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Background: Cellular iron efflux occurs via cooperation of ferroportin and a ferroxidase.
Results: Depletion of ferroxidase and ferroportin from human brain microvascular endothelial cells decreases their ability to
efflux iron.
Conclusion: Iron efflux from brain microvascular endothelial cell ferroportin requires exocytoplasmic ferroxidase activity.
Significance: The mechanism of iron efflux from endothelial cells of the blood-brain barrier is fundamental to how iron enters
the brain.

Themechanism(s) of iron flux across the brainmicrovascula-
ture endothelial cells (BMVEC) of the blood-brain barrier
remains unknown. Although both hephaestin (Hp) and the fer-
rous iron permease ferroportin (Fpn) have been identified in
BMVEC, their roles in iron efflux have not been examined.
Using a human BMVEC line (hBMVEC), we have demonstrated
that these proteins are required for iron efflux from these
cells. Expression of both Hp and Fpn protein was confirmed in
hBMVECby immunoblot and indirect immunofluorescence; we
show that hBMVEC express soluble ceruloplasmin (Cp) tran-
script as well. Depletion of endogenous Hp and Cp via copper
chelation leads to the reduction of hBMVEC Fpn protein levels
as well as a complete inhibition of 59Fe efflux. Both hBMVEC
Fpn protein and 59Fe efflux activity are restored upon incuba-
tion with 6.6 nM soluble plasma Cp. These results are indepen-
dent of the source of cell iron, whether delivered as transferrin-
or non-transferrin-bound 59Fe. Our results demonstrate that
iron efflux from hBMVEC Fpn requires the action of an exocy-
toplasmic ferroxidase, which can be either endogenous Hp or
extracellular Cp.

Several neuronal processes require iron such as myelination,
mitochondrial energy generation, cell division, and neurotrans-
mission (1, 2). When not properly regulated, iron can readily
form cell-damaging reactive oxygen species via Fenton chem-
istry (Equation 1) and thus must be tightly regulated by both
cellular and extracellular mechanisms.

FeII � H2O23 FeIII � OH● � OH� (Eq. 1)

To prevent such free radical formation in blood or the intersti-
tial spaces of the brain,mammals have developedways tomain-
tain iron in its less reactive FeIII form. To accomplish this, coor-
dination between several iron-related proteins is required to

safely export FeIII fromcells. Cellular iron efflux occurs through
the FeII transporter ferroportin (Fpn)2 (3, 4); Fpn has been
identified in the brain microvascular endothelial cells
(BMVEC) of the blood-brain barrier (BBB) (5, 6). Upon cellular
iron efflux through Fpn, FeII is oxidized by a multicopper oxi-
dase; two such multicopper oxidases exist in mammals, hepha-
estin (Hp) and ceruloplasmin (Cp) (7–9). Hephaestin is found
co-localized and in functional complex with Fpn on the surface
of mammalian epithelial cells lining the gut (8, 10, 11). The
ferroxidase-generated FeIII becomes bound by a variety of iron-
chelators and proteins found in blood, e.g. transferrin (Tf), fer-
ritin, and citrate; this same cohort of ferric iron ligands are
found in the brain (12). In the brains of sex-linked anemic mice
(sla�/�), which contain mutations in the Hp gene, iron accu-
mulation has been shown in oligodendrocytes of the gray mat-
ter, suggesting a role for Hp in iron efflux from cells of the CNS
(9, 13). Although these mice still accumulate brain iron, they
likely do so via soluble Cp (sCp) present in the interstitial fluid
localized to the abluminal surface of the BMVEC. This sCp can
be provided by astrocytes (14) or, as we demonstrate here, by
hBMVEC. Hp but not Cp has been reported previously in the
BMVEC of the BBB (6, 15, 16).
Brain iron accumulation has been correlated with several

neurological diseases, including Alzheimer and Parkinson dis-
ease (17, 18). Understanding the mechanism of iron transport
across the endothelial cells of the BBB is crucial in developing
an understanding of the pathogenesis of these neurological dis-
eases. Currently, the mechanism of iron transport across the
endothelial cells of the BBB is poorly understood. In onemodel,
serum Tf-iron is transcytosed across the BMVEC followed by
release of Tf-iron or iron alone at the abluminal membrane (18,
19). This model, which has not been experimentally verified,
does not account for the uptake by these cells of non-transfer-
rin-bound iron (20). Our goal in this work was to delineate the
mechanism of iron efflux from BMVEC; we specifically com-
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pared efflux of iron obtained from either Tf-iron (TBI or non-
Tf-bound iron (NTBI).
We demonstrate that Fpn and Hp proteins are expressed by

