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ARTICLE INFO ABSTRACT

Keywords: Background: Apolipoprotein E deficiency (ApoE /") increases progressively iron in the liver, spleen and aortic
Apolipoprotein E knock-out (ApoE KO/ApoE™/ tissues with age in mice. However, it is unknown whether ApoE affects brain iron.
~) mice

Methods: We investigated iron contents, expression of transferrin receptor 1 (TfR1), ferroportin 1 (Fpnl), iron
regulatory proteins (IRPs), aconitase, hepcidin, Ap42, MAP2, reactive oxygen species (ROS), cytokines and
glutathione peroxidase 4 (Gpx4) in the brain of ApoE ™~ mice.

Results: We demonstrated that ApoE ™~ induced a significant increase in iron, TfR1 and IRPs and a reduction in
Fpnl, aconitase and hepcidin in the hippocampus and basal ganglia. We also showed that replenishment of ApoE
absent partly reversed the iron-related phenotype in ApoE ™~ mice at 24-months old. In addition, ApoE /"~
induced a significant increase in Ap42, MDA, 8-isoprostane, IL-1p, IL-6, and TNFa and a reduction in MAP2 and
Gpx4 in hippocampus, basal ganglia and/or cortex of mice at 24-months old.

Conclusions: Our findings implied that ApoE is required for brain iron homeostasis and ApoE ™ ~-induced increase
in brain iron is due to the increased IRP/TfR1-mediated cell-iron uptake as well as the reduced IRP/Fpnl
associated cell-iron export and suggested that ApoE~/~ induced neuronal injury resulted mainly from the
increased iron and subsequently ROS, inflammation and ferroptosis.
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Glutathione peroxidase 4 (Gpx4)

contribute to AD pathogenesis as ApoE is able to bind beta Amyloid (Ap)

1. Introduction

Iron is a key participator and regulator of physiological activities in
the brain, while excess iron has been associated with formation of free
radicals and oxidative damage to neuronal or other brain cells [1].
Abnormally increased iron in the brain has been observed in various
neurodegenerative disorders including Alzheimer’s disease (AD) [2-6],
and a potential role of the increased brain iron in the development of AD
has been suggested [6-8]. Many studies have also shown that the
increased brain iron, induced by the errors in brain iron metabolism
found in neurodegenerative disorders, have a multi-factorial patho-
genesis, including genetic and nongenetic (eg, toxic exposure, environ-
mental agents) factors [9,10].

It has been also speculated that Apolipoprotein E (ApoE) may

and eliminate toxic Ap peptides out of the brain via ApoE receptors [11].
In humans, there are three structurally different ApoE isoforms, named
ApoE2, ApoE3, and ApoE4, which are the products of the €2, €3 and €4
alleles [12]. Peripherally, the majority of ApoE in plasma is derived from
hepatocytes [13]. In the brain, ApoE is produced mainly by astrocytes
[13]. It has been reported that plasma/serum and brain ApoE levels
decrease in AD patients [14,15]. The Alzheimer’s risk allele, ApoE4A,
up-regulates the levels of iron storage protein ferritin [16] and dose
associates with increased brain iron and p-amyloid via blood-brain
barrier dysfunction [17]. These findings reveal that elevated brain
iron has adverse outcomes on AD progression, and introduce that brain
iron elevation is a possible mechanism behind ApoE4 being the major
genetic risk factor for AD [16,18,19].

Iron has therefore been considered as a missing link between ApoE
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Abbreviations IL-1B Interleukin-1
IL-6 Interleukin-6
Ap f-amyloid IL-10 Interleukin-10
AD Alzheimer disease IRPs Iron regulatory proteins
ApoE Apolipoprotein E MAP2  Neuron microtubule-associated protein 2
ApoE™/~ Apolipoprotein E knock-out MCI Mild cognitive impairment
CSF Cerebrospinal fluid MDA Malondialdehyde
FAC Ferric ammonium citrate PBS Phosphate buffered saline
Fpnl Ferroportin 1 ROS Reactive oxygen species
FTH Ferritin heavy chain TBA Thiobarbituric acid
FTL: Ferritin light chain TfR1 Transferrin receptor 1
GFAAS  graphite furnace atomic absorption spectrophotometer TNF-a:  Tumor necrosis factor-o
Gpx4 Glutathione peroxidase 4 WT Wild-type

and AD [20]. Up to now, very little is known about whether ApoE has a
role in brain iron homeostasis and how ApoE affects brain iron meta-
bolism. Recently, we demonstrated that ApoE deficiency (ApoE /")
could progressively increase iron in the liver, spleen and aortic tissues
with age in mice, suggesting the existence of an essential role of ApoE in
iron homeostasis [21,22]. However, the effects of ApoE on brain iron
homeostasis are unknown. Based on the above findings, we hypothe-
sized that ApoE may also have a role in brain iron homeostasis as it
works outside brain.

In the present study, we firstly investigated the effects of ApoE™/~ on
brain iron status by determining the total iron level and ferritin
expression in different brain regions in ApoE /" and wild-type (WT)
mice at different ages. To find out the mechanisms involved in the
ApoE /- induced changes in brain iron status, we secondly dissected
the expression of key contributors to cell and tissue iron balance,
transferrin receptor 1 (TfR1, the major cell-iron importer) and ferro-
portin 1 (Fpnl, the iron exporter), and also the major controller of TfR1
and Fpnl expression, including iron regulatory proteins (IRPs) and
hepcidin. Thirdly, we investigated effects of the impact of ApoE~/~ on
expression of a pathological marker of AD, beta Amyloid1-42 (Ap42),
and also neuron microtubule-associated protein 2 (MAP2), heme oxy-
genase 1 (HO1), indexes of reactive oxygen species (ROS), malondial-
dehyde (MDA) and 8-isoprostane, relevant cytokines and glutathione
peroxidase 4 (Gpx4) in the brain of mice at 24-months old. To confirm
the role of ApoE in brain iron homeostasis, we finally performed rescue
experiments by replenishing ApoE in mutant mice. Our findings sug-
gested that ApoE may be required for brain iron homeostasis.

