectively.

Mice with preserved spatial memory and curiosity will spend
more time exploring the object placed in a novel location compared
with the familiar location (Lueptow, 2017). A higher discriminatory
index (DI) score implies a preference for the novel location,
suggesting intact spatial memory and recognition of the change of
object location.

Western blotting

For western blotting, lysates of hippocampus, cortex, and striatum
were prepared as before (Ashraf et al., 2020), and stored at —80°C until
further analysis. Brain lysates (40pug protein) were mixed with
Laemmli buffer (S3401; Sigma, Poole, United Kingdom) and heated
(95°C, 5min). Proteins were separated on NovexTM tris-glycine
4-20% gradient gels (XP04205BOX, Thermo Fisher; 150V, 90 min),
and then transferred onto a 0.45pm nitrocellulose membrane
(GE10600002, GE Healthcare, Amersham, United Kingdom) in tris-
glycine buffer supplemented with 20% methanol (80V, 1h). Following
incubation in a blocking solution (1h, ambient temperature),
membranes were incubated with primary antibodies (overnight, 4°C;
Supplementary Table S1) for iron-homeostatic proteins: ferritin-light
chain (FTL), ferritin-heavy chain (FTH), transferrin-receptor (TfR),

Discrimination index (DI) = Tnovel ~ Thamiliar (1) DMT1, iron responsive element binding protein 2 (IRP2),
novel + Tfamiliar ceruloplasmin, ferroportin, heme-oxygenase-1 (HO-1); for immune
§ Cohort1 Cohort2 Cohort3
Study Design Saline,n=5 Saline.n=7 Saline,n=7; Iron,n=8
Iron,n=5 Iron n=8 LPS,n=8;Iron+LPS, n=8
oo - U — .Em {7
C5781/6) mice 2‘d3V5 3-weeks 6-weeks
e post- post- post-initial
treatment treatment Sallne treatment
=l -
3 mg/kg iron 0.25 mg/kg LPS
S KS KEY
8 weeks old or saline i.p. or saline i.p. % Behaviour testing
C57BI/6J mice 7 W
A m"_"_'__.r"'ﬂz——'——' @® Western blot analysis
‘ Day1234567 Swdyeng 3 /mmunohistochemistry
Week0 1 3 4 5 6 7 \ TXRF/SRXRF
Il g !
Study Protocol Cohort 1 Cohort 2 Cohort 3
2 days post-dose, 3 weeks post-dose, 6 weeks post initial-dose,
Aged 9-weeks Aged 12-weeks Aged 15-weeks
oI\ o O\ 0B
FIGURE 1
Overview of the study design and study protocol. i.p., intraperitoneally; LPS, lipopolysaccharide; SRXRF, synchrotron-radiation X-ray fluorescence;
TXREF, total reflection X-ray fluorescence.
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cells/inflammation, Ibal, GFAP, NADPH oxidase 2 (NOX2) and
triggering receptor expressed on myeloid cells 2 (TREM2); and for
ferroptosis, acyl-CoA synthetase long-chain family member 4
(ACSL4), light chain subunit of System X.~ (xCT), glutathione
peroxidase 4 (GPX4) and
4-hydroxynonenal (4-HNE).
After incubation with primary antibodies, protein bands were
visualized as described before (Ashraf et al., 2020) with horse-radish
peroxidase (HRP)-conjugated secondary antibodies and imaged

the lipid-peroxidation marker

(BioRad ChemiDoc MP system). For protein quantification,
membranes were stripped using Restore Western blot stripping buffer
(20159; Thermo Fisher) and re-probed with HRP-conjugated $-actin.
Band signal intensities were quantified by densitometry (Image],
NIH), and normalized to f-actin.

Total reflection X-ray fluorescence

Brain lysates (hippocampus, cortex and striatum) prepared as
detailed above were thawed and diluted 1:5v/v with Milli-Q
distilled water and underwent TXRF as described previously
(Ashraf et al., 2020). Briefly, following dilution with polyvinyl
alcohol (2pL, 0.3g/L water; 843871, Merck, Gillingham,
United Kingdom), gallium solution (10 pL, 440 pg/L; TraceCERT®
gallium standard for inductive coupled plasma-mass spectrometry;
16639, Merck) was added (final gallium concentration of 200 pg/L).
Resultant duplicate samples were placed on acrylic sample carriers

for TXRF (PICOFOX, Bruker Nano GmbH, Germany) (Ashraf

et al., 2019b). Elemental concentrations of iron, copper and zinc
were calculated by reference to the internal gallium standard and

normalized to protein concentrations (mg/kg protein) (Ashraf

et al., 2020).

Synchrotron radiation X-ray fluorescence

Fixed brain samples were cryoprotected in 30% sucrose in PBS for
48h and frozen at —20°C before cryosectioning. Cryosections (30 pm
thick) were mounted onto 4 um thick Ultralene film (Spex Sample-
Prep, NJ, United States) secured to a customized holder and kept at
room temperature prior to SRXRE

Brain cryosections containing the hippocampus, cortex,
striatum, and substantia nigra (n=4/group in Cohort 2 and
n=7-8/group in Cohort 3) underwent SRXRF at the Diamond
Light Source synchrotron radiation facility (microfocus beamline

118; Didcot, United Kingdom), as described previously (Ashraf

et al., 2019a). Briefly, cryosections were mounted at a 45° angle
with respect to the incoming X-ray beam and the detector, and
scanned raster fashion with a beam of 100 pm diameter (resolution)
and 11keV energy. Full energy dispersive spectra were collected
for each beam position, deconvolved and areas of the characteristic
peaks of iron, zinc, and copper evaluated using PyMca (Solé et al.,
2007) to produce elemental metal maps. For quantification, photon
flux was estimated by measurement of a reference metal film (AXO,
Dresden, GmbH). Regions of interest (ROIs) were placed on the
elemental metal maps to obtain metal concentrations (mg/kg) in
different brain regions (Supplementary Figure S1).
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Immunohistochemistry

Immunohistochemistry was performed in the hippocampus,
cortex, striatum and substantia nigra from all mice of all cohorts.
Brain cryosections were prepared as detailed for SRXRE albeit
sectioned into wells of 96-well plates containing PBS-0.025% sodium
azide (see above) and stored at 4°C prior to analysis. For
immunohistochemistry, cryosections were treated with 1% hydrogen
peroxide in PBS-0.2% TritonX-100, washed with PBS-0.2% Triton
X-100 (2 x 5min), and blocked in 10% BSA supplemented with
PBS-0.2% Triton X-100. Antibodies for Ibal (microglia, SAB2500042;
Sigma) and GFAP (astrocytes; Z0334; DAKO) were incubated
overnight (5% BSA in PBS-Triton X-100, 4°C), washed, and then
incubated with a secondary biotinylated anti-rabbit antibody (5% BSA
in PBS-0.2% Triton X-100, 2h). Following enhancement with avidin-
biotin complex (Vectashield, Vector Laboratories, Burlingame,
United States) for 30 min, 3,3’-diaminobenzidine (DAB) was used to
develop the staining for 4 min and the reaction was stopped by the
addition of distilled water. The sections were then mounted on
Superfrost slides (J1800AMNZ; Thermo Fisher Scientific), dehydrated
sequentially in 70% ethanol (2 min), 90% ethanol (2 x 2min), 100%
ethanol (2 x 2min), and xylene before mounting in DPX. Images were
acquired with a Leica microscope using a 40x objective connected to
a camera using Image-Pro software (National Institutes of Health,
Bethesda, Maryland, United States). The stained images were
quantified using Fiji/Image] software.

Microglial morphology was assessed of Ibal-stained brain tissue
section images using the skeletonize plugin for Image] (Morrison and
Filosa, 2013; Young and Morrison, 2018; Ali et al., 2019). The image
of each hemisphere section was skeletonized, and microglial branch
endpoints and lengths measured across the image (a cutoff value of 20
for endpoints and lengths was used). The endpoint measure assesses
the number of microglial branches or processes, while branch length
measures their length. Microglial endpoints and branch lengths were
normalized to the microglial soma number to give endpoints/cell and
branch length/cell, respectively.

For GFAP-stained brain sections, images were converted to an
8-bit greyscale image, a threshold applied, and then converted to
binary format in Image]. Signal intensities in an optical field were
obtained after applying a thresholding protocol using negative control
sections (incubated with secondary antibody only) to identify
non-specific background staining. Depending on the brain region
analyzed, GFAP-immunoreactivity was analyzed in 2-4 optical fields
(Walker et al., 2016).

Statistical analysis

Data normality was assessed using Q-Q, residual, and
homoscedasticity plots: values violating these assumptions were
identified as outliers and excluded from the analysis.

