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Abstract

Aims: Free iron plays an important role in the pathogenesis of acute kidney injury (AKI) via the formation of
hydroxyl radicals. Systemic iron homeostasis is controlled by the hemojuvelin-hepcidin-ferroportin axis in the
liver, but less is known about this role in AKI. Results: By proteomics, we identified a 42 kDa soluble hemo-
juvelin (sHJV), processed by furin protease from membrane-bound hemojuvelin (mHJV), in the urine during
AKI after cardiac surgery. Biopsies from human and mouse specimens with AKI confirm that HJV is extensively
increased in renal tubules. Iron overload enhanced the expression of hemojuvelin-hepcidin signaling pathway.
The furin inhibitor (FI) decreases furin-mediated proteolytic cleavage of mHJV into sHJV and augments the
mHJV/sHJV ratio after iron overload with hypoxia condition. The FI could reduce renal tubule apoptosis,
stabilize hypoxic induced factor-1, prevent the accumulation of iron in the kidney, and further ameliorate
ischemic-reperfusion injury. mHJV is associated with decreasing total kidney iron, secreting hepcidin, and
promoting the degradation of ferroportin at AKI, whereas sHJV does the opposite. Innovation: This study
suggests the ratio of mHJV/sHJV affects the iron deposition during acute kidney injury and sHJV could be an
early biomarker of AKI. Conclusion: Our findings link endogenous HJV inextricably with renal iron homeostasis
for the first time, add new significance to early predict AKI, and identify novel therapeutic targets to reduce the
severity of AKI using the FI. Antioxid. Redox Signal. 20, 1181–1194.

Introduction

Acute kidney injury (AKI) is a serious complication in
hospitals, resulting in a prolonged hospital stay and high

mortality (7). Despite recent advances in clinical care, the
mortality associated with AKI remains high, ranging from
20% to 60% in hospitalized patients (36). During AKI, the
kidney injury is subjected to excess iron from degraded red

blood cells and cytochrome P-450s (2, 5) The free iron is in-
volved in the generation of reactive oxygen species (ROS) via
the Haber–Weiss and Fenton reactions (38), whereby the su-
peroxide radical and hydrogen peroxide yield the hydroxyl
radical (12). Iron plays a critical role in mediating kidney tu-
bular injury via the generation of the hydroxyl radical or a
similar oxidant (11). Increased free radical reactions are cat-
alyzed by catalytic iron, which has been demonstrated in
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several animal models of AKI (2, 4), and iron chelators in-
cluding deferoxamine (DFO) and 2,3-dihydroxybenzoic acid
could reduce the associated injury (26, 37). Free iron-related,
ROS-mediated kidney injury appears to be the consistent
pathophysiological connection for AKI biomarkers (11).
Recently, identified biomarkers, including neutrophil gelati-
nase-associated lipocalin (NGAL) (23), liver-type fatty acid-
binding protein (35), and alpha-1 microglobulin (8), predict
the development of AKI and reflect both iron and heme me-
tabolism (24). Further, hepcidin, a biomarker of AKI that de-
velops after cardiopulmonary bypass, has been shown to play
a pivotal role in the feedback mechanism by binding to an iron
transporter ferroportin, thus leading to the degradation of
ferroportin (14).

Among the proteins involved in iron homeostasis, hemo-
juvelin (HJV) is the key regulator of hepcidin expression (25,
28). HJV exists as a 50 kDa membrane-bound form (mHJV)
and a 42 kDa soluble form (sHJV), which work as a recipro-
cal role in response to iron status (1). HJV plays a crucial
role in iron absorption and release from cells and has anti-
inflammatory properties, specifically in the iron-sensing
pathway (34). The administration of sHJV in mice decreases
the expression of hepcidin and causes iron deposition in the
liver and blood (1). Although HJV mutation in mice could
cause severe iron overload in the kidney (25), the role of
kidney HJV during AKI has not been elucidated.