2. Materials and methods
2.1. Materials

Unless otherwise stated, all chemicals including mouse monoclonal
anti-p-actin were obtained from the Sigma Chemical Company, St. Louis,
MO, USA. Mouse anti-human TfR1, Alexa Fluor 488 goat anti-rabbit IgG,
TRIzol reagent, RPMI-1640 medium and fetal bovine serum were pur-
chased from Invitrogen Life Technologies, Carlsbad, CA, USA; rabbit
polyclonal anti-mouse Fpnl from Novus Biologicals, Littleton, CO, USA;
rabbit polyclonal anti-FTL (ferritin light chain) from Proteintech, Chi-
cago, IL, USA; rabbit polyclonal anti-FTH (ferritin heavy chain) from
Bioworld Technology Inc., Louis Park, MN, USA; rabbit anti-MAP2,
rabbit anti-AB42, rabbit anti-HO1, rabbit anti-Gpx4, rabbit anti-ApoE,
rabbit anti-IRP1 (iron regulatory protein 1) and rabbit anti-IRP2 (iron
regulatory protein 2) from Abcam, Cambridge, MA, USA; and goat anti-
rabbit or anti-mouse IRDye 800 CW secondary antibody from LI-COR
Biosciences, Lincoln, Nebraska, USA. AevertAid First Strand cDNA
Synthesis Kit and BCA protein assay kits were bought from Thermo
Scientific, Waltham, MA, USA; Faststart Universal SYBR Green Master
and LightCycler96 from Roche, Nutley, NJ, USA; and protein RIPA lysis

buffer from the Beyotime Institute of Biotechnology, Haimen, JS, China.
All solutions were prepared fresh, prior to each assay.

2.2. Animals and treatments

SPF (specific pathogen-free) grade male ApoE-deficient (ApoE ")
and wild-type (WT, age and gender matched) C57-BL/6 mice were
purchased from Hua Fu Kang Biotechnology Co., Ltd (Beijing, China)
and verified by RT-PCR genotyping as described previously [23]. A total
of 53 male mice (n =20in WT and n = 25 + 8in ApoE’/’) were used in
this study. The mice were respectively killed at 1-, 2-. 4-, 10- and
24-months (Alln = 4 in WT and n = 5 in ApoE’/ 7) for all designed
measurements. Another 8 ApoE~~ mice at 24-months old were treated
with Ad-Blank (n = 4) or Ad-ApoE (n = 4) for rescue experiments
(Supplementary Fig. 1). The mice were housed under SPF conditions at
22+2 °C with a relative humidity of 60-65% and maintained under a
12-h light/12-h dark cycle with ad libitum access to food and water as
described previously [24,25]. All animal care and experimental pro-
tocols were performed according to the Animal Management Rules of
the Ministry of Health of China, and approved by the Animal Ethics
Committees of Nantong University (NSFC31271132).

2.3. Intracerebroventricular injection

The ApoE-overexpressing adenovirus (Ad-ApoE) and blank virus
(Ad-blank) with a titer of 1 x 10! plaque-forming units [pfu]/ul were
constructed by Obio Technology Corp., Ltd. (Shanghai, China). Intra-
cerebroventricular (ICV) injection of Ad-ApoE or Ad-blank was per-
formed as previously described [26]. The mice were anesthetized with
1% pentobarbital sodium (40 mg/kg body weight, i.p.) via i.p. injection
and were secured in a stereotaxic instrument. 2 pL ([pfu]/pl) of Ad-ApoE
or Ad-blank were injected bilaterally into the lateral ventricle according
to a standard stereotaxic atlas (—3.0 mm dorsal/ventral, —1.0 mm
lateral, and —0.5 mm anterior/posterior from the bregma) using a 10 pl
syringe with a 33 gauge needle at a rate of 0.5 pl/min. The syringe was
left in place for an additional 5 min before removal.

2.4. Tissue samples preparation

Animals were anesthetized and decapitated. After perfusion with
phosphate-buffered saline (PBS, Milli-Q water prepared and DEPC
treated, pH 7.4) through the left ventricle, the brain was rapidly
removed, immediately dissected into three brain regions: cortex, hip-
pocampus and basal ganglia for iron content determination, RT-PCR,
western blot analysis and other measurements, or fixed in 4% para-
formaldehyde, dehydrated in graded ethanol, embedded in paraffin, and
cut into 4-pm-thick sections for tunel Assay and immunohistochemistry
[27].
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2.5. Western blot analysis

Tissue were washed and homogenized as described previously [28].
After centrifugation at 14,000 rpm for 15 min at 4 °C, the supernatant
was collected and protein content was determined using the BCA protein
Assay kit [29]. Proteins were heated for 10 min at 100 °C in sample
buffer (125 mM Tris/HCI, 2% (w/v) SDS, 5% (v/v) 2-mercaptoethanol,
10% (v/v) glycerol, 0.001% (w/v) bromphenol blue, pH 6.8). Aliquots
of the extract containing about 30 pg of protein were loaded and run on a
single track of 12% SDS-PAGE under reducing conditions and were
subsequently transferred to a pure nitrocellulose membrane. The blots
were blocked and then incubated with primary antibodies: mouse
anti-human TfR1 (1:1000), rabbit polyclonal anti-mouse Fpnl (1:1000),
rabbit polyclonal anti-FTL (1:1000) and anti-FTH (1:1000), rabbit
monoclonal anti-IRP1 (1:1000), rabbit monoclonal anti-IRP2 (1:1000),
and rabbit anti-MAP2 (1:1000), anti-Af42 (1:500) and anti-ApoE
(1:1000) overnight at 4 °C. After being washed, the blots were incu-
bated with goat anti-rabbit or anti-mouse IRDye 800 CW secondary
antibody (1:5000) for 2-h at 37 °C [30]. The intensity of the specific
bands was detected and analyzed by Odyssey infrared image system
(Li-Cor, Lincoln, NE, USA).