A two-tailed student’s t-test was performed on proteins and metals
to monitor the acute and chronic effects of saline- and iron-treatment
(Cohorts 1 and 2). To correct for multiple ¢-test comparisons, we used
an adaptive linear set-up procedure to control the false discovery rate
(FDR) at 5%. One-way ANOVA followed by Tukey post hoc correction
was used to identify the effects of iron only, inflammation only, and
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iron-primed inflammation on behavioral performance; levels of iron
regulatory, ferroptosis-related, and glial-specific proteins; and metals
(Cohort 3). Adjusted p-value <0.05 were considered significant.

All statistical analyses were performed using IBM SPSS Statistics
26 and GraphPad Prism 9.

Results

Acute (Cohort 1) and chronic (Cohort 2)
effects of iron

Changes in protein, glial cell, and metal measurements at 2 days
(Cohort 1) or 3weeks (Cohort 2) post-iron injection did not surpass
FDR-correction in the different brain regions (Supplementary Tables
$2-59).

Effects of iron and/or inflammation
treatment (Cohort 3)

The iron only treatment group showed improved NOL
performance compared with iron + LPS group (p=0.0440; Figure 2).
However, NOL performance was not significantly improved with iron
treatment when compared with saline (p=0.0924) or LPS only
(p=0.1323) groups.

By western blot analysis, LPS-induced inflammation, with
(p=0.0061) or without iron treatment (p=0.0149) was shown to
attenuate hippocampal HO-1 compared with saline (Figure 3A and

0.5 °
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o

d
'
=
()}
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FIGURE 2
Effects of iron-priming and inflammation on the novel object
location (NOL) assessment. *p <0.05.
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Supplementary Table S10). LPS only group and iron + LPS group
demonstrated augmented 4-HNE levels compared with both saline
(p=0.0462, p=0.0294, respectively) and iron only groups (p =0.0220,
p=0.0132, respectively; Figure 3B and Supplementary Table S10).
Hippocampal TREM2 levels were found to be higher in the LPS group
compared to both saline (p=0.0398) and iron + LPS (p=0.0040)
groups, while the iron + LPS group had lower TREM2 compared to
the iron only group (p=0.0218; Figure 3C). The LPS group showed
increased levels of Ibal compared with the saline (p=0.0035) and iron
(p=0.0247) groups (Figure 3D). Similarly, LPS group demonstrated
augmented levels of GFAP than saline (p=0.0174) and iron
(p=0.0039) groups (Figure 3E). None of the other measured proteins
to be altered by the
(Supplementary Table S10). Similarly, metals—iron, zinc, and copper,
as assessed by bulk and spatial analyses, TXRF and SRXRF, were
comparable between groups in Cohort 3.

were found various treatments

Analysis of Iba-1 stained immunohistochemical stained images
revealed longer hippocampal microglial branch length/cell in the iron
+ LPS group compared with saline (p=0.0158) or iron (p=0.0071)
(Figures 3E  4A). augmented GFAP-
immunoreactivity was observed in the iron + LPS group compared
with either saline (p=0.0022) or iron (p=0.0251) groups (Figures 3G,
4B). However, microglial endpoints/cell were similar between groups
(p=0.25; Supplementary Table S10).

The cortex exhibited different changes compared with the

groups Similarly,

hippocampus. Cortical FTL was significantly increased in response to
LPS-induced inflammation, with p=0.0498 and p=0.0343, when
comparing with and without iron priming to the saline group,
respectively (Figure 5A). Meanwhile, IRP2 was higher in the iron +
LPS group compared to saline (p=0.0382) and iron (p=0.0131;
Figure 5B, Supplementary Table S11). Combinatorial iron + LPS
treatment increased cortical DMT1 compared to LPS only treatment
(p=0.0299, Figure 5C). Increased xCT in the cortex was observed in
response to LPS-induced inflammation, without and with iron-
priming compared to saline (p=0.0464 and p=0.0306, respectively;
Figure 5D). Surprisingly, the lipid peroxidation marker, 4-HNE, was
attenuated in the iron + LPS group relative to iron (p=0.0274,
Figure 5E). Levels of other proteins or metals measured were similar
irrespective of treatments (Supplementary Table S11).

By Ibal-immunohistochemistry, cortical microglial endpoints/
cell were found to be comparable between groups (p=0.35,
Supplementary Table S11). However, longer microglial branch length/
cell was observed in the iron + LPS group compared to saline
(p=0.0422) and iron only (p=0.0081) groups (Figure 5F, 6A). Further,
cortical GFAP-immunoreactivity was augmented in the iron+LPS
group compared to the iron only group (p=0.0187; Figures 5G, 6B).

The response of the striatum to iron and/or LPS treatment was
different from that in both the hippocampus and cortex. Striatal
ferroportin levels were decreased in response to LPS-induced
inflammation without (p =0.0315) and with iron priming (p=0.0304)
compared to saline treatment, respectively (Figure 7A). Levels of
ACSL4 were increased in the iron + LPS group relative to the iron only
group (p=0.0474; Figure 7B and Supplementary Table S12). Striatal
microglial endpoints/cell were decreased by iron-treatment compared
to the saline group (p=0.0315, Figure 7C). Conversely, microglial
branch length/cell were longer in the iron+LPS treated mice compared
to those only treated with iron (p=0.0038; Figures 7D, 8A and
Supplementary Table S12).
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Effect of iron-priming and inflammation in the hippocampus (Cohort 3). Western blot analysis of (A) Heme oxygenase-1 (HO-1), (B) 4-hydroxynonenal
(4-HNE), (C) triggering receptor expressed on myeloid cells 2 (TREM2), (D) ionized calcium-binding adaptor molecule 1 (Ibal) and (E) glial fibrillary
acidic protein (GFAP). Immunohistochemical analysis of (F) microglial branch length/cell (assessed by Ibal staining) and (G) GFAP signal intensity (SI,

arbitary units, a.u.). (Proteins used in western blot were normalised against actin).

*p<0.05and **p <0.01. LPS, lipopolysaccharide.

The substantia nigra also exhibited a regional-specific response to
iron and/or LPS. Longer nigral microglial branch lengths were
observed in the iron + LPS group compared to saline (p=0.0004), iron
(p=0.0018), and LPS groups (p=0.0403, Figures 7E, 8B and
Supplementary Table S13). However, the microglial endpoints/cell
(p=0.53, Supplementary Table S14) and GFAP-immunoreactivity
(p=0.32, Supplementary Table S13) were similar between groups.
Likewise, metal levels, including iron, were also similar between
groups (Supplementary Table S14).

Discussion

We demonstrate iron dyshomeostasis, neuroinflammation,
inhibition of System X~
modulation of lipid peroxidation in young C57Bl/6] mice exposed to

(cystine/glutamate antiporter), and

peripheral iron and subsequent LPS-induced inflammation, in a brain
region-dependent manner.
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We reveal neuroprotective effects from a previous short duration
of relatively mild systemic iron treatment in young C57Bl/6] mice
(Cohort 3), with improved spatial learning on the NOL task, when
compared with mice treated with both iron + LPS. We suggest that
mild systemic iron injections in mice led to iron being partitioned
beneficially towards fulfilling metabolic demands (e.g., iron-
dependent brain maturation processes including synaptogenesis)
rather than enhancing the labile iron pool and potentially, inducing
iron toxicity via lipid peroxidation and oxidative stress. This is
consistent with our molecular findings where iron only treatment
demonstrated a significant attenuation of hippocampal lipid
peroxidation 7-weeks after iron-treatment compared with iron + LPS
and LPS only groups. Lipid peroxidation was assessed by measurement
of 4-HNE, a reactive aldehyde that can detrimentally alter signaling
pathways in aging (Zhang and Forman, 2017).

The brain is particularly susceptible to lipid peroxidation-
mediated oxidative stress due to its high oxygen consumption and
lipid-rich content. Mice subjected to LPS-induced inflammation,
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FIGURE 4

Effect of iron-priming and inflammation on micro- and astro-glial morphology in the hippocampus (Cohort 3). (A) ionized calcium-binding adaptor
molecule 1 and (B) glial fibrillary acidic protein immunochemistry. Micrographs were acquired at 40x magnification. Scale bar represents 25um (top
panels) and 12.5 um (bottom panels, magnified images). LPS, lipopolysaccharide.

with or without iron-priming, demonstrated augmented lipid
peroxidation. This may be attributed to the reduced HO-1 levels
observed in LPS-treated mice, irrespective of prior treatment with
iron or not. HO-1 is an antioxidant enzyme that catalyzes the
detoxification/degradation of heme (from hemoglobin) to ferrous
iron (to be sequestered by ferritin), biliverdin/bilirubin (lipid
antioxidant), and carbon monoxide (Eskew et al., 1999; Sung et al.,
2000; Vanacore et al., 2000; Wu and Hsieh, 2022). HO-1 attenuates
the generation of ROS (e.g., superoxide) and lipid peroxidation (Chao
etal., 2013), and an integral part of the antioxidant system: HO-1 null
mice exhibit increased lipid peroxides (Ishikawa et al, 2012).
Diminished HO-1 levels (and enzymatic activity) prevent

Frontiers in Aging Neuroscience

heme-detoxification and increases heme availability for the
generation of ROS, thereby increasing the susceptibility of cells to
oxidative stress (Pirota et al., 2016; Righy et al., 2016; Chiabrando
etal., 2018).

