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*Molecular and Cell Biology School of Natural Sciences, University of California, Merced, California 95343,
†Division of Occupational and Environmental Medicine, Department of Medicine, Center for Occupational and
Environmental Health (COEH); and ‡Institute for Memory Impairments and Neurological Disorders, University
of California, Irvine, California 92697
1To whom correspondence should be addressed. Fax: 949-824-2345. E-mail: kitazawa@uci.edu.

ABSTRACT

Copper promotes a toxic buildup of amyloid-beta (Ab) and neurofibrillary tangle pathology in the brain, and its exposure
may increase the risk for Alzheimer’s disease (AD). However, underlying molecular mechanisms by which copper triggers
such pathological changes remain largely unknown. We hypothesized that the copper exposure perturbs brain
inflammatory responses, leading to impairment of Ab clearance from the brain parenchyma. Here, we investigated whether
copper attenuated Ab clearance by microglial phagocytosis or by low-density lipoprotein-related receptor protein-1 (LRP1)
dependent transcytosis in both in vitro and in vivo. When murine monocyte BV2 cells were exposed to copper, their
phagocytic activation induced by fibrillar Ab or LPS was significantly reduced, while the secretion of pro-inflammatory
cytokines, such as IL-1b, TNF-a, and IL-6, were increased. Interestingly, not only copper itself but also IL-1b, IL-6, or TNF-a
were capable of markedly reducing the expression of LRP1 in human microvascular endothelial cells (MVECs) in a
concentration-dependent manner. While copper-mediated downregulation of LRP1 was proteasome-dependent, the
cytokine-induced loss of LRP1 was proteasome- or lysosome-independent. In the mouse model, copper exposure also
significantly elevated neuroinflammation and downregulated LRP1 in the brain, consistent with our in vitro results. Taken
together, our findings support the pathological impact of copper on inflammatory responses and Ab clearance in the brain,
which could serve as key mechanisms to explain, in part, the copper exposure as an environmental risk factor for AD.

Key words: Alzheimer’s disease; phagocytosis; microglia; copper; inflammation; cytokines; LRP1.

Copper is an essential transition metal serving as an important
cofactor for various enzymatic reactions and physiological ac-
tivities. However, its absorption, distribution in the body, me-
tabolism and excretion have to be properly regulated, as the
systemic copper dyshomeostasis due to genetic mutations is
known to cause neurological and psychiatric abnormalities, rep-
resented by Wilson’s disease and Menkes disease (Burkhead
et al., 2011; Kaler, 2011). Even through dietary intake, the exces-
sive copper, together with high fat diet, has been reported to
significantly accelerate cognitive decline among elderly popula-
tion (Morris et al., 2006). Large-scale meta-analysis and prospec-
tive follow-up studies have unveiled a strong positive
correlation between free copper levels in serum and poor cogni-
tive performance, as well as shortening the conversion period

from mild cognitive impairment (MCI) to Alzheimer’s disease
(AD) (Brewer et al., 2010; Park et al., 2013; Squitti et al., 2006, 2014;
Ventriglia et al., 2012). These epidemiological studies support
that chronic copper exposure through diet, drinking water or air
pollution may result in elevated levels of free copper in the cir-
culation and increase the risk for developing AD in later life.

Pre-clinical studies using animal models and cell culture
models have revealed several possible mechanisms by which
copper exhibits neurotoxicity and exacerbates a pathological
buildup of Ab and tau. Copper is capable of producing reactive
free radicals by Fenton reaction (Greenough et al., 2013; Marlatt
et al., 2004; Multhaup et al., 2002) and directly interacting with
Ab and amyloid precursor protein (APP) to promote the produc-
tion and aggregation of Ab (Kitazawa et al., 2009; Multhaup et al.,
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1998; Sparks et al., 2006; Sparks and Schreurs, 2003; Wang et al.,
2012). However, in animal models, mixed results—both benefi-
cial and detrimental effects of copper - have been reported
(Kitazawa et al., 2009; Singh et al., 2013; Sparks et al., 2006; Sparks
and Schreurs, 2003). Bayer and colleagues demonstrated that
chronic high-dose copper in drinking water reduces Ab pathol-
ogy and free radical production by stabilizing superoxide dis-
mutase activity in mice (Bayer et al., 2003). On the other hand,
we have applied the same exposure to 3xTg-AD mouse model of
AD and found it significantly exacerbated both Ab and tau pa-
thologies (Kitazawa et al., 2009). Recent study reveals these
pathological changes are accompanied by cognitive decline (Yu
et al., 2015). Remarkably, copper-induced Ab pathology is de-
tected even in a trace amount of copper in drinking water
(0.12 ppm) (Sparks et al., 2006; Sparks and Schreurs, 2003).
Likewise, Deane and colleagues report that chronic exposure of
0.12 ppm copper in drinking water alone significantly exacer-
bated Ab pathology in the brain via mechanism mediated by re-
duction of low-density lipoprotein receptor-related protein-1
(LRP1) expression in brain capillaries (Singh et al., 2013).
Although the contribution of brain LRP1 to the clearance of Ab

in AD has long been controversial (Ito et al., 2010; Nazer et al.,
2008; Xu et al., 2012), a recent in vivo study clearly supports the
transcytotic clearance of Ab from the brain parenchyma via cap-
illary endothelial LRP1 (Storck et al., 2016). In human, the LRP1
expression in endothelial cells is decreased with age, potentially
increasing the risk for AD (Donahue et al., 2006; Silverberg et al.,
2010). Thus, these findings suggest that chronic copper expo-
sure increases the risk of impairing the brain’s Ab clearance
mechanisms.