2.6. Isolation of total RNA and quantitative real-time PCR

Total RNA extraction and cDNA preparation were performed using
TRIzol reagent and the AevertAid First Strand cDNA synthesis kit
respectively, in accordance with the instructions of the manufacturers.
Quantitative real-time PCR was carried out using FastStart Universal
SYBR Green Master and LightCycler96. The specific pairs of primers of
mouse B-actin, hepcidin, FTL, FTH, interleukin-1f (IL-1p), interleukin-6
(IL-6), interleukin-10 (IL-10), tumor necrosis factor-o (TNFa) and Gpx4
are listed in Supplementary Table 1. The CT value of each target gene
was normalized to that of p-actin mRNA. Relative gene expression was
calculated by the 28ACT hhethod [31].

2.7. Measurement of cytosolic aconitase activity

Cytosolic aconitase activity was measured as described previously
[32]. The tissues were homogenized in 0.27 M sucrose buffered to pH
7.4 with Hepes and then centrifuged at 10,000g at 4 °C for 15 min. The
supernatant obtained was recentrifuged at 35,000g at 4 °C for 30 min
and used as “cytosol.” The diluted supernatant was added into 20 mM
aconitate substrate solution (pH 7.4) containing 0.02% BSA. Cytosolic
aconitase activity was determined by the measurement of changes in
absorbance of 240 nm at intervals of 15 s at 25 °C for a few minutes.
Bovine heart aconitase (purified) was run in parallel to samples and
applied to establish standard curve. On the basis of the standard curve,
cytosolic aconitase activity was calculated. The results in enzymatic
activity were expressed miliunits (mU) per mg of protein”.

2.8. GFAAS

The total iron (ug/g wet weight) in the tissues was determined using
a graphite furnace atomic absorption spectrophotometer (GFAAS) as
previously described [33]. In brief, tissues were homogenized in 20 mM
HEPES followed by digestion in equal volume of ultra-pure nitric acid
and then were measured with a GFAAS (Perkin-Elmer, Analyst 100).
Standard curves were prepared by diluting iron standard with blanks
prepared from homogenization reagents in 0.2% HNO3 [33].

2.9. DAB-enhanced perls’ staining

Paraformaldehyde-fixed paraffin-embedded tissues were sectioned
into 20 pM sections and stored at room temperature. Slides were the
blocked for nonspecific binding using protein block, and endogenous
peroxidase activity was quenched [34] For DAB-enhanced Perls

Redox Biology 64 (2023) 102779

staining, slides were immersed for 1-h in 1% potassium ferricyanide in
0.1-M HCI buffer and then stained with DAB chromogen substrate. All
slides were counterstained with hematoxylin and then visualized using a
Nikon Eclipse TE2000-Umicroscope (Nikon, UK).

2.10. Determination of malondialdehyde and 8-isoprostane

Malondialdehyde (MDA) is an end-product of per-oxidized fatty acid
and a marker of lipid peroxidation and free radical activity. It was
measured by the thiobarbituric acid (TBA) reaction with a commercial
kit. MDA concentrations were calculated by the absorbance of TBA
reactive substances (TBARS) at 532 nm using a Beckman DU-68 spec-
trophotometer [35]. 8-isoprostane was determined using a ELISA Kit
(ab175819). Tissues of three brain regions were processed according to
the producer’s instructions. Each ELISA sample was tested in duplicates
according to the manual of 8-isoprostane ELISA Kit. Absorbance read-
ings at 450 nm were normalized to readings of Maximum Binding
Control, and quantified into pg/ml using an 8-isoprostane standard
curve [36,37].

2.11. TUNEL assay

Terminal deoxynucleotidyl transferase-mediated biotinylated dUTP
nick-end labeling (TUNEL) staining was performed b use of in situ cell
death detection kit (Roche, 11684817910) according to the manufac-
turer’s instruction. Paraffin-embedded (after deparaffinization in xy-
lenes) tissue sections were washed with PBS and treated with Proteinase
K solution by incubating them in a humidity chamber for 30 min at room
temperature, then blocking endogenous peroxidase with HyO5 for 10
min. After that, slides were incubated with TdT and dUTP (2:29) at 37 °C
for 2 h, and then were incubated in converter-POD at room temperature
for 30 min. Finally, slides were developed using the Dako Envision HRP-
DAB System and stained with hematoxylin for 3 min in turns at room
temperature [38]. Tissue sections were visualized using a standard
bright field microscope.

2.12. Immunohistochemistry

Formalin-fixed paraffin-embedded tissues were sectioned into 0.5-
pm sections and stored at room temperature. Sections were deparaffi-
nized using xylene and rehydrated in ethanol before being subjected to
heat-activated antigen retrieval in citrate buffer (pH 6.0). Slides then
were blocked for nonspecific binding using protein block, and endoge-
nous peroxidase activity was quenched, stained with primary anti-
bodies: rabbit anti-FTL (1:100), rabbit anti-Ap42 (1:200) and rabbit anti-
MAP2 (1:150), then were developed using the Dako Envision HRP-DAB
System. All slides were counterstained with hematoxylin and then were
visualized using a standard bright field microscope [39,40].

2.13. Immunofluorescence examination

Immunofluorescence staining was carried out as described [41]. In
brief, slices were incubated in blocking solution followed by overnight
incubation at 4 °C with primary antibody (rabbit anti-HO1, 1:200). After
washing with PBS, the slides were incubated with Alex Fluor 488, con-
jugated secondary antibodies for 1 h at 37 °C. The nuclei were coun-
terstained with DAPIL. The slides with immunofluorescence staining
were visualized with a confocal microscope (Carl Zeiss; Heidenheim,
Germany).

2.14. The rescue effect of overexpression of ApoE in ApoE~’~ mice

To assess the rescue effect of over-expression of ApoE in ApoE ™/~
mice, 2 pL ([pful/pl) Ad-ApoE or Ad-blank was administered to ApoE_/ -
mice at 24-months old by intracerebroventricular (ICV) injection, and 7
days later the relevant measurements were performed.
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2.15. Statistical analysis

Statistical analyses were performed using Graphpad Prism 5
(Graphpad software, La Jolla, CA). Data were presented as mean + SEM.
The differences between the means were all determined by one or two-
way analyses of variance (ANOVA). A probability value of p < 0.05 was
taken to be statistically significant.