We showed that LPS only treatment increased hippocampal levels
of Ibal (microglia) and GFAP (astrocytes) compared with saline and
iron only treatments. Increased numbers of microglia and astrocytes
have been previously demonstrated in response to LPS administration
in mice (Ifuku et al, 2012). LPS has been shown to augment
pro-inflammatory cytokine secretion from microglia and astrocytes
(Godbout et al., 2005; Qin et al., 2007; Henry et al., 2009; Ifuku et al.,
2012; Wohleb et al,, 2012). LPS likely induces microglia to secrete IL1{
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FIGURE 5
Effect of iron-priming and inflammation in the cortex (Cohort 3). Western blot analysis of (A) ferritin light-chain (FTL), (B) iron regulatory protein 2
(IRP2), (C) divalent metal transporter 1 (DMT1), (D) light-chain subunit of system X.~ (xCT), (E) 4-hydroxynonenal (4-HNE). Immunohistochemical
analysis of (F) microglial branch length/cell (assessed from ionized calcium binding adaptor molecule 1-immunohistochemistry) and (G) glial fibrillary
acidic protein (GFAP) signal intensity (SI, measured in arbitrary units, a.u.). (Proteins measured by western blot analysis were normalized against actin.)
Significant results were * and ** for p <0.05 and 0.01, respectively. LPS, lipopolysaccharide.

which in turn stimulates astrocytic levels/activation (Norris et al.,
2005; Sama et al., 2008; Perry et al., 2010).

Mice receiving LPS after iron-priming exhibited longer microglial
branch length/cell compared to saline and iron only groups. Little is
known about the initiation of microglial hyper-ramification (i.e.,
branching) and how this phenotype relates to microglial functionality
(Hinwood et al, 2013). However, exposure of mice to chronic
psychological stress, e.g., depression or post-traumatic stress disorder,
in the absence of injury or neurodegeneration, has been shown to
increase microglial ramification (unaltered microglial numbers) in
various brain regions (Hinwood et al., 2013; Walker et al., 2013; Hellwig
et al, 2016; Smith et al, 2019). Anti-depressant treatment which
ameliorates depression like-behavior was shown to attenuate microglial
hyper-ramification and restore microglial morphology. Moreover,
microglia exhibited hyper-ramification in a DNA-repair deficient
model of accelerated aging (Erccl mutant mice) (Raj et al.,, 2014).
Microglia in these mice displayed an exaggerated response to LPS

Frontiers in Aging Neuroscience

stimulation with augmented expression of pro-inflammatory cytokines
(IL1p, IL6, and TNF«x) and generation of ROS. We suggest that a LPS
challenge following iron-priming leads to hyper-ramified microglia
which may represent a primed microglial state. Primed microglia are
not acutely activated but may exhibit differential expression patterns,
e.g., increased CD68, and mount an exaggerated inflammatory
response to a subsequent immune challenge (Witcher et al., 2015).
Notably, acute iron loading in mouse macrophages has been found to
potentiate the inflammatory response to a consequent LPS challenge
(Hoeft et al., 2017). Moreover, pre-treatment of macrophages with an
iron-chelator in normal mice attenuated the LPS-induced inflammatory
response (Wang et al., 2009). In primary cultured ventral mesencephalic
(VM) neurons, augmented release of IL1 and TNFa was observed in
LPS-activated microglia exhibiting iron overload (Wang et al., 2013).
Iron treatment increases microglial secretion of proinflammatory
cytokines which can augment ROS and lipid peroxidation (Yang et al.,
2007, 2013; Hoeft et al, 2017; Yauger et al, 2019). Our study
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FIGURE 6

12.5pm (bottom panels, magnified images). LPS, lipopolysaccharide.

Effect of iron-priming and inflammation on micro- and astro-glial morphology in the cortex (Cohort 3). (A) ionized calcium-binding adaptor molecule
1 and (B) glial fibrillary acidic protein immunochemistry. Micrographs were acquired at 40X magnification. Scale bar represents 25um (top panels) and

Iron+LPS

demonstrates that excess iron and subsequent inflammation alters
hippocampal microglial morphology (observed as hyper-ramification
of processes) alongside increased lipid peroxidation.

Decreased hippocampal TREM2 was observed following LPS
treatment, but only with iron priming, suggesting that iron-primed
hippocampal microglia may not be able to respond appropriately to a
subsequent inflammation stimulus, e.g., attenuated phagocytosis.
TREM?2 is exclusively expressed by microglia and is known to promote
phagocytic function and regulate inflammation (Takahashi et al,
2005, 2007; Hsieh et al., 2009). TREM2 is pivotal in sustaining trophic
functions of microglial in the aging brain (Poliani et al., 2015) and
microglial TREM2 expression has been to be reduced in aged mice

Frontiers in Aging Neuroscience

(Hickman et al., 2013). Further, loss of function mutations of TREM2
is associated with Nasu-Hakola disease, an inflammatory degenerative
disease of the brain and bone, leading to premature dementia and
death (Bianchin et al., 2010). Rare variants of TREM2 have augmented
risk of developing late-onset AD (Jonsson et al., 2013).
Hippocampal GFAP-immunoreactivity was also significantly
increased in iron-primed mice subjected to a subsequent LPS
challenge, which has also been observed in the aging mouse brain
(Kohama et al., 1995). GFAP is not detectable in all astrocytes but a
common feature of reactive/activated astrocytes (Zamanian et al.,
2012). We suggest astrocytic phagocytosis may be detrimentally
increased to compensate for microglial dysfunction we proposed

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1393351
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Ashraf et al. 10.3389/fnagi.2024.1393351

A B
5 & T @&s"
Tk e NN
Fon LB T P P 55kpa  AcsLa, LITTTT T 79k0a
Actin [TV s2kDa  Actin Rl e 42kDa
—_— *
2.0 * 6
1.5 | A ﬁ
£ SMEYOR"
810 L 8 wY \/
¢ 0(& 2 ] Il
0.5 w o> |
' !
0.0 T T T T 0- T T T T
¢ & 2 2 & &2 P
NI RIS
9 & &
& A\
Treatment group Treatment group
C D E *
* E E % %
= 507 l 2 800 s 2800 e
o = =
| @
E 40- : S 600 S 600 ﬁ
W 8 l g 2 A A
S 304 . 400 A A 400 , A
8> ( s AR & s A R4 Y
€ A = 200 o = 200 g L5
W 204 { e - e ;
T T T T 2 0 — ;' T T 2 0 S | T T T
@ DO o T @ Q5O O @ ) O o
%e\“ ARSI I S8
& & &
N N A
Treatment group Treatment group Treatment group
FIGURE 7
The effects of iron-priming and inflammation in the striatum and substantia nigra (Cohort 3). Western blot analysis of (A) ferroportin (Fpn) and (B) acyl-
CoA synthetase long-chain family member 4 (ACSL4). lonized calcium binding adaptor molecular 1-immunohistochemical analysis of (C) microglial
endpoints/cell and (D) branch length/cell in the striatum and (E) microglial branch length/cell in the substantia nigra. (Proteins measured by western
blot analysis were normalized against actin.) Significant results were *, ** and *** for p <0.05, 0.01 and 0.001, respectively. LPS, lipopolysaccharide.

above (Konishi et al., 2020). However, we did not measure proteins,
e.g., ATP-binding cassette transporter A1, which are better surrogate
measures of astroglial phagocytosis (Morizawa et al., 2017), compared
to GFAP-immunoreactivity used in this study.

While iron only treatment unexpectedly improved hippocampal
function compared with iron-primed inflammation group (see above),
iron appeared to have detrimental effects in the cortex as evidenced
by increased cortical lipid peroxidation, compared with iron-primed
inflammation. We suggest regional differences in the brain arise from
variable iron requirements, with the cortex being relatively iron-
sufficient compared to the hippocampus, the latter being particularly
vulnerable to iron deficiency (Rao et al., 2013). Moreover, higher
cortical oxygen consumption renders the cortex particularly
vulnerable to lipid peroxidation (Nair et al., 1987). We propose greater
cortical oxygen consumption alongside iron over-sufficiency in the
cortex explains greater lipid peroxidation in the cortex compared with
the hippocampus following iron treatment.

Increased FTL expression was observed in the brain cortex of
mice exposed to LPS, with or without iron-priming. Ferritin consists
of two subunits, FTH and FTL, which have distinct functions.