In this study, we sought to further investigate whether copper
exposure mediates a pathological buildup of Ab by perturbing
neuroinflammatory responses as numerous epidemiological, ge-
nome-wide association studies (GWAS), in vitro and in vivo studies
suggest inflammation as one of the early changes in AD
[reviewed in (Heppner et al., 2015; McGeer and McGeer, 2007)].
Here, we found that copper significantly reduced phagocytic
clearance of Ab and exacerbated Ab-elicited pro-inflammatory
cytokine release. Elevated levels of pro-inflammatory cytokines,
IL-1b, TNF-a, and IL-6 alone significantly down-regulated LRP1 in
microvascular endothelial cells, and this proinflammatory cyto-
kine-mediated downregulation of LRP1 was not proteasome- or
lysosome-dependent. These findings provide further mechanistic
insights into our current understanding of copper neurotoxicity,
its potential synergistic effects on both phagocytosis- and LRP1
transcytosis-mediated clearance of Ab, and underlying cellular
mechanisms by which the environmental copper exposure in-
creases the risk for AD.

MATERIALS AND METHODS

Fibrillar Ab preparation. Synthetic Ab1-42 peptides were pur-
chased from the American Peptide (Sunnyvale, California). One
mg of Ab1-42 peptides was reconstituted in 1 ml sterile water
and incubated at 37 �C for 6 days with continuous stirring.
Resulting fibrillar Ab (fAb) was aliquoted and stored at �80 �C.

Cell culture and treatment. Murine macrophage/microglia-like
BV2 cells were maintained in DMEM supplemented with 10%
FBS and penicillin and streptomycin. Cells were grown and
treated in humidified incubator with 5% CO2 in atmospheric air
and a temperature of 37 �C. Cells were plated onto 96-well or 6-
well with initial seeding density of 20 000 cells/well or 300 000
cell/well, respectively. For cytotoxicity assay, cells were

incubated in serum-free DMEM for 24 h to reduce background
activation of BV2 cells (Koenigsknecht-Talboo and Landreth,
2005; Pan et al., 2011), then 0.01 to 5 mM of fAb (final concentra-
tion) was added to the media and incubated for additional 1 h.
For 3-h copper followed by 1-h fAb exposure, after 24 h of se-
rum-free DMEM, copper sulfate solution was added to the me-
dia to reach the final concentration of 0.01–5 mM copper and
incubate additional 3 h. Then, media were replaced with fAb-
containing serum-free DMEM and incubated for 1 h. For 24-h
copper followed by 1-h fAb exposure, cells were incubated with
copper in serum-free DMEM for 24 h, then media were replaced
with fAb-containing serum-free DMEM and incubated for 1 h.

Human primary microvascular endothelial cells (MVECs)
were purchased from Cell Systems (Kirkland, Washington, cat#:
ACBRI 376). MVECs were grown and maintained in the
Complete Classic Media (Cell Systems) as recommended by the
vendor. Cells were plated onto six-well with initial seeding den-
sity of 300 000 cell/well. Copper sulfate (0.5–10 mM), human re-
combinant IL-1b, IL-6 or TNF-a (0.001–1 ng/ml) was added to the
media with or without proteosomal inhibitors, MG-132 (0.5 mM),
lactacystin (5 mM) or lysosomal inhibitor, chloroquine (CHQ, 50
mM) for 24 h. All were obtained from Sigma-Aldrich and pre-
pared according to the manufacturer’s instructions.

Condition media were collected from cells at the end of ex-
posure period, briefly centrifuged to remove any cells and de-
bris, and stored in �80 �C. For protein extraction, cells were
rinsed with ice-cold PBS, then M-PER (ThermoFisher Scientific)
supplemented with protease inhibitor and phosphatase inhibi-
tor cocktails (Sigma-Aldrich) was added for complete lysis. Cell
lysates were centrifuged at 100 000�g for 1 h at 4 �C, and super-
natants were collected as total cell homogenates. Protein con-
centration was determined by Bio-Rad Bradford protein assay
dye, and homogenates were stored in �80 �C until analysis. For
RNA extraction, cells were lysed in TRI-reagent (Molecular
Research) to purify total RNA. RNA was quantified by nano-drop
(ThermoFisher Scientific) and stored in �80 �C until analysis.

Brain tissues from copper-exposed mice. Previously collected brain
tissues from 3xTg-AD mice (Thy1.2-APPswe, Thy1.2-TauP301L,
PS1M146V-KI) exposed to 250 ppm copper sulfate (CuSO4) in the
drinking water for a period of 3 or 12 months were used
(Kitazawa et al., 2009). Brain homogenates for biochemical anal-
ysis were stored in �80 �C, and brain sections for histological
analysis were stored in 4 �C.