3. Results

3.1. ApoE deficiency resulted in a significant increase in iron content in
the hippocampus and basal ganglia of mice at 10 and/or 24 months old

To find out whether ApoE affects brain iron homeostasis, we first
measured total iron contents in the cortex, hippocampus and basal
ganglia of mice of ApoE ™/~ and WT mice at different age (1-, 2-, 4-, 10-
and 24-months old). Although iron contents in the cortex (Fig. 1A) of
ApoE~/"mice at 4-, 10- and 24-months were higher than those in WT
mice, the differences were not significant. However, in the hippocampus
at 24-months old (Fig. 1B) and in basal ganglia at 10- and 24-months old
(Fig. 1C), iron contents were significantly higher in ApoE /" than in WT
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mice. The similar findings were also found in DAB-enhanced Perls’ iron
staining of cortex (Fig. 1D), hippocampus (Fig. 1E) and basal ganglia
(Fig. 1F) of ApoE ™/~ and WT mice at age of 24-months old; iron content
in hippocampus and basal ganglia being also higher in ApoE /"~ than in
WT mice. Then, we detected expression of H-subunit (FTH) and L-sub-
unit (FTL) of ferritin, the intracellular proteins responsible for the
sequestration and storage of iron, in the cortex, hippocampus and basal
ganglia of ApoE™/~ and WT mice at 24-months old. Western blot anal-
ysis showed that both FTL (Fig. 1G and H) and FTH (Fig. 1G and I)
protein expression in the hippocampus and basal ganglia was signifi-
cantly higher in ApoE /" than that in WT mice. In the cortex, expression
FTL (Fig. 1G and H) and FTH (Fig. 1G and I) was also higher in ApoE’/’
than that in WT mice, but the differences were not significant. The very
similar findings were observed in FTL (Fig. 1J) and FTH (Fig. 1K) mRNA
expression which was also significantly higher in the hippocampus and
basal ganglia, but not in the cortex of ApoE /"~ than that in WT mice.
Immunohistochemistry in the cortex (Fig. 1L), hippocampus (Fig. 1M)
and basal ganglia (Fig. 1N) revealed the same outcomes as Western blot
and RT-PCR analysis.These results implied that ApoE~"~ could induce a
progressive increase in iron contents with age in these two brain regions
and indicated that the effects of ApoE™~ on brain iron contents were

Fig. 1. Effects of ApoE deficiency on iron content and
expression of FTL and FTH in the cortex, hippocam-
pus and basal ganglia of mice at different ages or at
24-months old.

A-C. Total iron contents (pg/g ww = wet weight) in
the cortex (A), hippocampus (B) and basal ganglia (C)
of ApoE™”~ (n = 4) and WT (n = 4) mice at 1-, 2-, 4,
10, and 24-months old were measured by a GFAAS;
D-F. DAB-enhanced Perls’ iron staining of cortex,
hippocampus and basal ganglia (Scale bar = 50 pm)
of ApoE’/’ (n =4) and WT (n = 4) mice at age of 24-
months old; G-I. Western blot analysis of FTL (G and

G Cortex

Hippocampus

Basal ganglia

H) and FTH (G and I) protein expression in ApoE /"~
(n = 5) and WT (n = 3) mice; J and K. RT-PCR
analysis of FTL (J) and FTH (K) mRNA expression
in ApoE”~ (n = 4) and WT (n = 3) mice; L-N.
Immunohistochemical examination of FTL protein
expression in the cortex (L), hippocampus (M) and
basal ganglia (N) of ApoE’/ "(m=4)and WT (n = 4)
mice, Scale bar = 50 pm. Data were the mean + SEM
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regionally specific. The similarity patterns of FTL and FTH mRNA and
protein expression implied that ApoE ™/~ affects their expression at the
post-transcriptional level.

3.2. A region-specific effect of ApoE deficiency on expression of TfR1 and
Fpn1 proteins in the brain

To explore how ApoE deficiency induced the regionally specific
changes in brain iron contents, we measures the expression of TfR1 and
Fpnl proteins in the cortex, hippocampus and basal ganglia of ApoE "~
and WT mice at 1-, 2-, 4-, 10- and 24-months old. TfR1 and Fpnl were
examined because they are key controllers for the amount of iron import
into (TfR1) and export from (Fpnl) cells [42,43]. Western blot analysis
showed that TfR1 (Fig. 2A and B) and Fpn1 (Fig. 2A and C) expression in
the cortex of ApoE ™/~ mice was not different from that in WT mice at all
time-points. In the hippocampus, TfR1 expression (Fig. 2F and G) at
24-months was significantly higher and Fpn1 (Fig. 2F and H) at 2-, 4, 10-
and 24 months lower in ApoE_/ ~ than those in WT mice, while in the
basal ganglia, TfR1 expression (Fig. 2K and L) at 2-, 4, 10- and
24-months was significantly higher and Fpnl (Fig. 2K and M) at 2-, 4-,
10-months lower in ApoE™~ than those in WT mice. The findings
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collectively indicated that the progressive increase in iron contents in
the hippocampus may be mainly due to the reduced Fpnl expression,
while that in the basal ganglia due to not only the reduced Fpnl but also
the elevated TfR1 expression. These findings revealed the existence of a
region-specific effect of ApoE deficiency on expression of TfR1 and Fpnl
proteins, which may be one of the causes for the regionally specific
changes in brain iron content in ApoE ™/~ mice.