Using a proteomics approach, we first showed kidney
HJV plays a vital role in iron homeostasis during AKI in vivo
and in vitro and that the reciprocal functions of HJV depend
on the presence of either mHJV or sHJV, which is the
cleavage product of the furin protease (33). Moreover, the
administration of a furin inhibitor (FI) could repress iron
deposition, suppress tubular apoptosis, and finally, amelio-
rate renal injury.

Results

Comparison of the urinary protein patterns
from AKI patients using proteomic methods

The urine pooled from 15 healthy volunteers and 15 post-
cardiac surgery patients with or without AKI were compared
(Fig. 1A). Among the identified protein spots from post-
operative, two-dimensional electrophoresis (2-DE) maps, most
of the upregulated spots were assigned to proteins associated
with the transport or metabolism of iron (Supplementary Table

S1; Supplementary Data are available online at www.liebert
pub.com/ars). To confirm the target protein, the 2-DE of urinary
proteins from pre- and post-ischemia/reperfusion (I/R), acute
tubular necrosis (ATN) rats were also separated and transferred
to a PVDF membrane. Of the urinary protein spots identified
from the AKI patients and involved in iron metabolism, only the
protein detected by the anti-HJV antibody increased in the ATN
rats. To validate the novel biomarker, a specific anti-HJV anti-
body was also used to determine the major 42 kDa urinary
proteins from ATN rats (Fig. 1B). Therefore, we selected HJV as a
candidate biomarker for further validation.

The expression of HJV on AKI model

Twelve hours after C57BL/6 mice were subjected to I/R
injury, the blood urea nitrogen (BUN) (131.67 – 19.63 vs.
29.50 – 5.84 mg/dl, p < 0.01) and serum creatinine (Scr)
(1.26 – 0.15 vs. 0.1667 – 0.05 mg/dl, p < 0.01) were significantly
elevated compared with those of the sham-operated controls.
The levels of BUN and Scr were elevated after 3 h, reached a
significant difference at 12 to 24 h and declined after 48 h (Fig.
2A). Tubular injury was scored on periodic acid-Schiff (PAS)
stained kidney section (Supplementary Fig. S1). The scores
from AKI mice were defined based on the percentage of tu-
bules with cast formation, dilation, or necrosis as detailed in
Materials and Methods section (Fig. 2B).

The kidney iron content increased after kidney I/R injury
using Prussian stain (Fig. 2C). Immunohistochemical (IHC)
analysis showed that HJV was widely expressed both in the
cortex and in the medulla following an I/R injury, especially
in the tubular cells (Fig. 2D). To explore the temporal changes
in HJV in kidneys during AKI, HJV was compared with the
iron-related biomarker NGAL (23), a downstream regulator
of hepcidin and iron exporter of ferroportin (25). Western blot
analysis (Fig. 2E) showed that the sHJV rapidly increased at
3 h, whereas the mHJV gradually increased after 24 h in the
kidney. Likewise, the kidney injury marker NGAL (23) ap-
peared later at 3–24 h (Fig. 2G). The mHJV/sHJV ratio had
increased significantly at 24 h in the kidney, but did not
change significantly over time in the liver (Fig. 2F). After the
acute episode, hepcidin was augmented, accompanied by the
withdrawal of ferroportin from the cell surface (Fig. 2G).

Consistent with the elevation of sHJV and ferroportin, an
inductively coupled plasma atomic emission spectroscopy
(ICP-AES) analysis indicated that AKI resulted in iron depo-
sition in the kidney at 3 h (31.94 – 4.15 vs. 81.16 – 1.36 mg/kg,
p < 0.01) compared with that of the sham-operated mice
and declined after 48 h (Fig. 2H). The total kidney iron content
after AKI significantly correlated to the ratio of mHJV/sHJV
(Supplementary Fig. S3) (spearman correlation, r = - 0.851,
p < 0.001).

