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Abstract

As a putative marker of cerebral small vessel disease, cerebral microbleeds (CMBs) have been associated with vascular
cognitive impairment. Both iron accumulation and amyloid protein precursor (APP) dysregulation are recognized as patho-
logical hallmarks underlying the progression of CMBs, but their cross-talk is not yet understood. In this study, we found a
profound increase of amyloid formation with increasing FeCl; treatment, and a distinct change in APP metabolism and
expression of iron homeostasis proteins (ferritin, Fpn |, iron regulatory protein) was observed at the 300 uM concentration of
FeCls. Further results revealed that extracellular iron accumulation might potentially induce binding of APP to BACEI for
amyloid formation and decrease the capability of APP/Fpn| in mediating iron export. Our findings in this study, reflecting a
probable relationship between iron dyshomeostasis and amyloid pathology, may help shed light on the underlying pathogenesis

of CMBs in vascular cognitive impairment.

Keywords

cerebral microbleeds, small vessel disease, iron, amyloid protein precursor, ferritin

Introduction

Cerebral microbleeds (CMBs), regarded as a putative marker
of cerebral small vessel disease (cSVD), have been associ-
ated with cognitive decline in patients with stroke and vas-
cular cognitive impairment. Histologically, CMBs may not
only represent the extracellular accumulation of hemosiderin
from leakage through cerebral small vessels and pathological
iron deposition following hemorrhage and ferritin breakdown,
but also correlate with cerebral amyloid angiopathy'™.
Furthermore, several observational studies support that CMBs
may relate to amyloid deposition in dementia®®, and the key
finding revealed that ferritin, as a major iron storage protein,
adversely impacts dementia progression'®.

Previous evidence indicated a key mechanism of A toxi-
city underlying dysregulated processing of amyloid protein
precursor (APP) via the switch from the non-amyloidogenic
to the amyloidogenic pathway. In the amyloidogenic pathway,
APP is cleaved by B-secretase (BACE1) and y-secretase, lead-
ing to increased AP42 generation''-'?. In the non-
amyloidogenic pathway, the protective upregulation of APP

by the iron regulatory protein (IRP) can be linked to the finding
that active interaction of APP with surface ferroportinl (Fpnl)
could not only mediate excessive iron efflux but also maintain
cognitive function'*"'°. Since both the extracellular iron dys-
homeostasis and amyloid deposition are recognized as patho-
logical hallmarks of CMBs, insight into the relationship
between them might not only increase understanding of the
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underlying pathogenesis of cSVD, but also convey their impor-
tance in vascular cognitive impairment.

Therefore, in the present study, we hypothesized APP as a
key link between iron dysregulation and pathogenesis of
CMBs, and analyzed the effects of extracellular iron treatment
on APP metabolism and its association with the proteins of
iron homeostasis including ferritin, Fpnl, and IRP. Consider-
ing that the APP/Fpnl complex mediates iron export at the
plasma membrane where APP combines with BACEI, we
further investigated changes in the interaction of both com-
plexes in response to iron treatments. Rather than storing a
large content of iron, previous findings supported that micro-
glia can rapidly de novo synthesize APP as an acute phase
protein in response brain injury'”'®; therefore, we used micro-
glia as a model cell line, not neurons. Our findings support a
potential relation of extracellular iron dyshomeostasis with
APP metabolism, and reflect the underlying pathogenesis of
CMBs in the process of vascular cognitive dementia.

Materials and Methods
Cell

BV-2 cells (a microglia cell line) were obtained from the
Peking Union Medical College (Beijing, China). Cells were
maintained in Dulbecco’s Modified Eagle medium (DMEM,;
Gibco, Carlsbad, CA, USA) containing 10% fetal bovine
serum (FBS; Gibco), 100 U/ml penicillin, and 100 pg/ml
streptomycin in a 5% CO, incubator at 37°C.

Iron Treatment

Cells were cultured for 48 h with variable concentrations of
FeCl; (Sangon Biotech, China) from 25 uM to 400 uM prior
to Western blot analysis. Iron was kept soluble using
L-ascorbic acid in Tris-HCI (pH = 7.5).

Western Blot

Cells were washed and lysed. Protein concentrations were
determined using BCA protein assay kit (Bio-Rad, Hercules,
CA, USA). Aliquots of cell lysates containing ~20 mg of
protein were subjected to 10% SDS-PAGE and subsequently
blotted onto a PVDF membrane (Bio-Rad). After blocking in
PBST with 5% bovine serum albumin for 1 h at room tem-
perature, membranes were incubated with primary antibo-
dies (anti-ferritin: 1:1000; anti-amyloid precursor protein:
1:20000; anti-ferroportinl: 1:200) at 4°C overnight. B-actin
served as an internal reference, and the relative expression of
target proteins was calculated. The protein bands were
scanned into a computer with an Odyssey scanner (Li-COR,
Biosciences, Lincoln, NE, USA).