3.3. Effects of ApoE deficiency on expression of IRPs and hepcidin were
also regionally specific in the brain

Next, we answered the question of how ApoE deficiency led to the
region-specific effect of on TfR1 and Fpnl expression by investigating
the effects of ApoE ™/~ on expression of IRPs and hepcidin in the in the
cortex, hippocampus and basal ganglia of ApoE~/~ and WT mice at 1-, 2-
, 4-, 10- and 24-months old. IRPs and hepcidin expression was investi-
gated because they are key controllers in TfR1 and Fpnl expression at
systemic and cellular levels; respectively [44,45]. It was found that in
the cortex, there were no differences in expression of IRP1 (Fig. 2A and
D) and IRP2 (Fig. 2A and E) between ApoE*/ ~ and WT mice. In the
hippocampus, the expression of IRP1 (Fig. 2F and I) and IRP2 (Fig. 2F

Fig. 2. Effects of ApoE deficiency on expression of
TfR1, Fpnl, IRP1 and IRP2 in the cortex, hippocam-

B-actin pus and basal ganglia of mice at 1-, 2-, 4-, 10- and 24-
TfR1 months old. Western blot analysis of expression of
Fpn1 TfR1 (A, B, F, G, K and L), Fpnl (A, C, F, H, K and
IRP1 M), IRP1 (A, D, F, I, K and N) and IRP2 (A, E, F, J, K
IRP2 and O) in the cortex (A-E), hippocampus (F-J) and
E.\ basal ganglia (K-O) of ApoE’/ "(m=3)and WT (n =
x 293 WT 3) mice at 1-, 2-, 4-, 10- and 24-months old. Data
E mm KO were the mean + SEM (% WT). *p < 0.05, **p <
] 1 0.01,***p < 0.001 vs. WT mice.
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and J) both at 24-months old were significantly higher in ApoE ™~ than
in WT mice. In the basal ganglia, the expression of IRP1 (Fig. 2K and N)
and IRP2 (Fig. 2K and O) both at 2-, 4-, 10- and 24-months old were
significantly higher in ApoE /" than in WT mice. Also, ApoE~”~ had no
effect on hepcidin mRNA expression in the cortex (Fig. 3A). However, it
induced a significant decline in expression of this peptide mRNA in the
hippocampus (Fig. 3B) at 2-, 4-, 10- and 24-months old and in the basal
ganglia (Fig. 3C) at 4-, 10- and 24-months old. The above findings
showed that effects of ApoE ™~ on expression of IRPs and hepcidin were
also regionally specific in the brain and indicated that the up-regulated
expression of IRPs may play an important causative role in
ApoE~/~-induced increase in TfR1 and reduction in Fpn1 expression in
the hippocampus and basal ganglia.

3.4. ApoE deficiency induced a significant increase in HO-1 expression in
different brain regions of mice aged 24 months old

To find out more about how ApoE deficiency induced an increase in
brain iron contents, we also investigated the effects of ApoE deficiency
on HO-1 expression in different brain regions of mice aged 24 months
old because of the HO-1 is a rate-limiting enzyme in the catabolism of
heme into ferrous iron, carbon monoxide, biliverdin [46] andHO1 ac-
tivity is critical contribution to iron homeostasis.Western blot and
RT-PCR analysis displayed that the expression of HO-1 protein (Fig. 3D
and E) and mRNA (Fig. 3F) increased in all three brain regions including
cortex, hippocampus and basal ganglia of ApoE /™ mice. The above
results were further confirmed by immunofluorescence examination of
HO-1 protein in different brain regions (Fig. 3G: Cortex; Fig. 3H: Hip-
pocampus; Fig. 3I: Basal ganglia) of mice aged 24-months.
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3.5. Effects of ApoE deficiency on expression of Ap42 and MAP2 in
different brain regions of mice aged 24 months old

The abnormal increase in brain iron has been associated with a
number of neurodegenerative disorders including AD [10,43]. We
therefore investigated effects of ApoE™/~ and the increased iron on
expression of a pathological marker of AD, Ap42 and also MAP2 in the
cortex, hippocampus and basal ganglia of mice at 24-months old.
Western blot analysis demonstrated that Ap42 expression (Fig. 4A and B)
increased and MAP2 (Fig. 4A and C) decreased in three brain regions of
ApoE~/~ mice as compared with WT mice. The significant differences
were found in the hippocampus and basal ganglia, but not in the cortex.
Immunohistochemical examination manifested that expression of MAP2
(Fig. 4D) was also lower and Ap42 (Fig. 4E) protein higher in the brain in
ApoE~/~ than in WT mice. In consistent with the reduced MAP2 and
increased Af42 and iron contents, the number of TUNEL positive
(apoptotic) neurons in the cortex (Fig. 4F), hippocampus (Fig. 4G) and
basal ganglia (Fig. 4H) was higher in ApoE ™/~ than in WT mice, sig-
nificant differences being found in the hippocampus (Fig. 4G) and basal
ganglia (Fig. 4H) only.

3.6. Effects of ApoE deficiency on cytosolic aconitase activity in the
cortex, hippocampus and basal ganglia of ApoE~’~ and WT mice at 24-
months old

We also measured cytoplasmic aconitase activity in the cortex, hip-
pocampus, and basal ganglia. This is because IPR1 can act as either a
cytoplasmic aconitase or an IRE (iron responsive element) binding
protein, or cytoplasmic aconitase is a two-faced protein: the enzyme and
IRP1 [47-49]. IRP1 is a [Fe-S] protein. IRP1 binding to IRE of both
mRNAs of TfR1 and ferritin is regulated in response to the status of the
iron sulfur cluster located near the center of IRP1 [50-52]. In
iron-abundant cells, IRP1 contains a cubane 4Fe-4S cluster that prevents

Fig. 3. Effects of ApoE deficiency on expression of
hepcidin mRNA and HO-1 protein and mRNA in the
cortex, hippocampus and basal ganglia of mice at 24-
months old.