Frontiers in Aging Neuroscience

Predominantly found in oligodendrocytes and neurons, FTH is a
ferroxidase that oxidizes ferrous iron to ferric iron for storage.
Microglia and astrocytes are equipped with FTL, which better
sequestrates iron (Meadowcroft et al., 2015; Ashraf et al.,, 2018).
GFAP-
immunoreactivity were observed only in the cortex of iron-primed

Augmented  microglial  hyper-ramification  and
mice subjected to LPS-induced inflammation, comparable to that in
the hippocampus. Iron priming prior to subsequent mild
inflammation in the cortex appears to induce a (functional) cellular
iron overload prompting glial cells to increase FTL expression. Further
evidence for apparently increased cellular iron is indicated by elevated
IRP2 levels with iron-primed inflammation, but not with
inflammation only. IRP2 expression has been shown to be increased
in a 6-hydroxydopamine (6-OHDA)-model of Parkinson’s disease
(PD), concomitant with increased iron accumulation (Jiang et al.,
2010). In conditions of increased iron, a lack of IRP2 binding (signified
by increased IRP2 levels) to the iron-responsive element (IRE) of
ferritin mRNA leads to increased translation and expression of FTL
(Rouault, 2006; Leipuviene and Theil, 2007). The apparent elevated

cellular iron in iron + LPS mice compared to those treated with LPS
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FIGURE 8

magnified images). LPS, lipopolysaccharide.

Effect of iron-priming and inflammation in the striatum (Cohort 3) on (A) ionized calcium-binding adaptor molecule 1 and (B) glial fibrillary acidic
protein immunochemistry. Micrographs were acquired at 40x magnification. Scale bar represents 25 um (top panels) and 12.5 pm (bottom panels,
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only may arise from increased cellular iron import since
we demonstrated elevated DMT1 in the former mice. DMT1 mediates
both cellular iron uptake and endosomal iron export to increase
cellular iron (Moos et al., 2007).

Notably, we show inflammation, with and without iron-priming,
increased expression levels of cortical xCT, which has been
demonstrated when System X_~ is inhibited (Yu et al., 2017). System
X.” comprises the widely expressed 4F2 heavy chain subunit, common
to several amino acid transporters, and a specific xCT light chain
subunit (Sato et al., 1999). Predominantly in glia, System X.~ is
responsible for importing cystine in exchange for glutamate at the
plasma membrane and is also called a cystine/glutamate antiporter
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(Sato et al,, 1999; Gasol et al., 2004). Cystine is reduced to cysteine, the
rate-limiting substrate for glutathione synthesis and crucial for GPX4
function. Inflammation-mediated inhibition of System X.~ may
compromise cellular uptake of cystine, attenuate GPX4 activity, and
increase susceptibility to oxidative stress. However, deletion of the
xCT gene attenuated production of pro-inflammatory cytokines
including nitric oxide, TNFa, and IL-6, while the expression of anti-
inflammatory cytokines, e.g., Tm1/Chil3 were augmented, suggesting
xCT also regulates microglial functions (Mesci et al., 2015).
Responses to iron and/or LPS-induced inflammation, not only
differed in the hippocampus and cortex, but also in the basal ganglia
regions, the striatum and substantia nigra. Mice exposed to
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LPS-induced inflammation, with or without iron-priming, showed
decreased striatal ferroportin levels. Decreased ferroportin may
be caused by increased hepcidin, a peptide hormone that enhances
cellular degradation of ferroportin. Previously, systemic injection of
hepcidin has been shown to decrease striatal ferroportin (Wang
et al., 2010). Further, elevated striatal hepcidin has been observed
under inflammatory conditions including ischemia and systemic
bacterial inflammation (Ding et al., 2011; Lieblein-Boff et al., 2013).
Increased degradation of ferroportin, the only known cellular iron
exporter, attenuates iron egress and may lead to (functional) cellular
iron overload in the striatum. LPS used in the present study
originates from bacteria and can explain the concordance between
our results and previous studies (Ding et al., 2011; Lieblein-Boff
etal., 2013).

Elevated ACSL4 was also observed in iron + LPS mice in the
striatum. ACSL4 catalyzes the insertion of arachidonic acid into
phospholipids, specifically phosphatidylethanolamines.
Phosphatidylethanolamines appear to be particularly susceptible to
lipid peroxidation and the major lipid source for lipid peroxidation in
ferroptosis and shown to be significant contributors to elevated
4-HNE adducts/lipid peroxidation products (Doll et al, 2017).
Interestingly, mice with ACSL4-ablation, with limited ability to insert
exhibited

attenuated lipid peroxidation (Killion et al., 2018). The increased

arachidonic acid into phosphatidylethanolamines,
ACSL4 in response to iron-primed inflammation suggests increased
susceptibility of the striatum to ferroptosis.

The alterations in ferroportin and ACSL4 in the striatum were not
observed in the hippocampus and cortex. The striatum is known to
have higher iron and microglial content than the cortex and
hippocampus (Ramos et al., 2014; Ward et al., 2014; Grabert et al,,
2016; Keller et al,, 2018; Saba et al., 2020), which may explain the
differential regional response. Further, GFAP-immunoreactivity was
unaltered in the striatum but was increased in both the hippocampus
and the cortex. This is unsurprising as astrocytes from the mouse
striatum and hippocampus display diversity as confirmed by
transcriptomic, proteomic, morphological, and functional evidence
(Chai et al., 2017). Further, cortical astrocytes have been shown to
release greater amounts of TNFa in response to LPS stimulation than
striatal astrocytes (Saba et al., 2020), consistent with our findings of
increased astroglial immunoreactivity in the cortex but not in
the striatum.

Regional molecular comparisons were not possible with the
substantia nigra as only metal and histological analyses were
performed. However, we observed hyper-ramified microglia in the
iron + LPS group compared with saline, iron, and LPS treatment
groups. We suggest that iron activates microglia in the substantia nigra
but revert to their usual surveillance mode unless exposed to a
subsequent inflammatory episode. The substantia nigral neurons
contain neuromelanin, which is known to sequester excess iron and
inhibit free radical production (Zecca et al., 2008a). However, iron-
loaded neuromelanin itself can be a source of redox-active iron to
induce microgliosis and impair dopamine neuronal functioning
(Faucheux et al., 2003; Zecca et al., 2008b; Zhang et al., 2011; Ward
etal, 2014). A caveat of the study was that a comprehensive protein
analysis of the substantia nigra to investigate iron dyshomeostasis and
ferroptosis-like changes was not performed to allow comparison with
other brain regions. Moreover, a functional readout of this anatomical
region would have been useful to associate with molecular changes.
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The total iron levels in the current study were unchanged despite
iron treatment. A limitation of our study is that both spatial and bulk
iron analysis by SRXRF and TXRE, respectively, measure all forms
of iron and were used as proxy measures for the labile iron pool. The
labile iron pool is relatively small compared to the total iron content
and such iron measurements may not be sensitive/accurate to subtle
fluctuations in the labile iron pool (Ashraf et al., 2019a, 2020).
Ideally, future studies should directly measure changes in the labile
iron pool.

We did not evaluate the mechanism of microglial and astrocytic
activation in inflammation, but LPS has been shown to induce
inflammation via crosstalk between microglia and astrocytes (Norris
etal., 2005; Sama et al., 2008). Moreover, it is challenging to translate
glial morphological plasticity to functionality. A limitation of the
study is the lack of measurement of relevant pro- and anti-
inflammatory cytokines in the brain and plasma that can
be correlated with microglial priming. Additional functional
readouts from in vitro experiments evaluating changes in microglial
phenotype by flow cytometry may offer deeper mechanistic insights.
To ascertain the propositions in this exploratory study, future studies
are warranted to measure pro- and anti-inflammatory cytokines to
their with  different
morphological states.

determine association microglial

Conclusion

We demonstrate inflammation following priming with systemic
injections of mild iron doses in normal C57Bl/6] mice alters brain
molecular profile suggestive of iron dyshomeostasis, lipid
peroxidation, and neuroinflammation, in a region-dependent manner.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by local ethical review panel
of King’s College London in accordance with the UK Home
Office Animals Scientific Procedures Act 1986. The study was
conducted in accordance with the local legislation and
institutional requirements.

Author contributions

Data Formal

Investigation, Methodology, Project administration, Visualization,

AA: Conceptualization, curation, analysis,
Writing - original draft, Writing — review & editing. MA: Investigation,
Writing - review & editing. CH: Investigation, Project administration,
Writing - review & editing. JJ: Formal analysis, Investigation, Writing —
review & editing. HP: Formal analysis, Investigation, Methodology,
Writing - review & editing. KG: Formal analysis, Investigation,

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1393351
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org

Ashraf et al.