human BMVEC (hBMVEC). Furthermore, we report here the
presence of the soluble Cp transcript. This is the first example
of the existence of the Cpmessage in the endothelial cells of the
BBB. Depletion of endogenous multi-copper oxidase proteins
via treatment with the copper chelating agent bathrocuproin-
edisulfonic acid disodium salt (BCS) demonstrated that
hBMVEC iron efflux is dependent upon endogenous Fpn and
exocytoplasmic ferroxidase activity. Our results indicate that
endogenous Hp and/or sCp can fulfill the role of ferroxidase in
this iron efflux pathway. The positive correlation between
hBMVEC ferroxidase expression and iron efflux is quantita-
tively the same irrespective of cell iron loading by TBI or NTBI
suggesting that Fpn-dependent efflux predominates in this
monolayer system.

EXPERIMENTAL PROCEDURES

Cell Culture and Reagents—hBMVEC were cultured in
RPMI 1640 with 10% FBS and 10% NuSerum as described pre-
viously (20). Experiments were performed in 33-mm tissue cul-
ture dishes or 24-well tissue culture dishes unless otherwise
specified. Human soluble plasma ceruloplasmin was purchased
from GenWay Biotech, Inc. (San Diego, CA).
Immunoblots—Immunoblots were performed as described

previously with minor changes (20). Briefly, hBMVEC were
harvested with radioimmune precipitation assay buffer plus
protease inhibitors. SDS-PAGE (8%)was used to separate 20�g
of protein per lane. The membrane was blocked 1 h with PBS
3% BSA, incubated with mouse anti-hephaestin (ab56729) or
rabbit anti-SLC40A1 (ferroportin) (ab78066) (Abcam, Inc.,
Cambridge, MA) overnight at 4 °C and then incubated with
secondary anti-HRP antibody (Santa Cruz Biotechnology).
Blots were adjusted for brightness and contrast using Adobe
Photoshop software (version 7.0).
Indirect Immunofluorescence—hBMVEC were fixed for 10

min with 3.7% paraformaldehyde and 4% sucrose in PBS con-
taining 1 mM CaCl2 and 0.5 mM MgCl2. hBMVEC were then
blocked and permeabilized for 1 h in PBS 0.1% Tween 20 with
1% BSA and 0.3 M glycine. Cells were then incubated for 30min
with anti-hephaestin (1:100) or anti-SLC40A1 (1:100) in PBS
1% BSA and then incubated for 30 min with Alexa Fluor 488-
conjugated donkey anti-mouse or goat anti-rabbit (1:1000,
Invitrogen) in PBS 1% BSA. Coverslips were mounted onto
glass slides using SlowFade gold antifade reagent with DAPI
(Invitrogen). Images from at least five different fields of view
were obtained using a Zeiss AxioImager Z1 Axiophot wide-
field fluorescence microscope and Zeiss AxioVision software
(Zeiss, Thornwood, NY). Analyses of relevant fluorescent
intensities were performed using Zeiss AxioVision software
and Prism (version 4.0, GraphPad Software). All fluorescent
intensities were normalized for their respective secondary anti-
body control fluorescent intensities.

59Fe Accumulation and Efflux Assays—All 59Fe uptake and
efflux assays were performed using confluent monolayers of
hBMVEC grown in 24-well tissue culture dishes. Assays were
performed at 37 °C 5%CO2 at 75 rpm.The radionuclide 59FeCl3

was purchased from Perkin-Elmer Life Sciences. HBMVEC
were loaded with 59FeII citrate using a reductase-independent
uptake protocol based on the presence of 5 mM dihydroascor-
bate and 250�Mcitrate. Reactionswere quenchedwith ice-cold
quench buffer as described previously (20) and lysedwith radio-
immune precipitation assay buffer. Lysates were assayed for
59Fe and protein concentration. For efflux assays, hBMVEC
were loaded for 24 h, washed with RPMI 1640 containing 250
�M citrate, and incubated with reagents as noted in each exper-
iment for 0–24 h. Themediumwas collected, and the cells were
quenched and processed as described above.
RT-PCR—Total RNA was extracted from hBMVEC, C6 gli-

oma cells, or HepG2 cells using the TRIzol reagent (Invitrogen)
as per the manufacturer’s instructions. After DNase treatment,
RNA was reverse-transcribed, and PCR was performed using
the Qiagen OneStep RT-PCR kit. Primers used for RT-PCR are
listed in Table 1.
Ferroxidase Assays—hBMVEC were lysed with 0.2% Triton