A-C. RT-PCR analysis of hepcidin mRNA expression of
in the cortex (A), hippocampus (B) and basal ganglia
(C) of ApoE™’~ and WT mice at 24-months old; D-F.
Western blot and RT-PCR analysis of HO-1 protein (D
and E) and mRNA (F) expression in the cortex, hip-
pocampus and basal ganglia of ApoE~/~ and WT mice
at 24-months old; G-I. Immunofluorescence exami-
nation of HO-1 protein expression in cortex (G),

4
3 IE \}/(V(')I' hippocampus (H) and basal ganglia (I) of ApoE ™/~

— il and WT mice at 24-months old (Scale bar = 50 pm).
2 ApoE~/": n = 4; WT: n = 3. Data were the mean +
1 SEM (% WT). *p < 0.05, **p < 0.01, ***p < 0.001 vs.
0 WT mice.
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Fig. 4. Effects of ApoE deficiency on expression of

-~ AB42 and MAP2 protein and TUNEL positive neurons

B-actin " - - 3 \ N in the cortex, hippocampus and basal ganglia of mice
MAP2 [ i s o e RERnunnn SR 4 P w \i at 24-months old.
e - i / A-C. Western blot analysis of Ap42 (A and B) and
- b & 2 | ]
ABAZ!‘.'!I.' an "*_!::n." % Loy y MAP2 (A and C) protein expression in the cortex,
§°‘ 31 wT ;E‘: 2 L b it _/_. hippocampus and basal ganglia of ApoE™~ (n = 4)
S B KO " '3‘-; E YXS E Ap42 6 and WT (n = 4) mice at 24-months; D and E. Immu-
-% 2 5 ] X k= p- nohistochemical examination of MAP2 (D) and Af42
® @ 2o | R (E) protein expression in the brain (Scale bar = 1000
5 1 Q / N
% S % K% =) um) of ApoE ™/~ and WT mice at 24-months old; F-H.
§. 0 % 0 g N -2 Tunel staining in the cortex (F), hippocampus (G) and
{@,-\- & @ = {@-\- R (}"b € N e basal ganglia (H) (10X, Scale bar = 200 pm; 40X,
P ,bé‘Q &(\Q dx && Cg,“ 4 g o S Scale bar = 50 um) of ApoE~/~ and WT mice at 24-
‘Qro’ &’5 ) QQO 'z?(b months old. Data were the mean 4+ SEM (% WT).
7 ™ *p < 0.05, **p < 0.01, ***p < 0.001 vs. WT mice.
F Cortex G Hippocampus H Basal ganglia
WT KO WT KO wWT KO

IRE binding and displays aconitase activity. In iron-poor cells, such a
Fe-S cluster does not exist and IRP1 functions as an IRE binding protein
[52]. In short, the changes in cytoplasmic aconitase activity may reflect
the binding activity of IRP1.

In contrast to the ApoE KO-induced increase of IRP1 expression,
cytosolic aconitase activity was found to be significantly lower in hip-
pocampus (Supplementary Fig. 2B) and basal ganglia (Supplementary
Fig. 2C) of ApoE™/~ mice than in those of WT mice at 24-months old.
There was no significant difference in the activity of aconitase in the
cortex of ApoE™/~ and WT mice (Supplementary Fig. 2A), which was
consistent with the effect of ApoE KO on the expression of IRP1 in this
brain region. This study provides further evidence for the positive role of
ApoE~/~ in IRP1 expression.

3.7. Effects of ApoE deficiency on the contents of MDA and 8-isoprostane
and the expression of Gpx4 and cytokines in different brain regions of mice
aged 24 months old

We therefore investigated effects of ApoE ™~ and the increased iron
on the indexes of reactive oxygen species (ROS), MDA and 8-isopros-
tane, Gpx4 (a key inhibitor of ferroptosis) and inflammatory cyto-
kines, TNFa, IL-1$ and IL-6 as well as anti-inflammatory cytokine IL-10
in the cortex, hippocampus and basal ganglia of mice at 24-months old.
The findings showed that the contents of MDA (Fig. 5A) were signifi-
cantly increased in thecortex, hippocampus, basal ganglia and 8-isopros-
tane (Fig. 5B) in the hippocampus and basal ganglia of ApoE~~ mice as
compared with WT mice. RT-PCR demonstrated that ApoE~~ had no
effect on anti-inflammatory cytokine IL-10 (Fig. 5C) in three brain re-
gions, but significantly increased IL-1f (Fig. 5D) and IL-6 (Fig. 5E) in the
hippocampus and basal ganglia and up-regulated TNFa (Fig. 5F) mRNA
and down-regulated Gpx4 mRNA (Fig. 5G) expression in the cortex,
hippocampus and basal ganglia of mice at 20-months old.

3.8. Replenishment of ApoE partially reversed the iron-related phenotype
in ApoE_/ ~ mice

Finally, we examined the effects of ApoE over-expression on iron
content, ApoE, FTL protein, 8-isoprostane, IL-6, IL-10 and Gpx4
expression in the brain of ApoE™/~ mice at 24-months old. ApoE™/~
mice were treated with 2 pL of Ad-ApoE or Ad-blank by intra-
cerebroventricular (ICV) injection, and 7 days later the relevant mea-
surements were performed. The expression of ApoE in the basal ganglia
(Fig. 5I) was found to be significantly increased, simultaneously, the
iron contents (Fig. 5H) and expression of FTL protein (Fig. 5J and K) in
the hippocampus (Fig. 5J) and basal ganglia (Fig. 5K) decreased in
ApoE ™/~ mice treated with Ad-ApoE as compared with those treated
with Ad-blank. In addition, the expression of the ROS index 8-isopros-
tane (Fig. 5L) and the inflammatory cytokine IL-6 (Fig. 5N) was signif-
icantly lower and the key inhibitor of ferroptosis Gpx4 (Fig. 50) higher
in the basal ganglia of ApoE—/— mice treated with Ad-ApoE than that of
ApoE—/— mice treated with Ad-blank. The treatment with Ad-ApoE did
not induce any overt changes in the expression of anti-inflammatory
cytokine IL-10 in the basal ganglia of ApoE—/— mice (Fig. 5M). The
data demonstrated that Ad-ApoE could increase ApoE expression and
then counteract the increase of iron in the hippocampus and basal
ganglia under ApoE—/— condition, reducing the concomitant ROS,
inflammation, and ferroptosis level and partially reversing the iron-
related phenotype induced by ApoE deficiency.