MTT cytotoxicity assay. After the exposure, cells were washed
once with PBS, then 100 ml of serum-free DMEM with 250 mg/ml
of MTT was added. Cells were incubated in the humidified incu-
bator for 3 h, allowing buildup of insoluble formazan. After the
incubation, 100 mL of isopropanol–HCl solution (isopropanol:
HCl¼ 100:1) was added and mixed well to completely dissolve
formazan. Absorbance at 570 nm and reference absorbance at
630 nm were measured by the Spectromax plate reader
(Molecular Devices).

Phagocytosis assay. pHydro Red E. coli BioParticle (Life
Technologies) was reconstituted in serum-free DMEM at a con-
centration of 2 mg/ml and sonicated for 5 min until all particles
were dispersed evenly. The solution was further diluted to
working concentration of 200 mg/ml with serum-free DMEM,
and 100 ml of the working solution was applied directly onto
the cells after the exposure. Cells with BioParticles were incu-
bated at 37�C (ambient air) for 1–4 h. The fluorescent reading at
excitation 560 nm and emission 585 nm was recorded every
hour.
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BV2 cells were plated onto a poly lysine-coated coverslip at
an initial seeding density of 10 000 per coverslip (12–15 mm di-
ameter). Cells were treated with or without 0.5 mM copper in se-
rum-free DMEM for 24 h, then the media were replaced to
serum-free DMEM containing 0.5 mM fAb. Cells were further in-
cubated for 1 h, and caboxylated fluorospheres (1 mm diameter,
Life Technologies) in PBS and 1 mg/ml BSA was added to the
media at a final concentration of 1 � 107 beads/ml. Thirty min-
utes after the addition of the beads, cells were washed well to
remove all non-phagocytosed beads and fixed with 4% parafor-
maldehyde, then stained with Iba1 (1:500) and DAPI. The num-
ber of beads phagocytosed in the cell was counted under the
fluorescent microscope.

Cytokine assays. Brain cytokines were quantitatively measured
by ELISA (ThermoFisher Scientific) or Bio-Plex (Bio-Rad
Laboratories), respectively, as described previously (Kitazawa
et al., 2011). Briefly, 50 ml of brain homogenates were used to de-
termine IL-1b, IL-6 and TNF-a levels by Endogen ELISA kits. For
Bio-Plex, we used a custom 8-plex detection kit, which mea-
sured IL-1a, IL-1b, IL-4, IL-6, IL-10, monocyte chemoattractant
protein-1 (MCP-1), TNFa, and interferon-c (IFNc). We strictly fol-
lowed the manufacturer’s instructions. Briefly, 10 ml of plasma
was mixed with 40 ml of standard diluent and incubated with a
mixture of antibodies conjugated with fluorescent beads.
Following the detection antibody and streptavidin-PE treat-
ments, levels of each cytokine were measured using the Bio-
Plex 200 System (Bio-Rad Laboratories). Concentrations were
calculated by standard curve and expressed in pg/ml.

Immunoblot analysis. The equal amounts of protein from cells or
brain homogenates were resolved in 4–12% gradient gel, trans-
ferred onto PVDF membrane and blotted with anti-LRP1 anti-
body (1:25, Santa Cruz Biotechnologies), anti-SYK antibody
(1:1000, Cell Signaling Technology), anti-phospho-SYK antibody
(1:1000, Cell Signaling Technology), anti-transferrin receptor
(TfR) antibody (1:3000, R&D Systems), anti-ubiquitin antibody
(1:3000, Enzo Biochem), and anti-LC3 antibody (1:3000, Abnova).
Tubulin (1:20000, Sigma-Aldrich) or GAPDH (1:5000, Santa Cruz
Biotechnologies) was used as a loading control to normalize the
protein band for each sample. All immunoblot images were cap-
tured and analyzed by Li-Cor Odyssey and Image Station soft-
ware (Li-Cor).

Immunostaining analysis. Each half brain was cut into 50 lm sli-
ces using a Vibratome and stored in TBS with 0.01% sodium
azide solution. Brain sections from each animal were stained
with Iba1 (1:500, Wako Chemicals) to detect microglia and 6E10
(1:500, Covance) to detect Ab plaques. Briefly, sections were pre-
treated with 90% formic acid for 7 min followed by washing
with TBS/0.1% Triton X-100, and overnight incubation with pri-
mary antibodies at 4�C. To visualize co-localization, sections
were then incubated for 1 hour with goat antimouse Alexafluor
488 and goat anti-rabbit Alexfluor 555, with TOTO3 (1:200) for
nuclear staining. Fluorescent images were captured and ana-
lyzed by confocal microscopy.