Moreover, in the early phase (3 h) of post I/R injury we
observed the appearance of sHJV in plasma (Fig. 2I) and urine
(Fig. 2J). The trichloroacetic acid (TCA)-precipitated urinary
protein showed that urinary sHJV could also be incorporated
into the band at 42 kDa, which appeared at 3 h as observed in
the I/R rats (Fig. 1B).

Expression of HJV in the kidney tubule during AKI

After I/R injury (Fig. 3A), immunofluorescence staining
demonstrated enhanced expression of HJV (red color) in ep-
ithelial cells, co-localized with lotus tetragonolobus lectin

Innovation

Free iron plays important roles in models of ischemic
and toxic acute kidney injury (AKI) through generation
of oxygen free radicals. The regulation of hemojuvelin-
hepcidin-ferroportin axis is associated with excess of free
heme and iron. Hypoxia-based kidney injury directly ac-
tivates furin protease to release soluble hemojuvelin
(sHJV), which in turn inhibits hepcidin activation, induces
ferroportin, and impairs iron homeostasis. The present
studies demonstrate that furin inhibitor decreases sHJV
and ferroportin expression and abolishes iron deposition
in kidney injury in vivo. Thus, sHJV not only serves as an
early biomarker for AKI but also provides a renoprotective
strategy with novel therapeutic potential.
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(green color) and dolichos biflorus agglutinin (yellow color) in
mice. The increased HJV protein was widely observed on the
epithelial surface of the proximal tubule of the cortex.

Likewise, kidney biopsies from human AKI showed higher
expression of HJV in the renal tubule than the normal regions
of renal cell carcinoma patients according to IHC (Fig. 3B). In
light of this, HJV expression was localized to the injured tu-
bules with obvious features of cast formation, tubular dila-
tion, and tubular necrosis under the most intense hematoxylin
and eosin (H&E) staining.

Elevated urinary sHJV during AKI

To validate the expression of urinary sHJV, we compared
the urinary HJV and NGAL in various clinical scenarios.
Urine was collected from 19 patients (Scr 4.11 – 2.81 mg/dl)

with established AKI and classified according to the
AKIN stages 3 h after cardiovascular operation (22). Urine
samples were also collected from 6 rhabdomyolysis pa-
tients with AKI (Scr 2.98 – 1.61 mg/dl), 7 rhabdomyolysis
patients without AKI (Scr 0.88 – 0.15 mg/dl), 7 patients with
established chronic kidney disease (CKD) (Scr 2.51 –
1.15 mg/dl), 10 urinary tract infection (UTI) patients (Scr
1.45 – 1.27 mg/dl), 14 patients (Scr 1.2 – 0.5 mg/dl) with
glomerulopathy, and 11 healthy volunteers (Scr, 0.8 –
0.05 mg/dl). Figure 4 shows that the urinary HJV concen-
trations in the rhabdomyolysis patients with AKI
(898.01 – 213.03 ng/ml; n = 6) and those in the post-opera-
tive AKI group (265.8 – 109.6 ng/ml; n = 19) were higher
than those of the healthy volunteers (47.5 – 16.5 ng/ml;
n = 11), the CKD patients (88.68 – 49.22 ng/ml; n = 7), the
UTI patients (58.45 – 62.8 ng/ml; n = 10), the GN patients