4. Discussion

The major objective of the present study was to find out whether
ApoE can affect brain iron homeostasis as it works outside brain. By
measuring total iron contents and FTL and FTH expression in ApoE_/ -
and WT mice at different ages, we demonstrated that the complete
absence of ApoE can lead to a significant increase in iron contents and
FTL and FTH expression in the hippocampus and basal ganglia, but not
in the cortex of the brain in mice at 10- and/or 24 months old. Treatment
with Ad-ApoE significantly increased ApoE protein and Gpx4 expression
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as well as reduced iron content, and FTL expression, ROS (8-isoprostan)
and the inflammatory cytokine (IL-6) levels in these two brain regions in
mice at 24 months old, indicating that replenishment of the absent ApoE
can reduce the concomitant ROS, inflammation, and ferroptosis levels
and partly reverse the iron-related phenotype in ApoE™/~ mice by
increasing ApoE expression. These results showed for the first time that
ApoE might be required for iron homeostasis in the brain.

To find out why iron contents increased in the hippocampus and
basal ganglia in ApoE’/ ~ mice, we next investigated TfR1 and Fpnl
expression because iron levels in most types of cells depend on the
expression of these two transporters [7,53]. We found that the expres-
sion of TfR1 is significantly higher and Fpnl lower in the hippocampus
and basal ganglia of brain in ApoE ™/~ mice than that in WT mice, while
in the cortex, the expression of these two iron-transporters in ApoE ™/~
mice does not differ from that in WT mice. These results indicated that
the increased iron contents are mainly due to the enhanced cell-iron
import by up-regulated TfR1 and the reduced cell-iron export by
down-regulated Fpnl (Fig. 6). In addition, the increased expression of
HO-1 induced by ApoE deficiency might be partly associated with the
rise of free iron in these brain regions of mice.
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D Fig. 5. A-G: Effects of ApoE deficiency on the con-
&2 0 WT %% tents of malondl'aldehyde (MDA) and 8-isoprostane
< = KQ and the expression of IL-10, IL1f, IL-6, TNFa and
é Gpx-4 mRNA in the cortex, hippocampus and basal
E_ 1 ganglia mice at 24-months old (n = 4 in ApoE—/—
E and n = 3 in WT).

0 A. MDA was measured by the thiobarbituric acid
(TBA) reaction with a commercial kit; B. 8-isopros-
tane was determined using an ELISA Kit; C-G. RT-
2 PCR analysis of IL-10 (C), IL1p (D), IL-6 (E), TNFx
(F) and Gpx-4 (G) mRNA expression of in the cortex,
hippocampus and basal ganglia of ApoE™/~ and WT
mice at age of 24-months old; H-O. Replenishment of
ApoE partially reversed the iron-related phenotype in
ApoE /" mice. ApoE /™ mice at 24-months old were
treated with 2 pL of Ad-ApoE or Ad-blank by intra-
cerebroventricular (ICV) injection, and 7 days later
the relevant measurements were performed (n = 4 in
ApoE—/— + Ad-ApoE, and n = 3 in ApoE—/— + Ad-
blank). H. Iron contents in the cortex, hippocampus
and basal ganglia of Ad-ApoE or Ad-blank treated
ApoE—/— mice at 24-months old. I-K. Western blot
analysis of ApoE expression in basal ganglia (I) and
FTL expression in the hippocampus (J) and basal
ganglia (K) of Ad-ApoE or Ad-blank treated ApoE—/—
mice at 24-months old. L. 8-isoprostane was
measured using a ELISA Kit; and M-O: RT-PCR anal-
ysis of IL-10 (M), IL-6 (O) and Gpx-4 (P) mRNA
expression in the basal ganglia of Ad-ApoE or Ad-
blank treated ApoE—/— mice at 24-months old.
Data are the mean + SEM (A-G: % WT; H-O: % KO).
*p < 0.05, **p < 0.01, ***p < 0.001 vs. WT mice or
Ad-blank treated ApoE—/— mice.
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Studies have demonstrated that expression TfR1 and Fpnl is
controlled by not only IRPs but also hepcidin. In the present study, we
demonstrated that ApoE~/~ induced a significant increase in expression
of IRP1 and IRP2 in the hippocampus (24-months) and basal ganglia (2-,
4-, 10- and 24-months) as well as a significant decrease of cytosolic
aconitase activity in the hippocampus (24-months) and the basal ganglia
(24-months), but not in the cortex of the brain in mice. The increased
IRP1 and IRP2 expression could lead to an increase in the binding of IRPs
to cognate IREs in the 3’-untranslated regions of TfR1 and in the 5’-
untranslated regions of Fpnl mRNAs, and then promoted TfR1 mRNA
translation and stabilizing TfR1 mRNA against endonucleolytic degra-
dation as well as inhibited Fpn1 mRNA translation, ultimately, resulting
in a significant increase in TfR1 and reduction in Fpnl expression [54,
55]. The expression of TfR1 and Fpn1 is also regulated systemically by
hepcidin [44,45,56,57]. Fpn1 is the membrane receptor of hepcidin and
the binding of hepcidin with Fpnl induces the internalization and
degradation of the hepcidin/Fpnl complex, reducing fpnl and thus
suppressing the export of iron from the cells [58-60]. The increased
hepcidin could lead to a reduction in Fpnl. In the present study, how-
ever, hepcidin was found to be down-regulated, rather than
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Fig. 6. A hypothetical scheme for the increased
iron in the hippocampus and basal ganglia of in
apolipoprotein E knock-out mice. The increased
iron in the hippocampus and basal ganglia of ApoE—/
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leading to a increased toxic Af peptides (Ap42). ApoE
deficiency induces neuronal injury, as reflected by the
reduced neuron MAP2 (microtubule-associated pro-
tein 2) and the increased number of TUNEL positive
(apoptotic) neurons, may be mainly caused by the
increased iron and accumulation of toxic Ap peptides
and subsequently microglial activation, inflammation
and oxidative stress, apoptosis and may be also fer-
roptosis as demonstrated by the increased inflamma-
tory cytokines IL-1p  (Interleukin-1p), IL-6
(Interleukin-6), TNFa (Tumor necrosis factor-a), ROS

(reactive oxygen species), MDA (malondialdehyde) and 8-isoprostane and the reduced Gpx4 (glutathione peroxidase 4).

up-regulated in hippocampus and basal ganglia of ApoE_/ " mice. The
reduced expression of hepcidin might be due to the ApoE™~-induced
increase in iron contents in these two brain regions. Take together, the
above results revealed that the increased TfR1 and decreased Fpnl in the
hippocampus and basal ganglia were mainly caused by the
ApoE~/~-induce upregulation of IRPs induced by ApoE deficiency rather
than hepcidin. The reduced hepcidin may partly play a role in the
up-regulation of TfR1 in the hippocampus and basal ganglia of ApoE "~
mice (Fig. 6) because hepcidin has been demonstrated to have an
inhibiting role on TfR1 expression in different types of cells [61-63].