X-100 for 1 h at 37 °C 5% CO2 at 75 rpm. Lysates were concen-
trated, and 300 �g total protein was used per condition unless
indicated otherwise. Assays were performed in 100 mM MES
buffer, pH 6, 10�M freshly prepared ferrous ammonium sulfate
for 1 h at room temperature. Ferrozine (100�M)was used as the
colorimetric indicator producing an absorbance at 550 nm
when in complex with ferrous iron. All assays were blanked for
iron-only controls.
Other Procedures—Apo-Tf (Sigma-Aldrich) was loaded with

59Fe as described previously (20). Efflux of 59Fe resulting from
59Fe-Tf uptake were performed as described for 59FeII citrate.
Copper chelation was performed with 500 �M BCS (Sigma-
Aldrich) for 24 to 48 h. All statistical analyses were performed
by using Prism software (version 4.0). All counts were normal-
ized for protein concentration obtained at time 0 h.

RESULTS

hBMVEC Efflux Iron Accumulated from59FeII citrate (NTBI)
or 59Fe-transferrin (TBI)—We have demonstrated previously
that hBMVEC readily import 59FeII citrate (20). Prior to inves-
tigating the mechanism of hBMVEC iron efflux, we monitored
the accumulation of 59FeII citrate in an effort to establish an end
point. The accumulation of 59FeII citrate by hBMVEC appears
to plateau after 20 min (Fig. 1A, inset). However, data collected
for up to 24 h indicate that the accumulation of 59FeII citrate by
hBMVEC is biphasic in nature (Fig. 1A). As the end point for
hBMVEC iron accumulation was reached by 24 h, we used this
time frame for hBMVEC iron loading in our subsequent
experiments.
To establish an end point for iron efflux from hBMVEC, cells

were 59Fe-loaded with 59Fe-citrate (NTBI), washed, and incu-
bated with efflux media for 0, 24, or 48 h. hBMVEC exported
59Fe over time, reaching an apparent end point during the first
24 h of the assay (data not shown). hBMVEC lost 35.4� 3.2% of
their cell-associated 59Fe after 24 h (Fig. 1B, open bar). Efflux
assayswere performed also after loading hBMVECwith 59Fe-Tf
(TBI). A similar loss of cell-associated 59Fe after 24 h was
observed (34.9 � 0.2%) (Fig. 1B, filled bar). These data show
that hBMVEC accumulate and efflux 59Fe presented in both
transferrin-bound and non-transferrin-bound forms.

Mechanism of Brain Microvascular Endothelial Cell Iron Efflux

JUNE 14, 2013 • VOLUME 288 • NUMBER 24 JOURNAL OF BIOLOGICAL CHEMISTRY 17933



Hp, Fpn, and sCp Are Expressed by hBMVEC—The mecha-
nism of cellular iron efflux from intestinal (21) and lens epithe-
lial cells (22), macrophages (23), and oligodendrocytes (13)
involves the functional cooperation of Fpn and an exocytoplas-
mic ferroxidase, either Hp or Cp. We propose that the same
mechanism of iron efflux is true for hBMVEC. To test this, we
first used Western blot to demonstrate expression of both Hp
and Fpn as well as to establish the specificity of the antibodies,
whichwe used throughout. The Caco-2 intestinal epithelial cell
line was used as a positive control in our immunoblots. Caco-2
cells express both Hp and Fpn and have been established as a
model for iron transport across the intestinal barrier (21, 24,
25). A distinct band at �130 kDa is observed on immunoblots
of Caco-2 and hBMVEC extracts probed for Hp; two distinct
bands are observed at �63 and 70 kDa when probed for Fpn
(Fig. 1C). HepG2 cells were used as a negative control for Fpn
antibody specificity in our immunoblots. HepG2 cells express
minimal Fpn (26). As a negative control for Hp antibody, C6
glioma cells were used (Fig. 1C). Transcripts for both Hp and
Fpn were also identified in hBMVEC via RT-PCR (Fig. 1D).