Real-time quantitative PCR. One microgram of total RNA isolated
from cells or brain tissues were used to prepare cDNA template
using SuperScript III cDNA synthesis kit (Life Technologies) for
qRT-PCR as described previously (Kitazawa 2011, Kitazawa
2005). Briefly, 1 ml of cDNA was subject to qRT-PCR using iQ
SYBR master mix (Bio-Rad Laboratories) to detect IL-1b (fwd:
AAATGCCTCGTGCTGTCTGACC, rev: CTGCTTGAGAGGTGCTGAT
GTACC), IL-6 (fwd: AGTTGCCTTCTTGGGACTGA, rev: TCCAC
GATTTCCCAGAGAAC), TNFa (fwd: CTGGGACAGTGACCTGGA

CT, rev: GCACCTCAGGGAAGAGTCTG), YM-1 (fwd: CTGGAATT
GGTGCCCCTACA, rev: CAAGCATGGTGGTTTTACAGGA) and
Arg-1 (fwd: CATTGGCTTGCGAGACGTAGAC, rev: GCTGAAGGT
CTCTTCCATCACC). Threshold cycle (Ct) was calculated with
MyiQ software (Bio-Rad Laboratories), and fold changes were
determined and normalized to GAPDH (fwd: AACTTT
GGCATTGTGGAAGG, rev: ACACATTGGGGGTAGGAACA).

Statistical analysis. All data were quantitatively analyzed using
Li-Cor Image Station software and/or Image J software.
Statistics were carried out using 1-way ANOVA with post-hoc
tests or unpaired t-test, and P< 0.05 was considered to be
significant.

RESULTS
Copper Exposure Inhibits the Activation of Phagocytosis in
BV2 Cells

We first examined the acute cytotoxicity of synthetic fibrillar
Ab1-42 (fAb) on macrophage/microglia-like murine BV2 cells to
determine the subtoxic concentration to be used to stimulate
phagocytosis. MTT assay showed a concentration-dependent
reduction of mitochondrial activity, an indirect indicator of cy-
totoxicity and cell death, between 0.01 and 5 mM fAb in 1 h of ex-
posure (Figure 1). Reverse 42-1 Ab peptide at 5 mM concentration
did not show any significant reduction in MTT assay (data not
shown). We selected 2 concentrations, 0.5 and 5 mM, to test its
ability to activate phagocytosis and how copper exposure mod-
ulated it. In the 3-h copper exposure, BV2 cells were exposed to
copper (0, 0.1, 0.5, 1, 5, 10, 20, and 100 mM) 3 h prior to the 1-h ex-
posure to 0.5 or 5 mM fAb. The pre-exposure to copper signifi-
cantly inhibited BV2’s ability to activate phagocytosis by fAb

stimulation at a concentration of 0.5 mM or higher (Figures 2A
and C). Similarly, copper exposure inhibited LPS-stimulated
phagocytosis while copper exposure by itself had no effect on
the basal phagocytosis (Figures 2A and C), suggesting that cop-
per attenuated the ability of BV2 to activate inflammatory path-
ways. The significant reduction of phagocytosis was not due to
a loss of BV2 cells because MTT assay showed the copper expo-
sure did not induce significant cytotoxicity in combination with
fAb or LPS (Figures 2A and C). Higher concentration of fAb (5 mM)
exposure resulted in 22–39% reduction in mitochondrial

FIG. 1. Fibrillar Ab induces acute cytotoxicity to BV2 cells. BV2 cells were ex-

posed to a range of concentrations (0–5 mM) of synthetic fibrillar Ab1-42 (fAb) for

1 h in a serum-free condition. Acute fAb toxicity was determined by the MTT as-

say. Each plot represents mean 6 SEM of 3–4 separate experiments in triplicates

(n ¼ 9–12).

196 | TOXICOLOGICAL SCIENCES, 2016, Vol. 152, No. 1

Deleted Text: ,
Deleted Text: -
Deleted Text: &hx03BC;
Deleted Text: rs
Deleted Text: &hx03BC;
Deleted Text: r
Deleted Text: &hx03BC;
Deleted Text: x
Deleted Text: &hx03BC;
Deleted Text: &hx03B2;
Deleted Text: &hx03B1;
Deleted Text: &hx03B1;
Deleted Text: &hx03B2;
Deleted Text: &hx03B1;
Deleted Text: &hx03B3;
Deleted Text: &hx03B3;
Deleted Text: &hx03BC;
Deleted Text: &hx03BC;
Deleted Text: -
Deleted Text:  
Deleted Text: -
Deleted Text: &hx03BC;g
Deleted Text: &hx03BC;
Deleted Text: &hx03B1;
Deleted Text: one
Deleted Text: <italic>e</italic>
Deleted Text: <italic>i</italic>
Deleted Text: <italic>a</italic>
Deleted Text: <italic>p</italic>
Deleted Text: <italic>c</italic>
Deleted Text: &hx03BC;
Deleted Text: r
Deleted Text: &hx03BC;
Deleted Text: two 
Deleted Text: &hx03BC;
Deleted Text: r
Deleted Text: &hx03BC;
Deleted Text: rs
Deleted Text: r
Deleted Text: &hx03BC;
Deleted Text: &hx03BC;
Deleted Text: &hx03BC;
Deleted Text: -


activity, and 0.5 mM fAb exposure caused 10% reduction com-
pared to control groups (Figure 2C). In another study, we ex-
posed BV2 cells to copper (0, 0.1, 0.5, 1, 5, 10, 20, and 100 mM) in
serum-free media for 24 h prior to the 1-h exposure to fAb or
LPS. We found that the 24-h copper exposure also significantly
inhibited phagocytic activation of BV2 cells at a concentration
of 0.5 mM or higher (Figure 2B and D).