ApoE has been reported to be able to bind with Af and then eliminate
toxic AP peptides out of the brain via ApoE receptors [11]. The increased
AP42 found in the hippocampus and basal ganglia of ApoE ™/~ mice at
24-months old indicated that ApoE deficiency could lead to an increase
in accumulation of toxic Ap peptides in the brain, probably by reducing
the binding activities of ApoE with Af and the amount of toxic Ap
peptides out of the brain. The findings support the notion that ApoE may
contribute to AD pathogenesis. In addition to the increased toxic Ap
peptides, neuronal injury induced by ApoE ™", as reflected by the
reduced MAP2 and the increased number of TUNEL positive (apoptotic)
neurons, may be also associated with the increased iron and
iron-induced ROS, as demonstrated by the increased MDA and 8-isopros-
tane in the hippocampus and basal ganglia of ApoE ™/~ mice at
24-months old [11,17].

Moreover, the activated microglia may also contribute to neuronal
injury because microglia, once activated, are thought to release a variety
of inflammatory and cytotoxic mediators such as TNF-q, IL-1p, IL-6 and
also ROS [64]. The increased TNF-a, IL-1f, IL-6 and ROS found in the
hippocampus and basal ganglia of ApoE /™ mice supported this view-
point. Ferroptosis is a recently recognized form of regulated cell death
which is characterized by the accumulation of lipid peroxidation prod-
ucts and generation of lethal ROS, particularly lipid hydroperoxides
derived from iron metabolism [65,66] and Gpx4, an antioxidant defense
enzyme capable of repairing lipid oxidative damage, is a key inhibitor of
ferroptosis [67,68]. Therefore, the significant reduced Gpx4 implied
that ferroptosis may also play a role in ApoE -induced neuronal
injury. Further work is clearly required to substantiate this possibility.

ApoE has been shown to have antioxidant activity in cell culture and
is associated with antioxidative activity in vivo [69-71]. Conditioned
medium from ApoE-transfected macrophage cell culture protects

neuronal cell culture against oxidative environments, such as hydrogen
peroxide. Mice lacking apoE have increased markers of oxidative dam-
age in both the cardiovascular system and the brain [69,70,72].
Although the arginine- and lysine-rich region between residues 140 and
160 in the N-terminal domain of apoE has been found to be necessary
and sufficient for antioxidant activity [73], the relevant mechanisms
involved in the antioxidant activity of ApoE remain largely undefined.
Accumulated data showed that a progressive accumulation of iron with
age in atherosclerotic lesions and tissue sections of the heart [74], liver,
spleen and aortic tissues [21,22] and also in the brain as we found in the
present study in ApoE deficient mice. These might suggest that ApoE has
an inhibitory effect on iron contents in the cells or tissues under physi-
ological conditions, which might be one of mechanisms involved in the
antioxidant activity of ApoE. Further studies about these possibilities are
needed.

The significant increase in iron contents and ferritin expression was
found in the hippocampus and basal ganglia but not in the cortex in
ApoE ™/~ mice, indicating a regionally specific effect of ApoE deficiency
on brain iron status. In consistent with the findings about iron contents
and ferritin expression, the effects of ApoE~/~ on the expression of TfR1,
Fpnl, IRPs and hepcidin are also regionally specific, the significant ef-
fects being also found in the in the hippocampus and basal ganglia but
not in the cortex. In addition, the significant increase in the levels of
Ap42, MAP2, 8-isoprostane, IL-1p, and IL-6 was also found in the hip-
pocampus and basal ganglia but not in the cortex. Although the signif-
icant increase in the contents of MDA, Gpx4 TNF-a was found in all three
brain regions we examined, the difference (P < 0.05) in the cortex is
much smaller than that (P < 0.01) in the hippocampus and basal ganglia.
The regionally effects of ApoE/~ may be due to the uneven distribution
of iron and the relevant metabolic proteins in the brain [75]. The basal
ganglia contains the highest level of iron [76]. This may be a major
reason of why the significant changes in iron content were found in this
brain region of ApoE ™/~ mice. In addition, our recent study showed that
Apo~’/~ has no effects on expression of IRPs in peripheral organs [21].
However, in the current study, we found that ApoE ™/~ upregulates
expression of IRPs in some brain regions. These suggest that the effect of
ApoE on expression of IRPs is not only regionally but also organ-specific.
The relevant mechanisms are unknown and further investigations are
needed.
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5. Conclusion

In summary, we showed that ApoE deficiency can significantly in-
crease iron contents in the hippocampus and basal ganglia, but not in the
cortex of the brain at aged mice by up-regulating TfR1 expression and
TfR1 mediated cell-iron import as well as down-regulating Fpnl
expression and Fpnl-mediated cell-iron export, mainly via the up-
regulation of IRPs. We also demonstrated that replenishment of the
absent ApoE can partly reverse the iron-related phenotype in ApoE "~
mice. These findings collectively indicated that ApoE may be required
for physiological iron homeostasis in the brain. In addition, the findings
revealed that neuronal injury induced by ApoE deficiency may be
mainly resulted from the increased iron and accumulation of toxic Ap
peptides and subsequently microglial activation, inflammation and
oxidative stress, apoptosis and may be also ferroptosis. Our findings
provided a piece of novel evidence that iron is a key link between ApoE
and AD development and also imply that ApoE deficiency and reduced
ApoE expression could be one of the causes for the unexplained increase
in brain iron in some neurodegenerative patients.
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