Two isoforms of Cp have been identified in mammals, glyco-
phosphatidylinositol-anchored Cp (GPI-Cp) and sCp. Further
examination of the hBMVEC Cp message revealed that the
transcript encoding sCp is expressed in this cell type (Fig. 1D).
Primers used for RT-PCR are given in Table 1.
Hp and Fpn Are Co-localized to the Plasma Membrane of

hBMVEC—We utilized indirect immunofluorescence with
confocal microscopy to demonstrate subcellular localization of
Hp and Fpn in hBMVECmonolayers. Both Fpn and Hp appear
to be localized to the plasmamembrane of hBMVEC; however,
significant cytosolic staining of Fpn was observed in these cells
as well (Fig. 2A). Merged images of Hp and Fpn demonstrated
detectable co-localization of the two antigens in hBMVECwith
this co-localization principally confined to the plasma mem-
brane (Fig. 2A). High resolution images demonstrated that Hp
presented with strict basolateral localization in the hBMVEC
monolayers; in contrast, Fpn was visualized on both the cell
surface and in the cytosol (Fig. 2B). Given the apparent diffuse
Fpn localization in hBMVEC (Fig. 2B), we utilized HepG2 cells
as a negative control for these indirect immunofluorescence

FIGURE 1. hBMVEC, which express Hp, sCp, and Fpn, readily accumulate and efflux iron. A, hBMVEC accumulation of 0.5 �M
59FeII citrate plus ascorbate

over a 24-h period. Inset illustrates the first 1 h of accumulation. Time 0 h is subtracted from all data points (n � 6, experimental replicates). B, 59Fe efflux assays
were performed using hBMVEC cell pellets loaded for 24 h with 59FeII citrate plus ascorbate (open) or 59Fe-Tf (filled). hBMVEC pellets were harvested after
allowing 24 h for 59Fe efflux. Data are represented as the percent loss of cell-associated 59Fe with respect to time 0 h. Data are represented as means � S.D. (n �
4 – 8, experimental replicates). C, immunoblots from whole cell lysates of C6 glioma, HepG2, Caco-2 cells, and hBMVEC were probed for either Hp or Fpn.
Respective molecular weights are indicated to the right of the blots. Each lane was loaded with 20 �g of total protein. D, total RNA was collected from hBMVEC
cells, and RT-PCR was performed to amplify Hp, Fpn, and Cp transcripts. Isoform-specific primers were used to amplify human soluble Cp from hBMVEC total
RNA.

TABLE 1
Primer list used for RT-PCR

Transcript Forward primer Reverse primer

Hephaestin GGATGCATGCAATCAATGG CATCTTGAAAGGCTTCATATCG
Ferroportin CAGGGACTGAGTGGTTCCAT GGAGATTATGGGGACGGATT
Secreted (soluble) ceruloplasmin TCCCTGGAACATACCAAACC CCAATTTATTTCATTCAGCCGA
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studies. Indeed, compared with the HepG2 control, the Fpn
antibody specifically binds antigen on the hBMVEC plasma
membrane (Fig. 2C).
Copper Chelation Depletes hBMVEC Hp Protein Abundance—

To assess the contribution of Hp and/or sCp to hBMVEC iron
efflux, we first stimulated the loss of ferroxidase in vitro by
incubating hBMVECwith the copper chelating agent BCS (500
�M). Cellular copper depletion causes the loss of endogenous
multicopper oxidase activity (8, 27). Comparison of indirect
immunofluorescence images of BCS-treated to those of control
cells indicated that the overall abundance of Hp in BCS-treated
hBMVECwas decreased (Fig. 3A). To quantify the effect of BCS
treatment on hBMVEC Hp expression, indirect immunofluo-
rescence images taken from five separate fields of view were
analyzed for their average fluorescent intensity. This analysis
demonstrated that BCS-treated hBMVEC displayed decreased
average fluorescence intensity when probed forHp (Fig. 3B). As
shown, there was a partial recovery of Hp after 48 h of BCS
treatment. This pattern is addressed under the “Discussion.”
hBMVEC Fpn Expression Is Decreased upon Loss of Endoge-

nous Ferroxidase via BCS Treatment—In the absence of fer-
roxidase activity, e.g. with BCS treatment, Fpn is lost from the
plasma membrane of cells (8, 27). Thus, we hypothesized that