We also employed a different phagocytosis assay using fluo-
rescent microbeads and confirmed the effect of copper on in-
hibiting fAb-stimulated phagocytic activation of BV2 cells.
Copper exposure (0.5 mM) for 24 h significantly reduced the
number of BV2 cells that phagocytosed microbeads following
the stimulation by 0.5 mM fAb (Figure 3A). The expressions
of YM-1 and arginase-1, markers for phagocytic activation

FIG. 2. Copper exposure significantly inhibits fAb-induced phagocytosis by BV2 cells. BV2 cells were exposed to various concentrations (0, 0.1, 0.5, 1, 5, 10, 20, 100 mM) of

copper for 3 or 24 h followed by 1-h exposure to 0.5 or 5 mM fAb or 1 mg/ml LPS to stimulate phagocytosis. A, Phagocytic activation of BV2 cells and toxicity assay follow-

ing the 3-h copper exposure and 0.5 mM fAb stimulation. B, Phagocytic activation of BV2 cells and toxicity assay following the 24-h copper exposure and 0.5 mM fAb stim-

ulation. C, Phagocytic activation of BV2 cells and toxicity assay following the 3-h copper exposure and 5 mM fAb stimulation. D, Phagocytic activation of BV2 cells and

toxicity assay following the 24-h copper exposure and 5 mM fAb stimulation. Each graph represents mean 6 SEM of 3 separate experiments in triplicates (n ¼ 9).

Veh ¼ vehicle control (no stimulation). *P < 0.05 or **P < 0.01 compared to the corresponding stimulating agent (fAb or LPS) alone.
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(Latta et al., 2015; Medeiros et al., 2013), were also reduced in the
copper/fAb-exposed BV2 cells (Figure 3B). In addition, the acti-
vation of spleen tyrosine kinase (SYK) and subsequent tyrosine
phosphorylation have been reported in immune cells during
phagocytic activation, and pharmacological inhibition of SYK or
Src tyrosine kinases significantly impairs Ab-elicited phagocytic
activation (Greenberg et al., 1993; Koenigsknecht and Landreth,
2004). The exposure of fAb significantly increased phosphoryla-
tion of SYK while the pre-exposure to copper in 2 concentra-
tions (0.5 and 1 mM) significantly inhibited the activation of SYK
(Figure 3C). Copper alone was not different from the control
level (data not shown). Collectively, these data strongly sup-
ported that copper interfered with the fAb-induced phagocytic
activation pathway in BV2 cells.

The perturbed inflammatory activation of BV2 cells follow-
ing the copper exposure was also evident by the selected in-
flammatory cytokine profile in the conditioned media. Cytokine
arrays (TNFa, IFNc, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, and
KC) identified several cytokines were significantly altered in the
presence of copper. These cytokines were secreted into condi-
tioned media with wide ranges. The actual concentration of
each cytokine found in the control-conditioned media from the
3-h study is following: TNFa (11.62 pg/ml), IFNc (0.0703 pg/ml),
IL-1b (0.142 pg/ml), IL-2 (0.581 pg/ml), IL-4 (0.643 pg/ml), IL-5
(1.33 pg/ml), IL-6 (13.37 pg/ml), IL-10 (0.947 pg/ml), IL-12
(13.38 pg/ml), and KC (0.259 pg/ml). The actual concentration of
each cytokine found in the control-conditioned media from the
24-h study is following: TNFa (22.64 pg/ml), IFNc (0.0255 pg/ml),
IL-1b (0.09 pg/ml), IL-2 (0.436 pg/ml), IL-4 (0.171 pg/ml), IL-5
(1.20 pg/ml), IL-6 (13.85 pg/ml), IL-10 (0.81 pg/ml), IL-12 (14.37 pg/
ml), and KC (0.304 pg/ml). Pro-inflammatory cytokines, IL-1b

and TNFa, were significantly elevated in BV2 cells exposed to
0.5 mM copper 3-h or 24-h prior to fAb exposure (0.5 mM), while
anti-inflammatory cytokine, IL-4, was significantly downregu-
lated (Figure 4A and B). Copper alone was not different from
control levels in BV2 cells (data not shown). Together, these
findings showed that the copper exposure triggered pro-inflam-
matory activation of BV2 cells.

Down-Regulation of Endothelial LRP1 Following the
Secretion of ProInflammatory Cytokines

A recent in vivo study by Singh and colleagues unveiled that the
trace amount of copper exposure down-regulates LRP1 in brain
capillaries, resulting in impairment of LRP1-mediated Ab clear-
ance (Singh et al., 2013). We have confirmed that 24 h of copper
exposure significantly decreased the steady-state levels of LRP1
in human primary microvascular endothelial cells (MVECs) in a
concentration-dependent manner (Figure 5A). This effect of
copper on LRP1 was evident at 0.5 mM or higher concentration of
copper in the growth media for 24 h, which was higher concen-
tration than that in previously reported conditions (Singh et al.,
2013). This was probably in part because our growth media con-
tained sera, which might decrease the bioavailability of free
copper in the media. The reduction of LRP1 by copper appeared
to be specific as transferrin receptor (TfR), another cell surface
receptor abundantly expressed in the endothelial cells, was not
affected in MVECs (Figure 5B).