FIG. 1. The identification of ur-
inary hemojuvelin by proteomic
methods. (A) The comparison of
urinary proteins from pooled urine
samples from healthy volunteers,
post-cardiac surgery patients with
and without AKI using 2-DE
maps, respectively. Protein spot
identified as HJV is labeled in a
dotted circle. (B) 2-DE maps of
pooled urinary proteins from pre-
and post-ischemia/reperfusion (I/R)
injury rats. The gels were stained
with Coomassie blue R250, trans-
ferred into a PVDF membrane, and
developed using a polyclonal anti-
body against HJV (arrow). Significant
changes in spots were processed and
analyzed using LC-MS/MS as de-
scribed. 2-DE, two-dimensional
electrophoresis.
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FIG. 2. Temporal change of HJV in renal I/R injury. (A) Change in serum creatinine and blood urea nitrogen (BUN) at
different time points in mice. (n = 10 at each time point). (B) Disease severity after I/R injury was shown by tubular injury score
according to periodic acid–Schiff (PAS)-stained renal section at each time point. (C) Kidney sections stained with Prussian blue in
terms of iron content. (D) Immunohistochemical (IHC) analysis using anti-HJV antibody (scale bars: 50 lM). (E) A representative
western blot (30 lg/well) for membrane-bound hemojuvelin/soluble hemojuvelin (mHJV/sHJV) ratios from the total kidney and
(F) liver lysate **p < 0.01 vs. sham (n = 10). Typical results of 10 independent experiments are shown. Each experiment was
normalized with the sham group and 300 ng recombinant mouse HJV (rmHJV) proteins, which produced bands at 57 and
38 kDa. (G) Kidney lysates at each time point were analyzed using anti-hepcidin, anti-ferroportin, and anti- neutrophil gelatinase-
associated lipocalin (NGAL) antibodies. (H) Total kidney and liver iron concentration measured after renal I/R injury. The total
iron was measured using inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis. (I) Temporal excretion
of plasma HJV measured using ELISA and ( J) Trichloroacetic acid/acetone precipitated urinary protein for western analysis
using anti-HJV antibody. Urinary HJV was observed predominantly as sHJV (42 kDa), with lower amounts of mHJV (50 kDa)
(*p < 0.05). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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FIG. 3. Increase in expression of
HJV in the cortical renal tubules in
mice and humans after AKI. (A) In
mice, increased HJV after renal I/R
injury was predominantly in the renal
tubules. (B) The staining of HJV in the
normal human kidney cortex was less
apparent; however, HJV was promi-
nent in the renal tubules after hypo-
volemic shock-related AKI. The
staining was homogenous and pre-
dominant in the proximal renal tu-
bules. The histological images display
five patients with acute tubular ne-
crosis (ATN, patients 1–5), including
fuzzy brush border, dilated renal tu-
bule, and relative denuded nucleus.
Scale bars: 50 lM. To see this illustra-
tion in color, the reader is referred to
the web version of this article at
www.liebertpub.com/ars

HEMOJUVELIN AND ACUTE KIDNEY INJURY 1185



(157.15 – 74.99 ng/ml; n = 14) and the rhabdomyolysis pa-
tients without AKI (236.9 – 156.7 ng/ml; n = 7). These data
were consistent with urine NGAL expression.

Iron overload under hypoxic condition induced HJV
expression and the FI attenuated mHJV degradation
into the sHJV form

Human proximal renal tubule HK2 cells were pretreated
with a furin protease inhibitor, the iron chelator DFO, or the
recombinant human HJV protein (rhHJV), and then were
subsequently added to 100 lM ferric chloride (FeCl3) accom-
panied with 1% oxygen for 24 h to mimic iron overload and
hypoxia conditions (44). To distinguish the secreted sHJV from
HK2 cells, the culture media were incubated with an anti-HJV
monoclonal antibody for an immunoprecipitation (IP) assay,
and the bound complex containing sHJV, which is released
from HK2 cells, was identified using an anti-HJV polyclonal
antibody (Supplementary Fig. S4). Iron overload and hypoxia
(Fig. 5A) could promote the expression of HJV markedly. Hy-
poxic-induced factor-1 (HIF-1) elevated after adding DFO or
under hypoxic condition, however, it was restored after adding
FI. Pretreatment with FI could enhance the expression of mHJV,
whereas, DFO and rhHJV have less impact on the induction of
mHJV in HK2 cells (Fig. 5A and Supplementary Fig. S4A).

Prussian blue staining of HK2 cells revealed that both FI and
DFO could diminish iron deposition but rhHJV perturb iron
accumulation more seriously (Fig. 5C).