Methodology, Software, Writing — review & editing. AM: Formal
analysis, Investigation, Writing — review & editing. AH: Funding
acquisition, Resources, Writing - review & editing. P-WS:
Conceptualization, Formal analysis, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Software, Supervision,
Validation, Writing — original draft, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This study was
sponsored by the Biotechnology and Biological Sciences Research
Council (BBSRC), King’s College London, and Perspectum Diagnostics
Ltd. by funding AAs industrial PhD studentship. Perspectum
Diagnostics Ltd. was not involved in the study design, collection,
analysis, interpretation of data, the writing of this article, or the
decision to submit it for publication. Also, we would like to thank the
Wellcome Trust for funding the London Metallomics Facility (Grant
reference 202902/Z/16/Z) where the TXRF was performed.

Acknowledgments

The authors thank the Diamond Light Source for access to the 118
beamline for synchrotron-radiation X-ray fluorescence elemental
mapping, beamline proposals: SP19447 and SP22661.

References

Ali, S, Liu, X, Queen, N. ], Patel, R. S., Wilkins, R. K., Mo, X,, et al. (2019). Long-term
environmental enrichment affects microglial morphology in middle age mice. Aging 11,
2388-2402. doi: 10.18632/aging.101923

Ashraf, A., Clark, M., and So, P. W. (2018). The aging of iron man. Front. Aging
Neurosci. 10:65. doi: 10.3389/fnagi.2018.00065

Ashraf, A., Jeandriens, J., Parkes, H. G., and So, P. W. (2020). Iron dyshomeostasis,
lipid peroxidation and perturbed expression of cystine/glutamate antiporter in
Alzheimer’s disease: evidence of ferroptosis. Redox Biol. 32:101494. doi: 10.1016/j.
redox.2020.101494

Ashraf, A., Michaelides, C., Walker, T. A., Ekonomou, A., Suessmilch, M.,
Sriskanthanathan, A., et al. (2019a). Regional distributions of iron, copper and zinc and
their relationships with glia in a normal aging mouse model. Front. Aging Neurosci.
11:351. doi: 10.3389/fnagi.2019.00351

Ashraf, A, and So, P. W. (2020). Spotlight on ferroptosis: iron-dependent cell death in
Alzheimer’s disease. Front. Aging Neurosci. 12:196. doi: 10.3389/fnagi.2020.00196

Ashraf, A, Stosnach, H., Parkes, H. G., Hye, A., Powell, ], So, P. W, et al. (2019b).
Pattern of altered plasma elemental phosphorus, calcium, zinc, and iron in Alzheimer’s
disease. Sci. Rep. 9:3147. doi: 10.1038/541598-018-37431-8

Bianchin, M. M., Martin, K. C., De Souza, A. C., De Oliveira, M. A., and Rieder, C. R.
(2010). Nasu-Hakola disease and primary microglial dysfunction. Nat. Rev. Neurol.
6:523. doi: 10.1038/nrneurol.2010.17-c1

Chai, H., Diaz-Castro, B., Shigetomi, E., Monte, E., Octeau, J. C., Yu, X,, et al. (2017).
Neural circuit-specialized astrocytes: transcriptomic, proteomic, morphological, and
functional evidence. Neuron 95, 531-549.€9. doi: 10.1016/j.neuron.2017.06.029

Chao, X. D., Ma, Y. H., Luo, P, Cao, L., Lau, W. B., Zhao, B. C,, et al. (2013). Up-
regulation of heme oxygenase-1 attenuates brain damage after cerebral ischemia via
simultaneous inhibition of superoxide production and preservation of NO
bioavailability. Exp. Neurol. 239, 163-169. doi: 10.1016/j.expneurol.2012.09.020

Chiabrando, D., Fiorito, V., Petrillo, S., and Tolosano, E. (2018). Unraveling the role
of heme in neurodegeneration. Front. Neurosci. 12:712. doi: 10.3389/fnins.2018.00712

Devanand, D. P, Bansal, R., Liu, J., Hao, X., Pradhaban, G., and Peterson, B. S. (2012).
MRI hippocampal and entorhinal cortex mapping in predicting conversion to
Alzheimer’s disease. Neurolmage 60, 1622-1629. doi: 10.1016/j.neuroimage.2012.01.075

Ding, H., Yan, C. Z., Shi, H., Zhao, Y. S., Chang, S. Y., Yu, P, et al. (2011). Hepcidin is
involved in iron regulation in the ischemic brain. PLoS One 6:¢25324. doi: 10.1371/
journal.pone.0025324

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1393351

Conflict of interest

KG was employed by Diamond Light Source. AH was employed
by Perspectum Diagnostics Ltd.

The remaining 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.

The author(s) declared that they were an editorial board member
of Frontiers, at the time of submission. This had no impact on the peer
review process and the final decision.

Publisher's note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1393351/
full#supplementary-material

Dixon, S. J., Lemberg, K. M., Lamprecht, M. R., Skouta, R., Zaitsev, E. M.,
Gleason, C. E., et al. (2012). Ferroptosis: an iron-dependent form of nonapoptotic cell
death. Cell 149, 1060-1072. doi: 10.1016/j.cell.2012.03.042

Doll, S., Proneth, B., Tyurina, Y. Y., Panzilius, E., Kobayashi, S., Ingold, I, et al. (2017).
ACSL4 dictates ferroptosis sensitivity by shaping cellular lipid composition. Nat. Chem.
Biol. 13, 91-98. doi: 10.1038/nchembio.2239

Eskew, J. D., Vanacore, R. M., Sung, L., Morales, P. ], and Smith, A. (1999). Cellular
protection mechanisms against extracellular heme. Heme-hemopexin, but not free
heme, activates the N-terminal c-jun kinase. J. Biol. Chem. 274, 638-648. doi: 10.1074/
jbc.274.2.638

Faucheux, B. A., Martin, M. E., Beaumont, C., Hauw, J. ], Agid, Y., and Hirsch, E. C.
(2003). Neuromelanin associated redox-active iron is increased in the substantia nigra
of patients with Parkinsons disease. J. Neurochem. 86, 1142-1148. doi:
10.1046/j.1471-4159.2003.01923.x

Fjell, A. M., Mcevoy, L., Holland, D., Dale, A. M., and Walhovd, K. B.Alzheimer’s
Disease Neuroimaging Initiative (2014). What is normal in normal aging? Effects of
aging, amyloid and Alzheimer’s disease on the cerebral cortex and the hippocampus.
Prog. Neurobiol. 117, 20-40. doi: 10.1016/j.pneurobio.2014.02.004

Gasol, E., Jimenez-Vidal, M., Chillaron, J., Zorzano, A., and Palacin, M. (2004).
Membrane topology of system X.~ light subunit reveals a re-entrant loop with
substrate-restricted accessibility. J. Biol. Chem. 279, 31228-31236. doi: 10.1074/jbc.
M402428200

Godbout, J. P, Chen, J., Abraham, J., Richwine, A. E, Berg, B. M., Kelley, K. W, et al.
(2005). Exaggerated neuroinflammation and sickness behavior in aged mice following
activation of the peripheral innate immune system. FASEB J. 19, 1329-1331. doi:
10.1096/1].05-3776fje

Grabert, K., Michoel, T., Karavolos, M. H., Clohisey, S., Baillie, J. K., Stevens, M. P.,
et al. (2016). Microglial brain region-dependent diversity and selective regional
sensitivities to aging. Nat. Neurosci. 19, 504-516. doi: 10.1038/nn.4222

Guan, X., Guo, T., Zhou, C., Wu, ], Zeng, Q., Li, K., et al. (2022). Altered brain iron
depositions from aging to Parkinson’s disease and Alzheimer’s disease: a quantitative
susceptibility ~mapping study. Neurolmage 264:119683. doi: 10.1016/j.
neuroimage.2022.119683

Hallgren, B., and Sourander, P. (1958). The effect of age on the non-haemin iron in the
human brain. J. Neurochem. 3, 41-51. doi: 10.1111/j.1471-4159.1958.tb12607.x

Hellwig, S., Brioschi, S., Dieni, S., Frings, L., Masuch, A., Blank, T, et al. (2016).
Altered microglia morphology and higher resilience to stress-induced depression-like

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1393351
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1393351/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2024.1393351/full#supplementary-material
https://doi.org/10.18632/aging.101923
https://doi.org/10.3389/fnagi.2018.00065
https://doi.org/10.1016/j.redox.2020.101494
https://doi.org/10.1016/j.redox.2020.101494
https://doi.org/10.3389/fnagi.2019.00351
https://doi.org/10.3389/fnagi.2020.00196
https://doi.org/10.1038/s41598-018-37431-8
https://doi.org/10.1038/nrneurol.2010.17-c1
https://doi.org/10.1016/j.neuron.2017.06.029
https://doi.org/10.1016/j.expneurol.2012.09.020
https://doi.org/10.3389/fnins.2018.00712
https://doi.org/10.1016/j.neuroimage.2012.01.075
https://doi.org/10.1371/journal.pone.0025324
https://doi.org/10.1371/journal.pone.0025324
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1038/nchembio.2239
https://doi.org/10.1074/jbc.274.2.638
https://doi.org/10.1074/jbc.274.2.638
https://doi.org/10.1046/j.1471-4159.2003.01923.x
https://doi.org/10.1016/j.pneurobio.2014.02.004
https://doi.org/10.1074/jbc.M402428200
https://doi.org/10.1074/jbc.M402428200
https://doi.org/10.1096/fj.05-3776fje
https://doi.org/10.1038/nn.4222
https://doi.org/10.1016/j.neuroimage.2022.119683
https://doi.org/10.1016/j.neuroimage.2022.119683
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x