Quantitative Real-Time PCR

Total RNA extraction and cDNA synthesis were performed
using TRIZOL reagent (Invitrogen, Grand Island, NY, USA)
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Figure |. Effects of extracellular iron treatments on the changes in
AP42 formation in microglia. Microglia was treated with increasing
dose of FeCl; for 48 h after which the levels of AB42 were analyzed by
ELISA. Assignificant increase in the level of AB42 (p < 0.01) is observed
at 300 1M FeCl3 compared with thatat 200 M. Error bars represent
mean + SEM (n = 3). *p < 0.05 and **p < 0.0] as compared with
control; #p < 0.05 as compared with 200 uM FeCl; treatment group.

and reverse transcription kit (TaKaRa, Tokyo, Japan) according
to the manufacturers’ instructions. The specific primers used for
PCR are: APP forward, 5>-TTCTACACCAGGAGCGGAT-3’,
APP reverse, 5’-GGAACTTGTCGATGCCACAGG-3’; ferri-
tin forward, 5’-GCCCCTGAATCTGGCATGG-3’, ferritin
reverse, 5’-ATGCACTGCCTCAGTGACC-3’. Quantitative
real-time PCR was performed using SYBR FAST qPCR Master
Mix (KAPA) with appropriate TagMan primers in ABI PRISM
7900HT Sequence Detection System (Kapa Biosystems, Wil-
mington, MA, USA). All mRNA expressions were normalized
to that of B-actin as described previously'®, and the detection
was performed in triplicate.

ELISA

Microglia were seeded onto 96-well plates. Cells were
treated with different concentrations of FeCl; for another
48 h. Cell supernatants were collected, and the AB42 levels
were determined by using an AB1-42 ELISA Kit (Roche
Diagnostic GmbH, Mannheim, Germany).

siRNA Transfection

Cells were transfected with non-targeting siRNA (negative
control) or special siRNA targeting rat APP (5’-CUCAA-
CAUGCACAUGAAUGATAT-3’) designed by Genepharma
using Lipofectamine™2000 reagent (Invitrogen) according
to the manufacturer’s instructions. The medium was
refreshed 6 h later, and cells were harvested 48 h later.

Co-Immunoprecipitation (ColP)

Cells were lysed in immunoprecipitation buffer (protease
inhibitor and phosphatase inhibitor mixture). Equal
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Figure 2. Effects of extracellular iron treatments on the levels of APP and ferritin proteins in microglia. Microglia was treated with
increasing dose of FeCl; for 48 h after which we evaluated the levels of APP and ferritin proteins by Western blot. Upper panel (a) shows
representative blots and lower panels represent the relative quantification of band density in APP (b) and ferritin (c), respectively. Values
represent mean + SEM (n = 4). *p <0.05 and **p < 0.0 as compared with control; *p < 0.05 and #p < 0.01 as compared with 200 uM FeCl;
treatment group.
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Figure 3. Effects of extracellular iron treatments on the changes in the mRNA levels of APP and ferritin in microglia. Microglia were treated
with increasing doses of FeCl; for 48 h. Relative mRNA expression levels of APP (a) and ferritin (b) were analyzed by RT-PCR. Values
represent mean + SEM (n = 4). *p < 0.05 and **p < 0.0] as compared with control; #p < 0.05 and *#p < 0.01 as compared with 200 uM
FeCl; treatment group.

amounts of protein (800 pg) from each sample were incu- BACEI: 1:50) was added and incubated at 4°C overnight
bated with protein A/G agarose working solution for 10 ~ under constant shaking. After washing, the immune com-
min at 4°C under constant shaking. Then, 3 pg of the  plexes in the supernatant were detected by Western
specified antibody (APP: 1:30; ferroportinl: 1:50; blotting.
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Figure 4. Extracellular iron treatments of microglia induce changes in the expression levels of iron metabolism proteins in the presence and
absence of APP mediated by siRNA. Microglia was treated with 300 uM iron treatment for 48 h. Changes in iron metabolism proteins were
determined by Western blot. Panel (a) shows representative blots and the panels below show the quantification of band density in ferritin (b),
APP (c), IRP (d), and Fpn| (e) in the presence and absence of APP, respectively. Values represent mean + SEM (n = 4). *p < 0.05 and **p < 0.01
as compared with control groups in the presence of APP; #p < 0.05 and #*#p < 0.01 as compared with control groups in the absence of APP.

Statistical Analysis

Data are presented as mean + SEM. Statistical analyses
were completed using SPSS (SPSS Statistics v20; IBM,
Armonk, NY, USA). All differences between the means
were assessed by two-way analysis of variance (ANOVA),
after which Bonferroni post hoc tests were conducted. P-
values less than 0.05 were considered as statistically
significant.