Fpn expression also would be diminished upon BCS treatment.
BCS-treated and -untreated hBMVECwere probed for Fpn and
analyzed via indirect immunofluorescence. Qualitative assess-
ment of the images as above revealed a decrease in overall Fpn
abundance in BCS-treated hBMVEC (Fig. 4A); quantitatively,
the average fluorescent intensity of hBMVEC Fpn was signifi-
cantly diminished as well (Fig. 4D). As observed for Hp, Fpn
partially recovered 48h after treatment (Fig. 4D). The decrease
in hBMVECFpn abundance upon treatmentwithBCSwas con-
firmed by Western blot (Fig. 4B). In using BCS, of course, we
cannot exclude the possibility that the effects on Fpn abun-
dance are, to some extent, unrelated to the loss of cell Cp and
Hp.
Addition of 6.6 nM soluble human plasma Cp (sCp) in the

presence of BCS stabilized Fpn protein abundance in hBMVEC
(Figs. 4A and 4E); this positive effect on Fpn due to added sCp
was confirmed byWestern blot (Fig. 4B). This concentration of
sCp has been used previously to effectively stimulate iron efflux
from cells depleted of their endogenous ferroxidase activity (7).
In these experiments, sCp was added 24 h after BCS treatment
was initiated to limit a possible thermal loss of sCp activity due
to an extended incubation at 37 °C (28). The endogenous fer-
roxidase activity that was present in hBMVEC lysates was lost

FIGURE 2. Hp and Fpn are co-localized to the cell surface of hBMVEC. A, hBMVEC monolayers were grown on glass coverslips and were processed for indirect
immunofluorescence by confocal microscopy probing for Hp and Fpn. DAPI (blue) stains the nucleus. Circles highlight areas of Hp and Fpn co-localization in the
merged image of hBMVEC. B, confocal microscopy performed on hBMVEC probed for Hp or Fpn was used to delineate polarized localization of these proteins.
Side views demonstrate polarity in the case of Hp but not Fpn. Apical and basal surfaces are indicated to the right of the images. DAPI (blue) stains the nucleus.
C, hBMVEC and HepG2 (negative control) monolayers were processed for indirect immunofluorescence probing for Fpn. DAPI (blue) stains the nucleus.
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when hBMVECwere treatedwith BCS or BCS plus sCp for 24 h
(Fig. 4C). These data suggest that the positive effect on Fpn due
to sCp addition was correlated with the added sCp and not to a
sCp-induced recovery of hBMVEC Hp.
Iron Efflux from hBMVEC Fpn Requires the Action of an Exo-

cytoplasmic Ferroxidase—We hypothesized that depletion of
Hp and sCp from hBMVEC due to BCS treatment would result
in a reduced capacity for iron efflux. BCS has been used previ-
ously to knock down ferroxidase-catalyzed cellular iron mobi-
lization (8). hBMVEC treated with 500 �M BCS and 0.5 �M
59FeII citrate plus ascorbate retained more 59Fe over 24 h than
did BCS-untreated hBMVEC (Fig. 5A). Increased retention of
59Fe in BCS-treated hBMVEC as compared with untreated
hBMVECwas also observedwhen 59Fe-Tfwas used as substrate

for loading (Fig. 5B). The increased cellular retention of 59Fe in
the presence of BCS could be due to either increased 59Fe
uptake or decreased 59Fe efflux.