Interestingly, we identified that not only copper by itself, but
also pro-inflammatory cytokines significantly down-regulated
LRP1 levels in these endothelial cells. When human recombi-
nant pro-inflammatory cytokines, IL-1b, IL-6, and TNFa, were

FIG. 3. Copper exposure suppresses phagocytic markers and inactivates SYK in BV2 cells. A, Phagocytic assay by fluorescent microbeads demonstrates a significant re-

duction of BV2 cell population that takes up more than 3 beads per cell in the 24-h copper (0.5 mM) exposure followed by 0.5 mM fAb stimulation for 1 h. Each graph rep-

resents mean 6 SEM of 3 separate experiments in triplicates (n ¼ 9). *P < 0.05 compared to the fAb-stimulated group. B, The expression of YM-1 and Arg-1 in 0.5 mM fAb

alone or copper (0.5 mM, 24 h) exposure followed by 0.5 mM fAb stimulation for 1 h. Each graph represents mean 6 S.E.M. of 3 separate experiments in triplicates (n ¼ 9).

*P < 0.05 compared to the fAb-stimulated group. C, Immunoblot analysis of phospho-SYK in BV2 cells. The band intensity of phospho-SYK or total SYK was first nor-

malized by tubulin, then the ratio phospho-SYK/total SYK was calculated. Each graph represents mean 6 S.E.M. of 2 separate experiments in triplicates (n ¼ 6). *P <

0.05 or **P < 0.01 compared to the fAb-stimulated group, #P < 0.05 compared to the control group.
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individually applied to MVECs at various concentrations
(0.001–1 ng/ml) for 24 h, the steady-state levels of LRP1 were
markedly down-regulated in a concentration-dependent man-
ner (Figure 5C). TNFa appeared to be the most potent cytokine
to down-regulate LRP1, followed by IL-1b and IL-6.

Recent evidence suggests that copper promotes proteasome-
mediated degradation of LRP1 in the endothelial cells (Singh
et al., 2013). To test whether not only copper- but also IL-1 b-, IL-
6-, and TNFa-induced loss of LRP1 was mediated by the activa-
tion of proteasome degradation, we co-treated MVECs with pro-
teasome inhibitors, MG-132 (0.5 mM, Supplementary Figure 1) or
lactacystein (5 mM, Supplementary Figure 1), for 24 h with copper
(0.5 mM), IL-1b (1 ng/ml), IL-6 (1 ng/ml), or TNFa (1 ng/ml).
Interestingly, we observed a partial restoration of LRP1 when
proteasome inhibitors were applied with copper in MVECs
(Figures 6A and B). However, inhibition of proteasome did not
restore cytokine-induced downregulation of LRP1 (Figures 6A
and B). We also examined whether copper- or cytokine-induced
loss of LRP1 in MVEC was mediated by lysosomal degradation.
Co-treatment of lysosomal inhibitor, chloroquine (CHQ, 50 mM)
did not rescue LRP1 (Figure 6C). CHQ treatment alone signifi-
cantly down-regulated LRP1, suggesting long-term lysosome in-
hibition had adverse effects.

Copper Exposure Exacerbates AD-like Neuropathology in
3xTg-AD Model

We have previously reported the impact of copper-containing
drinking water on 3xTg-AD mouse model of AD (Kitazawa et al.,
2009). We analyzed inflammatory components and microglial ac-
tivation on these copper-exposed mouse brains and found early
signs of clusters of activated microglia and significant elevation
of IL-1b and TNFa at as early as 3 months of copper exposure,
preceding Ab plaque pathology in the brain (Figure 7A). At 9
months exposure, a clear increase in Ab plaque pathology was
observed in 3xTg-AD mice receiving copper-containing drinking
water (Kitazawa et al., 2009). Both astrocytes and microglia were
highly activated around plaques, yet phagocytically active micro-
glia appeared to be markedly reduced in the copper exposed
mice as indicated by reduced number of activated microglia co-
immunostained with 6E10 antibody (Figure 7B). Immunoblot
analysis of brain homogenates also revealed a marked reduction
of phospho-SYK, an indication of active SYK, in the copper-ex-
posed group (P< 0.01, Figure 7C), confirming impairment
of microglial phagocytic activation in copper-exposed mice.