Results

To ascertain whether iron treatment resulted in AB42 accu-
mulation, we first evaluated the levels of AB42 by ELISA in
microglia treated with increasing doses of FeCl;. Consider-
ing that brain iron is present at a concentration of approxi-
mately 1 mM surrounding amyloid plaques'', we controlled
the iron concentration under this level. After 48 h treatments,
we did not find cell viability CCKS8 assay at 300 uM
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Figure 5. Extracellular iron treatments induce changes in the interaction of APP and FPN | proteins in microglia. Microglia was treated with
300 pM iron. Changes in the interaction of APP and FPN| were analyzed by coimmunoprecipitation (ColP). Panel (a) shows representative
blots and lower panels show the ratio of band density in Blot:FPNI/Input:FPN I (b), and quantification of band density in Input:FPNI (c),
respectively. Values represent mean + SEM (n = 3). *p < 0.05 as compared with control.

concentration of FeCl; reduced significantly as compared
with control (Sup. 1). Next significantly increased levels of
APB42 (p <0.01) were found at the concentration of 300 pM
(Fig. 1). We further characterized whether the increase in
extracellular iron content was related to changes in the levels
of iron transporters. Microglia treated with increasing FeCl;
concentrations for 48 h showed reduced levels of APP pro-
teins and elevated ferritin protein levels below 300 uM treat-
ment. When FeCl; concentrations reached 300 uM, levels of
APP protein in microglia significantly increased, while fer-
ritin production was decreased (Fig. 2).

To determine if changes in microglial protein levels were
consistent with changes in mRNA levels, qPCR was conducted
after treatment with iron for 48 h using specific primers for
APP and ferritin (Fig. 3). Results showed that changes in APP
mRNA and ferritin mRNA were similar to the changes in their
protein levels. Microglia treated with iron concentrations
below 300 uM presented decrease in APP mRNA content but
increase in ferritin mRNA levels. APP mRNA increased sig-
nificantly in microglia while decreased ferritin mRNA was
observed following 300 uM FeCl; treatment.

Considering that APP is suggested to be associated with
amyloidogenesis and iron dyshomeostasis, it is of interest to
determine the putative changes in iron metabolism proteins
such as ferritin, IRP, and Fpn1 in the absence of APP. To this

end, we detected an increase in APP and ferritin proteins by
300 pM iron treatment, and found decreased levels of IRP
and Fpnl proteins compared with control groups. In the
absence of APP mediated by siRNA, iron treatment also
induced a significant decrease in IRP and Fpnl proteins and
elevated APP proteins, whereas ferritin levels remained
unchanged (Fig. 4).

According to the above changes, we next evaluated if
microglia treated with iron could affect the interaction
between APP and Fpnl using a ColP technique. Although
ColP results do not necessarily mean the interaction is direct,
it suggests a probable binding capability of a complex. There
was a reduced ratio of Blot: Fpnl/Input: Fpnl, likely due to a
decreased affinity of APP/Fpnl, observed following iron
treatment in treated groups compared with controls (Fig. 5).
We also evaluated the change in binding of APP and BACE1
during the interaction APP/Fpnl, and found that iron treat-
ment of microglia showed an increased interaction between
APP/BACEI], without significant changes in the level of
BACE]! (Fig. 6).

Discussion

The pathological hallmarks of CMBs in the brain are not
only increased extracellular iron deposition, but also
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Figure 6. Extracellular iron treatments induce changes in the interaction of APP and BACEI proteins in microglia. Microglia was treated
with 300 uM iron. Changes in the interaction of APP and BACEI were analyzed by ColP. Panel (a) shows representative blots and lower
panels show the ratio of band density in Blot:BACE|/Input:BACEI (b), and quantification of band density in Input:BACEI (c), respectively.
Values represent mean + SEM (n = 3). ¥p < 0.0] as compared with control.

excessive amyloid plaques®. However, the molecular
mechanisms of how amyloidosis and extracellular iron accu-
mulation cross-talk remain unknown. Our results showed
that extracellular iron treatment exercised profound effects
on APP metabolism, and induced a significant increase of
amyloid protein levels at the FeCl; concentration of 300 uM.
Furthermore, a distinct change in APP metabolism and
expression of iron homeostasis proteins (ferritin, Fpnl, IRP)
was observed at the 300 uM concentration of FeCl;. We
supposed that this concentration was likely to reflect the
microglia status switching from the homeostasis to dysregu-
lation in the present experimental condition. Finally, the
increase in amyloid formation might be partially explained
if extracellular iron accumulation was related to the reduced
iron export by the complex of APP/Fpnl and higher affinity
of APP/BACEL. Our data provide a potential mechanism for
the previous findings that CMBs are associated with amy-
loid pathology in the brain, the latter being related to the
ferritin in CSF>!°,