To delineate between these two potential mechanisms of
hBMVEC 59Fe retention, we utilized 59Fe efflux assays along
with BCS treatment. Treatment of hBMVECwith BCS resulted
in the complete inhibition of 59Fe efflux (Fig. 6A). Soluble Cp
partially restored 59Fe efflux from BCS-treated hBMVEC (Fig.
6A). BCS-treated hBMVEC loaded with 59Fe-Tf exhibited a
similar pattern of 59Fe efflux; efflux was knocked down by BCS
treatment with sCp supporting a 78% recovery (Fig. 6B). We
infer from these data that BCS reduced the rate of 59Fe efflux
from hBMVEC rather than inhibiting iron uptake. Taken
together, these data suggest that 59Fe efflux fromhBMVECFpn
is potentiated by an exocytoplasmic ferroxidase regardless of its
association with the plasma membrane, an effect likely associ-
ated with the restoration/stabilization of Fpn in themembrane.
This pattern was the same whether TBI or NTBI was the 59Fe
source used to load the cells.
We next assessed the possible contribution of sCp secreted

by hBMVEC to the stimulation of Fpn-dependent 59Fe efflux.
To do this, we applied fresh medium to a hBMVECmonolayer
and incubated for 24 h to condition the media with the compo-
nents of the hBMVEC secretome, including sCp. We collected
the hBMVEC-conditionedmedia and applied it to BCS-treated
hBMVEC, which had been loaded with 59FeII citrate for 24 h.
Efflux was monitored over 24 h in the continued presence of
BCS. Indeed, although sCp restored efflux by 24% (Fig. 6A)
hBMVEC-conditioned media also had a positive effect on iron
efflux (13% recovery, Fig. 6C). These results suggest the likeli-
hood that hBMVEC sCp does contribute to overall Fpn-depen-
dent iron efflux from these cells.

DISCUSSION

In this work, we focused on the roles of Fpn and Hp in iron
efflux from hBMVEC. Our first finding was that quantitatively,
efflux and its dependence on a ferroxidase and Fpn are inde-
pendent of the iron substrate (59Fe-citrate or 59Fe-Tf) used for
hBMVEC 59Fe loading. The data indicate that the 59Fe obtained
from these two substrates appears to follow the same efflux
pathway in this model system. The most significant result
shown is that efflux from BCS-treated cells loaded with 59Fe-Tf
exhibit no iron efflux. Thus, at least in the experimental para-
digm described here, we found no evidence for detectable
59Fe-Tf recycling.

Iron efflux in mammals generally occurs via the cooperation
of Fpn and amulticopper oxidase. Both Fpn and the ferroxidase
Hp have been identified at the transcript and protein level in
BMVEC (5, 6). We confirmed these observations in our
hBMVEC model system (Figs. 1 and 2). Furthermore, we dem-
onstrated that Hp and Fpn are colocalized to the plasma mem-
brane of hBMVEC, an observation that correlates with the bulk
of the literature regarding Hp and Fpn subcellular localization
(11).
Cooperation of Fpn and Hp in supporting iron export from

cells endogenous to the CNS has been demonstrated previously
(13, 29). Here, we have presented evidence that Fpn and Hp
cooperate in the process by which iron is released from the

FIGURE 3. Copper chelation depletes hBMVEC of endogenous Hp. A, indi-
rect immunofluorescence was used to investigate the abundance of Hp pro-
tein in BCS-treated and untreated hBMVEC. hBMVEC were treated with 500
�M BCS for 24 – 48 h. Secondary antibody only controls are shown. DAPI (blue)
stains the nucleus. Scale bar represents 10 �m. B, average (Avg) fluorescent
intensity from at least five separate fields of view were taken from each con-
dition at each time point and were normalized for their respective secondary
only control average fluorescent intensities. A series of paired t tests were
used to analyze the data from each time point. *, p � 0.05 and **, p � 0.005.
Data are represented as means � S.D. (n � 5, technical replicates).
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barrier cells of the brain, the BMVEC; note that the polarity of
this efflux could not be determined in our monolayer system.
Wehave investigated the roles ofHp, sCp, and Fpn in hBMVEC
iron efflux using the copper-chelating agent BCS. Decreased
intracellular copper levels results in an increase in the turnover
of mature endogenous Hp due to an abrogation of copper
incorporation into the newly synthesized protein (30). Exami-
nation of rats with perinatal copper deficiency revealed
decreased plasma and brain iron concentrations as compared

with copper sufficient controls, indicating a role for multicop-
per oxidases in systemic iron trafficking (31).
In the absence of a ferroxidase (via BCS treatment), there

is a reported hepcidin-independent internalization of Fpn
from the cell surface of both HeLa and C6 glioma cells (8, 27).
In glioma cells, the ferroxidase lost is GPI-linked Cp. This
effect has been paired with a loss in iron efflux from these
cells (8). Here, we have shown Hp and Fpn depletion from
BCS-treated hBMVEC via quantification of the relative