A significant down-regulation of LRP1 in the brain was not de-
tected until 12 months of copper exposure to these mice (Figure
7D). Multiplex analysis of pro-inflammatory cytokines in these
brain homogenates showed significant increases of IL-1b and
TNFa, but not IL-6 (Figure 7E). In our in vitro studies, these pro-in-
flammatory cytokines, especially IL-1b and TNFa, had a robust
impact on LRP1 expression in MVECs, suggesting that the loss of
LRP1 and impairment of microglial phagocytic activation to-
gether acted as a vicious cycle to exacerbate a pathological
buildup of Ab in the brain of mice that were chronically exposed
to copper-containing water. Collectively, our in vitro and in vivo
findings strongly suggest that copper significantly dysregulates
phagocytosis and neuroinflammation at early stages, leading to a
loss of LRP1 in the endothelial cells, and an accelerated buildup
of Ab in the brain.

DISCUSSION

Our study has demonstrated that the exposure to copper primes
macrophage/microglia cell to inhibit its phagocytic phenotype
and activate pro-inflammatory cytokine release upon Ab

stimulation, presumably through inactivation of SYK, a master
regulator of inflammatory and immune responses in the
cell (Tohyama and Yamamura, 2009). Increased secretion of
pro-inflammatory cytokines, IL-1b, IL-6, and TNFa contribute
significantly to the downregulation of endothelial LRP1 in vitro.
Interestingly, the molecular mechanism of cytokine-mediated
loss of LRP1 in MVECs may be distinct from that of
copper-mediated loss of LRP1 as it was not rescued by protea-
some inhibitors. Further studies are needed to clarify its
mechanisms.

Impairment of phagocytosis and loss of endothelial LRP1
may facilitate pathological buildup of Ab (Kiyota et al., 2012;
Storck et al., 2016). Results from our study, together with previ-
ously reported findings, have unveiled multifactorial mecha-
nisms of copper on neuroinflammation and Ab deposition in
the brain, and mechanistically supported the exposure to cop-
per increases the risk of developing AD throughout the life. In
humans, aging, the most prominent risk factor for AD, is known
to decrease the brain LRP1 and LRP1-mediated transcytotic
clearance of Ab (Shibata et al., 2000; Silverberg et al., 2010).
Decreased levels of LRP1 are also found in AD brains and are in-
versely proportional to the Ab burden (Deane et al., 2008; Kang
et al., 2000; Jeynes and Provias, 2008). Environmental copper ex-
posure and inflammation are now known trigger to reduce

FIG. 4. Copper exposure activates pro-inflammatory responses in BV2 cells when stimulated with fAb. Conditioned media were collected and quantitatively analyzed

for selected pro- and anti-inflammatory cytokines released from BV2 cells after 1-h fAb (0.5 mM) stimulation. A, BV2 cells pre-exposed to 0.5 mM copper for 3 h or B, BV2

cells pre-exposed to 0.5 mM copper for 24 h. Each graph represents mean 6 S.E.M. of 3 separate experiments in triplicates (n ¼ 9). *P < 0.05 compared to the fAb-stimu-

lated group without pre-exposure to copper (open bar).
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FIG. 5. Copper and pro-inflammatory cytokines down-regulate LRP1 in microvascular endothelial cells. Human primary microvascular endothelial cells (MVECs) were

exposed to copper or human recombinant IL-1b, IL-6 or TNFa for 24 h, and the steady-state levels of LRP1 was quantitatively measured by immunoblot. A, Copper

down-regulates LRP1 in MVECs in a concentration-dependent manner. B, Transferrin receptor (TfR) was not altered in MVEC exposed to copper. C, IL-1b, IL-6 or TNFa

alone also significantly down-regulates LRP1 in MVECs in a concentration-dependent manner. Each graph represents mean 6 S.E.M. of 3 separate experiments (n ¼ 6–

9). *P < 0.05 or **P < 0.01 compared to the control group.
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endothelial LRP1 and increase the risk for AD. We have con-
firmed the mechanism of copper-mediated loss of LRP1 as pro-
teasome-dependent, as previously reported (Singh et al., 2013).
Interestingly, cytokine-mediated loss of LRP1 is proteasome- or
lysosome-independent. Further studies will be required to un-
veil the underlying mechanism of cytokine-mediated down-reg-
ulation of LRP1. In animal models, environmental enrichment is
shown to increase the expression of LRP1 and reduced brain Ab

levels (Herring et al., 2008). Taken together, environmental im-
pact on brain LRP1 may significantly influence the onset of AD
throughout the life.

Inflammation has recently gained much attentions in the
field of AD. While epidemiological studies have long supported
the use of anti-inflammatory medications to lower the risk for
AD (Szekely and Zandi, 2010), its cellular and molecular mecha-
nisms still remain to be fully elucidated. Studies from animal
models have mixed results, suggesting complex, multifactorial
inflammatory cascades in the brain. For example, acute activa-
tion of brain inflammation attenuates Ab pathology (DiCarlo
et al., 2001; Herber et al., 2007), while chronic disturbance of in-
flammation exacerbates AD-like neuropathology in animal
models (Kitazawa et al., 2005; Sheng et al., 2003). Selective over-
expression or inhibition of particular cytokine, such as IL-1b,
TNFa, IL-6, IFNc, or IL-10, differentially affect the phenotypic be-
havior of microglia in complicated manners and modulate AD-
like neuropathology in mice (Chakrabarty et al., 2010;
Chakrabarty et al., 2015; Ghosh et al., 2013; Heneka et al., 2013;
Kitazawa et al., 2011; Kiyota et al., 2012). We cannot exclude a
possibility that the strain and age of mice, transgenes, and other
factors may influence the phenotypes, behaviors and responses
to these cytokines.