In the central nervous system, the largest iron stores are
found within microglia and modulated by ferritin, which
plays the crucial role of controlling iron storage and home-
ostasis. Thus, microglia are supposed to be naturally respon-
sible for the maintenance of the extracellular iron status
among other brain cell types?®. Moreover, rather than clear-
ance of amyloid plaques, microglia can induce APP produc-
tion as an acute phase protein in response to brain

attacks'”"'®. For these reasons, we used microglia as a model
cell line in this study rather than neurons, which appeared to
be commonly used in other experiments. In microglia, extra-
cellular iron treatment at the concentration of 300 uM dra-
matically increased the levels of AB42. The rise in AB42 by
accumulated iron may be a consequence of the activation of
oxidative stress (OS) signaling pathways resulting in excess
amyloid production®'*. The cause for the slight increase
in amyloid formation in response to iron treatment below
300 uM is unknown, but could be because of a compensatory
response to reduce 0S*>%°,

Previous studies suggested that APP could serve as a cell-
surface pro-inflammatory receptor on microglia, and that it
regulates microglial activation®’. To this end we assumed the
transient decrease in APP could be a result of the neuroprotec-
tive response below iron concentrations of 300 pM. Likewise,
the increase in ferritin could be the natural function of excess
iron for storage in order to protect against the OS response by
iron regulatory protein/iron responsive element (IRP/IRE) reg-
ulatory system>*°. However, microglia presented an inverse
pattern, including significant increase in APP and reduction of
ferritin, at iron concentrations of 300 uM and above. The levels
of ferritin were reduced in the presence of iron treatment higher
than 300 pM, probably as a consequence of ferritin degradation
due to iron-dependent oxidation and reduced ferritin synth-
esis?’. Increased APP in response to 300 uM iron treatment
is consistent with the previous observation of IRP/APP IRE-
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Figure 7. Schematic representation of changes in extracellular iron accumulation and amyloid formation in microglia. 300 puM iron
treatments of microglia elevated the APP protein level but reduced the levels of Fpnl and IRP. Furthermore, the iron treatment might
reduce the capability of APP/Fpn| complex for iron efflux and induce binding of APP to BACEI for amyloid protein production.

driven abundant iron efflux, and may be a response to severe
oxidative challenges?®

To test the effects of APP on major iron metabolism
proteins such as ferritin, IRP, and Fpnl in microglia, we
assessed the changes of these proteins in the absence of APP
mediated by siRNA. Consistent with previous studies, down-
regulated IRP levels following iron treatment could be a
consequence of regulation of IRP/IRE iron homeostasis sys-
tem'"!°. Unexpectedly, it resulted in a significant reduction
in Fpnl protein, probably independent of the existence of
APP. Although iron accumulation was thought to be associ-
ated with elevated Fpnl levels, previous research showed
that inflammatory stimuli caused by iron could decrease
Fpnl expression and trigger a positive feedback loop of
elevated iron deposition in microglia®*=?. It can be inferred
that high iron concentrations may alter the expression of
Fpnl as we observed in this study.

Following the changes in the above proteins, such as the
reduced level of Fpnl, it was of interest to evaluate if the
affinity of interaction between increased APP and decreased
Fpnl could be affected. We used ColP to show that there was
a decreased level of Fpnl immunoprecipitated by APP anti-
body, partially suggesting reduced affinity of the APP/Fpnl
complex. However, rather than the potential decreased

ability of interaction, this finding might be also attributed
to the possibility of decreased input of Fpnl protein amount
itself. In addition, we also investigated whether the “relative
excess” APP could turn to interact with BACE1, another
membrane protein in microglia, during the binding of the
APP/Fpnlcomplex. The cause for the observed increase in
the interaction of APP/BACE1 complex without significant
changes in the level of BACE]1 is unknown, but the process
of interaction is a key step in the amyloid pathway. There-
fore, it could partially explain why there is a significant
increase in AP42 levels at iron concentrations of 300 puM.
Our findings might suggest a potential relationship for both
complexes of APP/Fpnl and APP/BACEI, providing new
insights for further investigation; however, it should be care-
fully considered that CoIP does not mean the interaction is
direct, since larger complexes may be involved.

In summary, extracellular iron accumulation induced a
significant increase in amyloid formation, and was likely
due to both the APP dysregulation and iron perturbation.
Changes in extracellular iron accumulation might potentially
induce the interaction between APP and BACE1 which is
necessary for amyloid production, but also reduce the capa-
bility of APP/Fpnl mediating iron homeostasis (Fig. 7). The
data presented here establish a potential key link of
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extracellular iron dyshomeostasis and APP metabolism, sup-
porting the role of CMBs in the pathogenesis of vascular
cognitive dementia.
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