Amelioration of I/R injury, iron deposition,
and tubular apoptosis in kidney by a FI

To determine the role of iron homeostasis involving HJV
during AKI, we next examined the rescue effects of the FI and
the role of sHJV in iron deposition using an I/R model.

Renal I/R injury induced a rapid loss of renal function, as
indicated by the increasing levels of BUN and Scr, which was
ameliorated in animals pretreated with the FI (BUN 192.75 – 7
vs. 47.53 – 20 mg/dl; Scr 1.8 – 0.1 vs. 0.3 – 0.08 mg/dl, p = 0.05 at
24 h, n = 10, all p < 0.01). In light of this, we detected no signif-
icant change in iron deposition in the liver (50.18 – 7.88 vs.
37.2 – 10.6 mg/kg at 24 h, n = 10, p = 0.04); the total iron content
in the kidneys was declined (76.11 – 15.14 vs. 43.21 – 17.26 mg/
kg at 24 h, n = 10, p = 0.03) in mice treated with FI compared
with the results following a PBS injection before I/R (Fig. 6A).
However, mice that received recombinant mouse HJV protein
(rmHJV) before an I/R injury exhibited considerably increased
iron deposition, especially in the kidney (155.25 – 13.29 vs.
76.11 – 15.14 mg/kg at 24 h, n = 10, p = 0.04 vs. I/R injury), but
no significant change in deposition in the liver (47.39 – 16.5 vs.
55.18 – 7.09 mg/kg at 24 h, n = 10, p = 0.64 vs. I/R injury). This
result suggested that excess rmHJV (sHJV) exacerbated iron
deposition and that the FI diminished iron deposition in the
kidney but not in the liver after kidney I/R. Likewise, the tu-
bular injury score is corresponding to the renal function and iron
deposition in I/R kidney (Fig. 6B and Supplementary Fig. S7).

Consistent with our in vitro data, FI decreased kidney iron
content, enhanced mHJV, attenuated sHJV, increased the ra-
tio of mHJV/sHJV, induced the expression of hepcidin, and
then prompted the degradation of ferroportin, whereas
rmHJV(sHJV) did the opposite (Fig. 6C). The kidney injury
marker NGAL was augmented by rmHJV and down-
regulated by FI accordingly. Therefore, we speculated that the
increased kidney sHJV is correlated with the excess heme iron
derived from hemoglobin during AKI, and that the generation
of sHJV is mediated by furin protease.

Further, the renal tubules of the apoptotic cell numbers were
reduced by pretreatment with the FI ( p = 0.02) and enhanced
by adding rmHJV ( p = 0.01), as observed via fluorescence
staining ( p = 0.02) (Fig. 6D). Importantly, iron deposition in
kidney during AKI significantly correlate with the apoptosis
severity as stained by tunnel-positive tubules (Pearson corre-
lation, p = 0.045, r = 0.955). Quantitative evaluation of super-
oxide production by DHE staining showed FI could decrease
the superoxide production (Fig. 6E).

To investigate whether the amelioration of FI in AKI mice is
altered via the expression of HJV, we analyzed kidney lysates
from wild-type and HJV knockout mice (15) that received I/R
injury at post-24 h. Iron staining revealed that HJV - / - mice had
a significant iron accumulation in renal tubules (Fig. 7A). Fur-
ther, FI could restore mHJV, hepcidin, and decreased ferro-
portin and NGAL expression in wild-type mice at I/R kidney
injury, whereas those were not found in HJV - / - mice (Fig. 7B).

Discussion

In this study, we showed evidence that kidney HJV plays
an important role in iron homeostasis during AKI. We found

FIG. 4. Expression of urinary HJV and NGAL in different
kidney diseases of patients. Human urine samples from
patients after cardiac surgery and rhabdomyolysis-related
AKI exhibited high levels of HJV, whereas samples from
patients with chronic kidney disease (CKD), glomerulone-
phropathy, and urinary tract infection exhibited a low level
of HJV, as detected by an ELISA. These results were similar
to those obtained for urine NGAL expression.
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that HJV strongly increased in the proximal tubule in re-
sponse to ischemic and rhabdomyolysis-related AKI. mHJV
decreases total kidney iron, secretes hepcidin, and promotes
the degradation of ferroportin, whereas sHJV does the op-
posite. Increased iron deposition could augment sHJV in the
kidney during AKI. Therefore, plasma and urine sHJV have
the potential to be an early AKI biomarker in response to the
iron homeostasis during AKI.