FIGURE 4. Exocytoplasmic ferroxidase activity stabilizes hBMVEC Fpn but not Hp abundance in the presence of BCS. A, indirect immunofluorescence
was used to investigate the abundance of Fpn protein in BCS-treated and untreated hBMVEC. hBMVEC were treated with 500 �M BCS for 24 – 48 h. Additionally,
recovery of Fpn protein abundance in BCS-treated hBMVEC by ferroxidase-active sCp (6.6 nM) was investigated. Fresh sCp was added to media during the final
24 h of BCS treatment. Insets depict secondary antibody only controls. DAPI (blue) stains the nucleus. Scale bar represents 10 �m. B, immunoblot depicting Fpn
abundance in hBMVEC lysates (20 �g of protein per lane). hBMVEC were incubated for 24 h without BCS, with BCS, or with BCS plus sCp (6.6 nM) for an additional
24 h before lysis. C, ferroxidase assays were used to investigate the abundance of endogenous ferroxidase activity in hBMVEC lysates. hBMVEC were treated for
24 h without BCS, with BCS, or with BCS plus sCp (6.6 nM) for an additional 24 h. Ferroxidase activity is indicated by the fraction of FeII remaining as detected by
formation of the Fe(II)-ferrozine complex (n � 3, experimental replicates). D and E, samples from A were used to quantify average fluorescent intensities from
at least five separate fields of view from each condition at each time point and were normalized for their respective secondary only control average fluorescent
intensities. Significance of the data (C) was assessed using one-way analysis of variance parameters. A series of paired t tests were used to analyze the data from
each time point in D and E. *, p � 0.005; **, p � 0.001; ***, p � 0.0001. Data are represented as means � S.D. (A, D, and E, n � 5, technical replicates).
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fluorescent intensity of indirect immunofluorescent images
(Figs. 3 and 4); a loss in BCS-treated hBMVEC 59Fe-efflux
was also observed (Fig. 6).
Ferroportin mRNA contains a 5�-UTR iron-responsive ele-

ment (32). Binding of the iron regulatory protein 1 to the iron-
responsive element under low cytosolic iron conditions post-
transcriptionally regulates the expression of Fpn by repressing

the translation initiation of the transcript (33). Under condi-
tions of high intracellular iron, as created by the inhibition of
iron efflux activity via BCS treatment, the iron regulatory pro-
tein no longer associates with the Fpn iron-responsive element,
allowing for translation initiation of the transcript. Although
Fpnprotein is turned over in the absence of a ferroxidase (8, 27),
the increased translation initiation of the transcript may
account for the subtle recovery of hBMVEC Fpn seen after 48 h
of BCS treatment (Fig. 4). Increased turnover of Fpn in the
absence of a ferroxidase does not mean that newly synthesized
protein is not trafficked to the membrane; the increased turn-
over results from internalization due to increased ubiquitina-
tion (34).
The loss of Fpn protein inC6 glioma cells depleted of ferroxi-

dase activity (GPI-Cp) can be reversed via the addition of exog-
enous ferroxidase activity (8). The most likely candidate fer-
roxidase in the blood and interstitial spaces of the brain is sCp.
Soluble Cp in the blood is secreted primarily by hepatocytes
(35). We have demonstrated that sCp transcript is present in
hBMVEC (Fig. 1D). This is the first example of Cp message in
the endothelial cells of the BBB; this result suggests that
BMVEC may be a source of brain sCp.
Soluble Cp exists in concentrations ranging from 1.6–3.4�M

in the blood and 5.8–6.8 nM in the cerebrospinal fluid (12). A
concentration of 6.6 nM sCp, the concentration we have used
here, effectively stimulates iron efflux from cells depleted of
their endogenous ferroxidase activity (7). At this concentration,
sCp significantly increased the abundance of Fpn protein in
BCS-treated hBMVEC (Fig. 4). The restoration of hBMVEC
Fpn protein abundance in conjunction with the ferroxidase
activity provided by sCp significantly increased the ability of
BCS-treated hBMVEC to efflux 59Fe (Fig. 6); such activity was
also provided by hBMVEC-secreted sCp (Fig. 6C). Our data
suggest that Fpn and exocytoplasmic ferroxidase activity are
required for 59Fe efflux from hBMVEC. This ferroxidase activ-
ity can be provided by either a cell endogenous (Hp) or exoge-
nous (sCp) ferroxidase protein.
Soluble Cp more effectively stimulated iron efflux from