Ashraf et al.

behavior in CX3CR1-deficient mice. Brain Behav. Immun. 55, 126-137. doi: 10.1016/].
bbi.2015.11.008

Henry, C. J., Huang, Y., Wynne, A. M., and Godbout, J. P. (2009). Peripheral
lipopolysaccharide (LPS) challenge promotes microglial hyperactivity in aged mice that
is associated with exaggerated induction of both pro-inflammatory IL-1beta and anti-
inflammatory IL-10 cytokines. Brain Behav. Immun. 23, 309-317. doi: 10.1016/j.
bbi.2008.09.002

Hickman, S. E., Kingery, N. D., Ohsumi, T. K., Borowsky, M. L., Wang, L. C,,
Means, T. K., et al. (2013). The microglial sensome revealed by direct RNA sequencing.
Nat. Neurosci. 16, 1896-1905. doi: 10.1038/nn.3554

Hinwood, M., Tynan, R. ], Charnley, J. L., Beynon, S. B., Day, T. A., and Walker, E. R.
(2013). Chronic stress induced remodeling of the prefrontal cortex: structural re-
organization of microglia and the inhibitory effect of minocycline. Cereb. Cortex 23,
1784-1797. doi: 10.1093/cercor/bhs151

Hoeft, K., Bloch, D. B., Graw, J. A., Malhotra, R,, Ichinose, F, and Bagchi, A. (2017).
Iron loading exaggerates the inflammatory response to the toll-like receptor 4 ligand
lipopolysaccharide by altering mitochondrial homeostasis. Anesthesiology 127, 121-135.
doi: 10.1097/ALN.0000000000001653

Holmes-Hampton, G. P, Chakrabarti, M., Cockrell, A. L., Mccormick, S. P,
Abbott, L. C,, Lindahl, L. S,, et al. (2012). Changing iron content of the mouse brain
during development. Metallomics 4, 761-770. doi: 10.1039/c2mt20086d

Hsieh, C. L., Koike, M., Spusta, S. C., Niemi, E. C., Yenari, M., Nakamura, M. C., et al.
(2009). A role for TREM2 ligands in the phagocytosis of apoptotic neuronal cells by
microglia. J. Neurochem. 109, 1144-1156. doi: 10.1111/j.1471-4159.2009.06042.x

Ifuku, M., Katafuchi, T., Mawatari, S., Noda, M., Miake, K., Sugiyama, M., et al. (2012).
Anti-inflammatory/anti-amyloidogenic effects of plasmalogens in lipopolysaccharide-
induced neuroinflammation in adult mice. J. Neuroinflammation 9:197. doi:
10.1186/1742-2094-9-197

Ishikawa, K., Navab, M., and Lusis, A. J. (2012). Vasculitis, atherosclerosis, and altered
HDL composition in heme-oxygenase-1-knockout mice. Int. . Hypertens. 2012:948203.
doi: 10.1155/2012/948203

Jiang, H., Song, N., Xu, H., Zhang, S., Wang, J., and Xie, J. (2010). Up-regulation of
divalent metal transporter 1 in 6-hydroxydopamine intoxication is IRE/IRP dependent.
Cell Res. 20, 345-356. doi: 10.1038/cr.2010.20

Jonsson, T., Stefansson, H., Steinberg, S., Jonsdottir, I, Jonsson, P. V., Snaedal, J., et al.
(2013). Variant of TREM2 associated with the risk of Alzheimer’s disease. N. Engl. J.
Med. 368, 107-116. doi: 10.1056/NEJMoal211103

Keller, D., Ero, C., and Markram, H. (2018). Cell densities in the mouse brain: a
systematic review. Front. Neuroanat. 12:83. doi: 10.3389/fnana.2018.00083

Killion, E. A,, Reeves, A. R, El Azzouny, M. A,, Yan, Q. W,, Surujon, D., Griffin, J. D.,
et al. (2018). A role for long-chain acyl-CoA synthetase-4 (ACSL4) in diet-induced
phospholipid remodeling and obesity-associated adipocyte dysfunction. Mol. Metab. 9,
43-56. doi: 10.1016/j.molmet.2018.01.012

Kohama, S. G., Goss, J. R, Finch, C. E., and Mcneill, T. H. (1995). Increases of glial
fibrillary acidic protein in the aging female mouse brain. Neurobiol. Aging 16, 59-67.
doi: 10.1016/0197-4580(95)80008-F

Konishi, H., Okamoto, T., Hara, Y., Komine, O., Tamada, H., Maeda, M., et al. (2020).
Astrocytic phagocytosis is a compensatory mechanism for microglial dysfunction.
EMBO J. 39:¢104464. doi: 10.15252/embj.2020104464

Leipuviene, R., and Theil, E. C. (2007). The family of iron responsive RNA structures
regulated by changes in cellular iron and oxygen. Cell. Mol. Life Sci. 64, 2945-2955. doi:
10.1007/s00018-007-7198-4

Lieblein-Boff, J. C., Mckim, D. B., Shea, D. T., Wei, P,, Deng, Z., Sawicki, C., et al.
(2013). Neonatal E. coli infection causes neuro-behavioral deficits associated with
hypomyelination and neuronal sequestration of iron. J. Neurosci. 33, 16334-16345. doi:
10.1523/JNEUROSCI.0708-13.2013

Lueptow, L. M. (2017). Novel object recognition test for the investigation of learning
and memory in mice. J. Vis. Exp. 2017:55718. doi: 10.3791/55718

Maaroufi, K., Had-Aissouni, L., Melon, C., Sakly, M., Abdelmelek, H., Poucet, B., et al.
(2009). Effects of prolonged iron overload and low frequency electromagnetic exposure
on spatial learning and memory in the young rat. Neurobiol. Learn. Mem. 92, 345-355.
doi: 10.1016/j.n1m.2009.04.002

Maaroufi, K., Had-Aissouni, L., Melon, C., Sakly, M., Abdelmelek, H., Poucet, B., et al.
(2014). Spatial learning, monoamines and oxidative stress in rats exposed to 900 MHz
electromagnetic field in combination with iron overload. Behav. Brain Res. 258, 80-89.
doi: 10.lOlG/j.bbr.2013.10.016

Malecki, E. A., Cable, E. E., Isom, H. C., and Connor, J. R. (2002). The lipophilic iron
compound TMH-ferrocene [(3,5,5-trimethylhexanoyl)ferrocene] increases iron
concentrations, neuronal L-ferritin, and heme oxygenase in brains of BALB/c mice. Biol.
Trace Elem. Res. 86, 73-84. doi: 10.1385/BTER:86:1:73

Meadowcroft, M. D., Connor, J. R., and Yang, Q. X. (2015). Cortical iron regulation
and inflammatory response in Alzheimer’s disease and APPSWE/PS1DeltaE9 mice: a
histological perspective. Front. Neurosci. 9:255. doi: 10.3389/fnins.2015.00255

Mesci, P, Zaidji, S., Lobsiger, C. S., Millecamps, S., Escartin, C., Seilhean, D, et al.
(2015). System xC- is a mediator of microglial function and its deletion slows symptoms
in amyotrophic lateral sclerosis mice. Brain 138, 53-68. doi: 10.1093/brain/awu312

Frontiers in Aging Neuroscience

10.3389/fnagi.2024.1393351

Moos, T., Rosengren Nielsen, T., Skjorringe, T., and Morgan, E. H. (2007). Iron
trafficking  inside the brain. J.  Neurochem. 103, 1730-1740. doi:
10.1111/j.1471-4159.2007.04976.x

Morizawa, Y. M., Hirayama, Y., Ohno, N., Shibata, S., Shigetomi, E., Sui, Y., et al.
(2017). Reactive astrocytes function as phagocytes after brain ischemia via ABCA1-
mediated pathway. Nat. Commun. 8:28. doi: 10.1038/s41467-017-00037-1

Morrison, H. W,, and Filosa, J. A. (2013). A quantitative spatiotemporal analysis of
microglia morphology during ischemic stroke and reperfusion. J. Neuroinflammation
10:4. doi: 10.1186/1742-2094-10-4

Nair, P. K, Buerk, D. G., and Halsey, J. H. Jr. (1987). Comparisons of oxygen
metabolism and tissue PO, in cortex and hippocampus of gerbil brain. Stroke 18,
616-622. doi: 10.1161/01.STR.18.3.616