In patients with ischemic- and rhabdomyolysis-related
AKI, both urine NGAL and sHJV proteins exhibited signifi-
cant expression compared with CKD and UTI. Urinary sHJV
had a predictive accuracy similar to that of NGAL, a lipocalin
regulating the expression of ferritin during kidney injury (23),
although its utility for stratifying disease progression requires

further study. We found that sHJV expression was correlated
with and faster than the expression of NGAL in mouse kid-
ney. In rhabdomyolysis-related AKI, the main cause of oxi-
dant injury is myoglobin redox cycling and the generation of
oxidized lipids (6). Urine sHJV levels increased in rhabdo-
myolysis patients with AKI, however, and remained with no
significant change in rhabdomyolysis patients without AKI or
intrinsic renal disease as glomeruopathy. Therefore, urine
sHJV levels could identify between the various types and
pathogeneses of AKI.

Our data also revealed that under iron overload conditions
during AKI, the increased expression of the hemojuvelin-
hepcidin-ferroportin pathway is an intrinsic response in kid-
neys that is not paralleled by reciprocal changes in liver or

FIG. 5. The uptake and release of
iron in HK2 cells after free iron
stimulation under hypoxic condition.
Human renal proximal renal cell lines
(HK2) were pretreated with 50 lM
furin inhibitor (FI), 50 lM deferox-
amine (DFO), or 0.5 lg/ml recombi-
nant human HJV protein (rhHJV) for
1 h. Then, 100 lM ferric chloride was
added to the culture media under
hypoxia chamber (1% oxygen) for 24 h
as indicated. (A) Representative west-
ern blot (30 lg/well) of the cell lysate
was analyzed. Typical results of five
independent experiments are shown.
Each experiment was normalized with
the control group and 150 ng rhHJV
proteins, which produced bands at 37
and 32 kDa. (B) Confocal microscopy
was used to determine the localization
of HJV (green labels) in iron-induced
HK2 cells. (C) The cellular iron depo-
sition of HK2 cells were examined us-
ing Prussian blue staining. Scale bars:
10 lM. *p £ 0.05 versus control (n = 5).
To see this illustration in color, the
reader is referred to the web version of
this article at www.liebertpub.com/
ars
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FIG. 6. Amelioration of renal I/R (AKI) injury, iron deposition, and tubular apoptosis by the FI. C57BL/6 mice were
injected with 10 lg rmHJV protein, 100 lM FI, or PBS prior to unilateral renal I/R injury and sham-operated mice were used as a
control. (A) The total kidney and liver iron concentration were measured after the mice received a kidney I/R injury. Organic
iron was quantified using ICP-AES analysis. (B) Disease severity after I/R, evaluated by kidney injury score, improved by FI
injection and aggravated by rmHJV injection. (C) Immunostaining of the whole kidney lysates (30 lg/well) and the ratio of
mHJV/sHJV after treatment. The antibody against b-actin was used as a loading control. (D) Tubular apoptosis. The kidney
tubules of TUNEL+ apoptotic cells (green fluorescence in I/R injury) were reduced by pretreatment with an FI, as determined
by fluorescent staining. The same field was merged with a DAPI-stained image, showing the nucleus as a counter stain (blue).
Scale bars: 50 lM. (E) In situ localization of reactive oxygen species (ROS). Dihydroethidium (DHE) fluorescent analysis was
used for evaluation of ROS. The same field was merged with an FITC-labeled lotus tetragonolobus lectin (LTL), which is a
proximal tubular marker for histological co-localization. Scale bars: 50 lM. *p £ 0.05 versus control (n = 10). To see this illustration
in color, the reader is referred to the web version of this article at www.liebertpub.com/ars
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muscle iron. In hepatocytes, sHJV inversely reflects the sys-
temic iron load or signals the iron requirements for myoglobin
synthesis and is a useful biomarker in iron dysregulation (20).
Therefore, the release of sHJV is a tissue-specific mechanism
(33), signaling the local iron requirements of hypoxic kidneys
independently of the oxygen status of the liver or muscle. The
same also occurs in HK2 cells infused with catalytic iron.
Under iron-mediated stress (13), the mHJV increased. How-