hBMVEC loaded with iron-Tf than with iron citrate (Fig. 6).
This difference may be due to the fact that more iron is accu-
mulated and retained in hBMVEC when loaded with Tf-iron
than iron citrate, thus creating an iron gradient within the cells
(Fig. 5). This gradient provides a stronger driving force for
efflux initiated upon the recovery of Fpn due to the addition of
exogenous sCp.
Functionally, Cp protein in the CNS and in the peripheral

circulation is similar; however, in the brain and a few other
tissues, a post-translational modification yields a GPI anchor
that attaches the protein to the extracellular surface of the cell
in which it is expressed (36–38). In the CNS, GPI-Cp is highly
concentrated to astrocytes (15, 36, 39) where an interaction
with Fpn has been observed (7); themajority of these astrocytes
neighbor BMVEC (39, 40). We demonstrated that sCp can
stimulate hBMVEC 59Fe efflux (Fig. 6). Our data suggest the
possibility that in the intact brain, astrocyte GPI-Cp or BMVEC
sCp could support iron efflux through Fpn even in the absence
of BMVECHp as seen in the sla�/� mouse in which iron accu-

FIGURE 5. Copper chelation increases hBMVEC iron retention. A, hBMVEC-
associated 59Fe after loading for 24 h with 0.5 �M

59FeII citrate plus ascorbate
in the presence or absence of 500 �M BCS. B, hBMVEC-associated 59Fe after
loading for 24 h with 59Fe-Tf plus citrate in the presence or absence of 500 �M

BCS. A series of paired t tests were used to analyze the data. *, p � 0.05 and **,
p � 0.005. Data are represented as means � S.D. (n � 4 – 8, experimental
replicates).

FIGURE 6. hBMVEC iron efflux inhibited by BCS treatment can be restored
via the addition of exogenous sCp or hBMVEC-conditioned media. A, 59Fe
efflux assays were performed on hBMVEC loaded with 59FeII citrate plus ascor-
bate. 59Fe efflux assays were also performed using BCS-treated hBMVEC in the
presence or absence of ferroxidase active sCp (6.6 nM) added at the beginning
of the 24 h efflux assay. B, 59Fe efflux assays were performed on hBMVEC
loaded with 59Fe-Tf plus citrate. 59Fe efflux assays were also performed using
BCS-treated hBMVEC in the presence or absence of ferroxidase active sCp (6.6
nM) added at the beginning of the 24 h efflux assay. C, 59Fe efflux assays were
performed on hBMVEC loaded with 59FeII citrate plus ascorbate. Efflux activity
was partially recovered via the addition of hBMVEC-conditioned media (ECM)
to BCS-treated hBMVEC. All BCS values were not statistically different than
zero. Significance was determined for each set of data using one-way analysis
of variance analysis. *, p � 0.05; **, p � 0.01; and **, p � 0.001. Data are
represented as means � S.D. (n � 4 – 8, experimental replicates).
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mulation is observed in oligodendrocytes (9, 13). This hypoth-
esis is the subject of ongoing research.
In addition to suggesting a mechanism for iron efflux from

hBMVEC, we have presented several interesting observations
that contribute broadly to the field of brain iron accumulation.
First, we have presented data that suggest the main iron sub-
strate for hBMVEC is Tf-iron, which is retained by hBMVEC in
nearly a 5-fold excess to non-Tf bound iron (Fig. 5). Second, our
data strongly suggest that iron is released from Tf-iron, likely
via the canonical transferrin receptor cycling pathway, before
exiting the cell as “free” iron. Thus, our results are not easily
reconciled with the proposition that a major fraction of brain
iron uptake is supported by a holo-Tf transcytosis pathway
through these endothelial cells (18, 19). Experiments in a Tran-
swell model of the BBB will be required to specifically examine
this transcytosis mechanism.
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