Norris, C. M., Kadish, I, Blalock, E. M., Chen, K. C., Thibault, V., Porter, N. M., et al.
(2005). Calcineurin triggers reactive/inflammatory processes in astrocytes and is
upregulated in aging and Alzheimer’s models. J. Neurosci. 25, 4649-4658. doi: 10.1523/
JNEUROSCI.0365-05.2005

Perry, V. H., Nicoll, J. A., and Holmes, C. (2010). Microglia in neurodegenerative
disease. Nat. Rev. Neurol. 6, 193-201. doi: 10.1038/nrneurol.2010.17

Pirota, V., Monzani, E., Dell'acqua, S., and Casella, L. (2016). Interactions between
heme and tau-derived R1 peptides: binding and oxidative reactivity. Dalton Trans. 45,
14343-14351. doi: 10.1039/C6DT02183B

Poliani, P. L., Wang, Y., Fontana, E., Robinette, M. L., Yamanishi, Y., Gilfillan, S., et al.
(2015). TREM2 sustains microglial expansion during aging and response to
demyelination. J. Clin. Invest. 125, 2161-2170. doi: 10.1172/JCI77983

Qin, L., Wu, X,, Block, M. L, Liu, Y, Breese, G. R., Hong, J. S., et al. (2007). Systemic
LPS causes chronic neuroinflammation and progressive neurodegeneration. Glia 55,
453-462. doi: 10.1002/glia.20467

Raj, D. D,, Jaarsma, D., Holtman, I. R., Olah, M., Ferreira, E. M., Schaafsma, W,, et al.
(2014). Priming of microglia in a DNA-repair deficient model of accelerated aging.
Neurobiol. Aging 35, 2147-2160. doi: 10.1016/j.neurobiolaging.2014.03.025

Ramos, P, Santos, A., Pinto, N. R., Mendes, R., Magalhaes, T., and Almeida, A. (2014).
Iron levels in the human brain: a post-mortem study of anatomical region differences
and age-related changes. J. Trace Elem. Med. Biol. 28, 13-17. doi: 10.1016/j.
jtemb.2013.08.001

Rao, R., Tkac, I, Unger, E. L., Ennis, K., Hurst, A., Schallert, T., et al. (2013). Iron
supplementation dose for perinatal iron deficiency differentially alters the
neurochemistry of the frontal cortex and hippocampus in adult rats. Pediatr. Res. 73,
31-37. doi: 10.1038/pr.2012.143

Righy, C., Bozza, M. T., Oliveira, M. E, and Bozza, F. A. (2016). Molecular, cellular and
clinical aspects of intracerebral hemorrhage: are the enemies within? Curr
Neuropharmacol. 14, 392-402. doi: 10.2174/1570159X14666151230110058

Rouault, T. A. (2006). The role of iron regulatory proteins in mammalian iron
homeostasis and disease. Nat. Chem. Biol. 2, 406-414. doi: 10.1038/nchembio807

Saba, J., Lopez Couselo, E, Turati, J., Carniglia, L., Durand, D., De Laurentiis, A., et al.
(2020). Astrocytes from cortex and striatum show differential responses to
mitochondrial toxin and BDNF: implications for protection of striatal neurons
expressing mutant huntingtin. J. Neuroinflammation 17:290. doi: 10.1186/
512974-020-01965-4

Saleppico, S., Mazzolla, R., Boelaert, J. R., Puliti, M., Barluzzi, R., Bistoni, E, et al.
(1996). Iron regulates microglial cell-mediated secretory and effector functions. Cell.
Immunol. 170, 251-259. doi: 10.1006/cimm.1996.0159

Sama, M. A., Mathis, D. M., Furman, J. L., Abdul, H. M., Artiushin, I. A, Kraner, S. D.,
et al. (2008). Interleukin-1beta-dependent signaling between astrocytes and neurons
depends critically on astrocytic calcineurin/NFAT activity. . Biol. Chem. 283,
21953-21964. doi: 10.1074/jbc.M800148200

Sato, H., Tamba, M., Ishii, T., and Bannai, S. (1999). Cloning and expression of a
plasma membrane cystine/glutamate exchange transporter composed of two distinct
proteins. J. Biol. Chem. 274, 11455-11458. doi: 10.1074/jbc.274.17.11455

Smith, K. L., Kassem, M. S., Clarke, D. J., Kuligowski, M. P., Bedoya-Perez, M. A.,
Todd, S. M,, et al. (2019). Microglial cell hyper-ramification and neuronal dendritic
spine loss in the hippocampus and medial prefrontal cortex in a mouse model of PTSD.
Brain Behav. Immun. 80, 889-899. doi: 10.1016/j.bbi.2019.05.042

Sobotka, T. J., Whittaker, P, Sobotka, J. M., Brodie, R. E., Quander, D. Y., Robl, M.,
et al. (1996). Neurobehavioral dysfunctions associated with dietary iron overload.
Physiol. Behav. 59, 213-219. doi: 10.1016/0031-9384(95)02030-6

Solé, V. A, Papillon, E., Cotte, M., Walter, P, and Susini, J. (2007). A multiplatform
code for the analysis of energy-dispersive X-ray fluorescence spectra. Spectrochim. Acta
B 62, 63-68. doi: 10.1016/j.sab.2006.12.002

Sung, L., Shibata, M., Eskew, J. D, Shipulina, N., Morales, P. J., and Smith, A. (2000).
Cell-surface events for metallothionein-1 and heme oxygenase-1 regulation by the
hemopexin-heme transport system. Antioxid. Redox Signal. 2, 753-765. doi: 10.1089/
ars.2000.2.4-753

Takahashi, K., Prinz, M., Stagi, M., Chechneva, O., and Neumann, H. (2007). TREM2-
transduced myeloid precursors mediate nervous tissue debris clearance and facilitate
recovery in an animal model of multiple sclerosis. PLoS Med. 4:e124. doi: 10.1371/
journal.pmed.0040124

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1393351
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.bbi.2015.11.008
https://doi.org/10.1016/j.bbi.2015.11.008
https://doi.org/10.1016/j.bbi.2008.09.002
https://doi.org/10.1016/j.bbi.2008.09.002
https://doi.org/10.1038/nn.3554
https://doi.org/10.1093/cercor/bhs151
https://doi.org/10.1097/ALN.0000000000001653
https://doi.org/10.1039/c2mt20086d
https://doi.org/10.1111/j.1471-4159.2009.06042.x
https://doi.org/10.1186/1742-2094-9-197
https://doi.org/10.1155/2012/948203
https://doi.org/10.1038/cr.2010.20
https://doi.org/10.1056/NEJMoa1211103
https://doi.org/10.3389/fnana.2018.00083
https://doi.org/10.1016/j.molmet.2018.01.012
https://doi.org/10.1016/0197-4580(95)80008-F
https://doi.org/10.15252/embj.2020104464
https://doi.org/10.1007/s00018-007-7198-4
https://doi.org/10.1523/JNEUROSCI.0708-13.2013
https://doi.org/10.3791/55718
https://doi.org/10.1016/j.nlm.2009.04.002
https://doi.org/10.1016/j.bbr.2013.10.016
https://doi.org/10.1385/BTER:86:1:73
https://doi.org/10.3389/fnins.2015.00255
https://doi.org/10.1093/brain/awu312
https://doi.org/10.1111/j.1471-4159.2007.04976.x
https://doi.org/10.1038/s41467-017-00037-1
https://doi.org/10.1186/1742-2094-10-4
https://doi.org/10.1161/01.STR.18.3.616
https://doi.org/10.1523/JNEUROSCI.0365-05.2005
https://doi.org/10.1523/JNEUROSCI.0365-05.2005
https://doi.org/10.1038/nrneurol.2010.17
https://doi.org/10.1039/C6DT02183B
https://doi.org/10.1172/JCI77983
https://doi.org/10.1002/glia.20467
https://doi.org/10.1016/j.neurobiolaging.2014.03.025
https://doi.org/10.1016/j.jtemb.2013.08.001
https://doi.org/10.1016/j.jtemb.2013.08.001
https://doi.org/10.1038/pr.2012.143
https://doi.org/10.2174/1570159X14666151230110058
https://doi.org/10.1038/nchembio807
https://doi.org/10.1186/s12974-020-01965-4
https://doi.org/10.1186/s12974-020-01965-4
https://doi.org/10.1006/cimm.1996.0159
https://doi.org/10.1074/jbc.M800148200
https://doi.org/10.1074/jbc.274.17.11455
https://doi.org/10.1016/j.bbi.2019.05.042
https://doi.org/10.1016/0031-9384(95)02030-6
https://doi.org/10.1016/j.sab.2006.12.002
https://doi.org/10.1089/ars.2000.2.4-753
https://doi.org/10.1089/ars.2000.2.4-753
https://doi.org/10.1371/journal.pmed.0040124
https://doi.org/10.1371/journal.pmed.0040124

Ashraf et al.