The involvement of heavy metals in the increased risk for
AD has long been discussed. We have previously exposed 3xTg-
AD mouse model to copper-containing drinking water for a pe-
riod of 3–12 months (Kitazawa et al., 2009). Although the dose of
copper used in this experiment was much higher than that is al-
lowed through drinking water in humans by EPA, we found the
levels of APP and BACE were significantly increased in the brain,
suggesting that upregulation of APP processing and increased
production of Ab caused exacerbation of AD-like pathology in
mice received copper-containing water. Even in more environ-
mentally-relevant doses, chronic exposure to copper through
drinking water exhibits robust phenotypic and pathological re-
sults (Singh et al., 2013; Sparks et al., 2006; Sparks and Schreurs,
2003). Interestingly, however, chronic exposure to high levels of
copper in drinking water in APP23 mice attenuated the genera-
tion and toxicity of reactive oxygen species (ROS) and Ab pla-
ques in the brain by stabilizing copper/zinc superoxide
dismutase (Cu/Zn SOD) (Bayer et al., 2003). While no convincing
explanation or mechanism to support all findings in copper and
AD is currently available, it is not surprising that copper exhibits
such beneficial effects as it is an essential heavy metal.
However, dyshomeostasis of brain copper levels likely contrib-
utes to the pathogenesis of AD as clearance and redistribution
of copper by metal chelators, such as clioquinol or trientine, ef-
fectively reduced the Ab plaque formation in mouse models of
AD (Cherny et al., 2001; Wang et al., 2013). Collectively, these
in vivo studies clearly indicate the impact of chronic copper tox-
icity on Ab production and clearance, hence increasing the risk
for developing AD.

The pathogenic impact of environmental risk factors includ-
ing chronic copper exposure on developing AD still remains
controversial. Growing evidence supports low-level, life-long
copper exposure from drinking water may have significant ad-
verse effect and increase the onset of sporadic AD in subset of
the patients. It is also important to investigate whether any par-
ticular risk genes and environmental factors synergistically fa-
cilitate Ab deposition and neurodegeneration. While definitive
causes of and effective treatment strategies for AD remain to be
discovered, restoration of brain LRP1 or inflammatory
homeostasis through life may potentially reduce the risk of de-
veloping AD.

FIG. 6. Cytokine-induced downregulation of LRP1 is not mediated by protea-

some degradation. A, MVECs were exposed to copper, IL-1b, IL-6 or TNFa in the

presence or absence of proteasome inhibitors, MG-132 (0.5 mM, A) or lactacystin

(5 mM, B), for 24 h, and the steady-state levels of LRP1 were measured. The graph

represents mean 6 S.E.M. of 3 separate experiments (n ¼ 8–11). *P < 0.05 com-

pared to the group without proteasome inhibitor. C, MVECs were exposed to

copper, IL-1b, IL-6 or TNFa in the presence or absence of a lysosomal inhibitor,

CHQ, for 24 h, and the steady-state levels of LRP1 were measured. The graph rep-

resents mean 6 S.E.M. of 3 separate experiments in duplicates (n ¼ 6). No signifi-

cance was observed.
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FIG. 7. Aberrant activation of neuroinflammation in the brain of copper-exposed 3xTg-AD mice. Three months old 3xTg-AD mice were treated with 250 ppm copper-

containing drinking water for 3–12 months. A, The mRNA expression of selected cytokines and phagocytosis markers in the brain after the 3 months of control water

(n ¼ 10, open bars) or copper exposure (n ¼ 10, closed bars). *P < 0.05 compared to the control group. Representative immunofluorescent staining of Iba1-positive micro-

glia in hippocampus of 3xTg-AD mice received control or copper-containing drinking water for 3 months shows early signs of microglial activation. Arrows indicate

the clustering and activating microglia in the absence of Ab plaques in the copper-exposed mice. B, Representative double immunofluorescent staining of Iba1-positive

microglia (red) and 6E10-positive Ab plaques (green) in hippocampus of 3xTg-AD mice received control or copper-containing drinking water for 9 months. Arrows indi-

cate microglia colocalized with 6E10-positive Ab, and arrowheads indicate microglia located nearby Ab plaques but no obvious 6E10-positive Ab within. The graph rep-

resents the percentage of Iba1-positive microglia that colocalize 6E10 positive Ab. *P < 0.05 compared to the control group (n ¼ 5–8). C, The activation of SYK was

determined by immunoblot of phospho-SYK and total SYK in the brain homogenates from 9 months treatment (**P < 0.01 compared to control, n ¼ 4). D, The down-reg-

ulation of brain LRP1 was detected in 3xTg-AD mice exposed to copper-containing drinking water for 12 months (**P < 0.01, control n ¼ 5, copper-exposed n ¼ 8). E,

Brain cytokine levels were measured by ELISA following 12 months copper exposure (n ¼ 6).
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