Takahashi, K., Rochford, C. D., and Neumann, H. (2005). Clearance of apoptotic
neurons without inflammation by microglial triggering receptor expressed on myeloid
cells-2. J. Exp. Med. 201, 647-657. doi: 10.1084/jem.20041611

Vanacore, R. M., Eskew, J. D., Morales, P. J., Sung, L., and Smith, A. (2000). Role for
copper in transient oxidation and nuclear translocation of MTF-1, but not of NF-kappa
B, by the heme-hemopexin transport system. Antioxid. Redox Signal. 2, 739-752. doi:
10.1089/ars.2000.2.4-739

Walker, T., Michaelides, C., Ekonomou, A., Geraki, K., Parkes, H. G., Suessmilch, M.,
et al. (2016). Dissociation between iron accumulation and ferritin upregulation in the
aged substantia nigra: attenuation by dietary restriction. Aging 8, 2488-2508. doi:
10.18632/aging. 101069

Walker, F. R., Nilsson, M., and Jones, K. (2013). Acute and chronic stress-induced
disturbances of microglial plasticity, phenotype and function. Curr. Drug Targets 14,
1262-1276. doi: 10.2174/13894501113149990208

Wang, S. M., Fu, L. ], Duan, X. L., Crooks, D. R., Yu, P,, Qian, Z. M, et al. (2010). Role
of hepcidin in murine brain iron metabolism. Cell. Mol. Life Sci. 67, 123-133. doi:
10.1007/s00018-009-0167-3

Wang, L., Harrington, L., Trebicka, E., Shi, H. N., Kagan, J. C., Hong, C. C,, et al.
(2009). Selective modulation of TLR4-activated inflammatory responses by altered iron
homeostasis in mice. J. Clin. Invest. 119, 3322-3328. doi: 10.1172/JCI39939

Wang, J., Song, N., Jiang, H., Wang, J., and Xie, J. (2013). Pro-inflammatory cytokines
modulate iron regulatory protein 1 expression and iron transportation through reactive
oxygen/nitrogen species production in ventral mesencephalic neurons. Biochim.
Biophys. Acta 1832, 618-625. doi: 10.1016/j.bbadis.2013.01.021

Ward, R. ], Dexter, D. T, and Crichton, R. R. (2022). Iron, neuroinflammation and
neurodegeneration. Int. J. Mol. Sci. 23:7267. doi: 10.3390/ijms23137267

Ward, R. ], Zucca, E 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

Witcher, K. G., Eiferman, D. S., and Godbout, J. P. (2015). Priming the inflammatory
pump of the CNS after traumatic brain injury. Trends Neurosci. 38, 609-620. doi:
10.1016/j.tins.2015.08.002

Wohleb, E. S., Fenn, A. M., Pacenta, A. M., Powell, N. D., Sheridan, J. E, and
Godbout, J. P. (2012). Peripheral innate immune challenge exaggerated microglia
activation, increased the number of inflammatory CNS macrophages, and prolonged
social withdrawal in socially defeated mice. Psychoneuroendocrinology 37, 1491-1505.
doi: 10.1016/j.psyneuen.2012.02.003

Wu, Y. H,, and Hsieh, H. L. (2022). Roles of heme oxygenase-1 in neuroinflammation
and brain disorders. Antioxidants 11:923. doi: 10.3390/antiox11050923

Frontiers in Aging Neuroscience

15

10.3389/fnagi.2024.1393351

Yang, D,, Elner, S. G, Bian, Z. M,, Till, G. O,, Petty, H. R, and Elner, V. M. (2007).
Pro-inflammatory cytokines increase reactive oxygen species through mitochondria and
NADPH oxidase in cultured RPE cells. Exp. Eye Res. 85, 462-472. doi: 10.1016/j.
exer.2007.06.013

Yang, C. M., Hsieh, H. L., Lin, C. C, Shih, R. H,, Chi, P. L., Cheng, S. E., et al. (2013).
Multiple factors from bradykinin-challenged astrocytes contribute to the neuronal
apoptosis: involvement of astroglial ROS, MMP-9, and HO-1/CO system. Mol.
Neurobiol. 47, 1020-1033. doi: 10.1007/s12035-013-8402-1

Yauger, Y. J., Bermudez, S., Moritz, K. E., Glaser, E., Stoica, B., and Byrnes, K. R.
(2019). Iron accentuated reactive oxygen species release by NADPH oxidase in activated
microglia contributes to oxidative stress in vitro. J. Neuroinflammation 16:41. doi:
10.1186/s12974-019-1430-7

Young, K., and Morrison, H. (2018). Quantifying microglia morphology from
photomicrographs of immunohistochemistry prepared tissue using Image]. J. Vis. Exp.
2018:57648. doi: 10.3791/57648-v

Yu, H., Guo, P, Xie, X., Wang, Y., and Chen, G. (2017). Ferroptosis, a new form of cell
death, and its relationships with tumourous diseases. J. Cell. Mol. Med. 21, 648-657. doi:
10.1111/jemm.13008

Zamanian, J. L., Xu, L., Foo, L. C., Nouri, N., Zhou, L., Giffard, R. G., et al. (2012).
Genomic analysis of reactive astrogliosis. J. Neurosci. 32, 6391-6410. doi: 10.1523/
JNEUROSCI.6221-11.2012

Zecca, L., Casella, L., Albertini, A., Bellei, C., Zucca, E A., Engelen, M., et al. (2008a).
Neuromelanin can protect against iron-mediated oxidative damage in system modeling
iron overload of brain aging and Parkinson’s disease. J. Neurochem. 106, 1866-1875. doi:
10.1111/j.1471-4159.2008.05541.x

Zecca, L., Wilms, H., Geick, S., Claasen, J. H., Brandenburg, L. O., Holzknecht, C.,
etal. (2008b). Human neuromelanin induces neuroinflammation and neurodegeneration
in the rat substantia nigra: implications for Parkinson’s disease. Acta Neuropathol. 116,
47-55. doi: 10.1007/s00401-008-0361-7

Zhang, X. Y., Cao, J. B., Zhang, L. M, Li, Y. E, and Mi, W. D. (2015). Deferoxamine
attenuates lipopolysaccharide-induced neuroinflammation and memory impairment in
mice. J. Neuroinflammation 12:20. doi: 10.1186/s12974-015-0238-3

Zhang, H., and Forman, H. J. (2017). 4-hydroxynonenal-mediated signaling
and aging. Free Radic. Biol. Med. 111, 219-225. doi: 10.1016/j.
freeradbiomed.2016.11.032

Zhang, W,, Phillips, K., Wielgus, A. R, Liu, J., Albertini, A., Zucca, E A,, etal. (2011).
Neuromelanin activates microglia and induces degeneration of dopaminergic neurons:
implications for progression of Parkinson’s disease. Neurotox. Res. 19, 63-72. doi: 10.1007/
512640-009-9140-z

frontiersin.org


https://doi.org/10.3389/fnagi.2024.1393351
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1084/jem.20041611
https://doi.org/10.1089/ars.2000.2.4-739
https://doi.org/10.18632/aging.101069
https://doi.org/10.2174/13894501113149990208
https://doi.org/10.1007/s00018-009-0167-3
https://doi.org/10.1172/JCI39939
https://doi.org/10.1016/j.bbadis.2013.01.021
https://doi.org/10.3390/ijms23137267
https://doi.org/10.1016/S1474-4422(14)70117-6
https://doi.org/10.1016/j.tins.2015.08.002
https://doi.org/10.1016/j.psyneuen.2012.02.003
https://doi.org/10.3390/antiox11050923
https://doi.org/10.1016/j.exer.2007.06.013
https://doi.org/10.1016/j.exer.2007.06.013
https://doi.org/10.1007/s12035-013-8402-1
https://doi.org/10.1186/s12974-019-1430-7
https://doi.org/10.3791/57648-v
https://doi.org/10.1111/jcmm.13008
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://doi.org/10.1523/JNEUROSCI.6221-11.2012
https://doi.org/10.1111/j.1471-4159.2008.05541.x
https://doi.org/10.1007/s00401-008-0361-7
https://doi.org/10.1186/s12974-015-0238-3
https://doi.org/10.1016/j.freeradbiomed.2016.11.032
https://doi.org/10.1016/j.freeradbiomed.2016.11.032
https://doi.org/10.1007/s12640-009-9140-z
https://doi.org/10.1007/s12640-009-9140-z

	Inflammation subsequent to mild iron excess differentially alters regional brain iron metabolism, oxidation and neuroinflammation status in mice
	Introduction
	Materials and methods
	Animals and treatment
	Behavioral (cognitive) testing
	Western blotting
	Total reflection X-ray fluorescence
	Synchrotron radiation X-ray fluorescence
	Immunohistochemistry
	Statistical analysis

	Results
	Acute (Cohort 1) and chronic (Cohort 2) effects of iron
	Effects of iron and/or inflammation treatment (Cohort 3)

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