ever, addition of the FI could augment the expression of HJV
in terms of the renoprotective molecule under iron overload
and hypoxic conditions (17).

We further postulate that the augmentation of mHJV in
these segments of the nephron after renal ischemia leads to the
downregulation of ferroportin, linking free iron in the tissues
and the resulting perpetuation of tubular injury. Likewise,
increased mHJV enhanced hepcidin production, but rmHJV

FIG. 7. FI ameliorated renal I/R
(AKI) injury via HJV-mediated
mechanism. (A) Iron accumulated
in hemojuvelin knockout (HJV - / - )
mice. Kidney iron was detected by
Prussian blue staining. (B) HJV + / +

or HJV - / - mice received FI or PBS
prior to unilateral renal I/R injury
and sham-operation as control.
Mice were sacrificed at 24 h after
I/R injury. The expression levels of
HJV, hepcidin, ferroportin, NGAL,
and b-actin in kidney were deter-
mined by western analysis. To see
this illustration in color, the reader
is referred to the web version of this
article at www.liebertpub.com/ars
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(sHJV) did the opposite. rmHJV injection increased the kidney
iron concentration, counterbalanced the hepcidin activity and
therefore blocked the degradation of ferroportin, and then
aggravated disease progression. These findings support our
main result that the hemojuvelin-hepcidin-ferroportin axis is
one of the most highly expressed messengers and proteins
following AKI.

We have shown the loss of mHJV is associated with iron
deposition in the kidney injured by I/R. In the early stages,
the degraded form of HJV (sHJV) appeared faster than mHJV
in injured kidneys and could be detected in urine. The rapidly
induced sHJV could cause iron deposition in the kidneys (1),
especially during AKI. However, the gradually increased
mHJV might play a protective role in response to iron ho-
meostasis. This concept is supported by our animal model,
which indicated that when the proportion of kidney mHJV
exceeded that of sHJV after the acute stage, iron deposition
in the kidney decreased (Fig. 2G).

It appears that the FI inhibited sHJV and augmented mHJV.
HJV undergoes complicated post-translational processing in
an iron-dependent manner, and an increased mHJV/sHJV
ratio could augment the hepcidin response, prevent iron de-
position, and decrease apoptosis following kidney injury.
Consistent with our findings in the kidney, prior work
showed that mHJV and sHJV play reciprocal functions, sug-
gesting binding competition between sHJV and mHJV, in
response to body iron status via cleavage by the furin protease
in hepatocytes (33).

Intriguingly, endogenous furin is universal in many tissues,
whereas elevated furin expression is associated with hypoxia
stress (21). The furin promoter possesses the element binding
sites for the HIF-1 transcription complex. Our result showed FI
is efficacious to stabilize HIF-1alpha and reduce iron-mediated
kidney ischemia. Therefore, furin protease plays a pivotal role
in modulating iron-mediated kidney injury.

After injection of the FI, kidney iron deposition decreased,
tubule apoptosis was reduced, and AKI markers such as
NGAL decreased (Fig. 6B, C). It has recently been reported
that BMP signaling, with HJV as a coreceptor, regulates the
expression of hepcidin in the liver (45). The pretreated FI or
DFO reduced the generation of sHJV and further protected
against kidney injury during the iron-mediated injury of
HK2 cells. However, after renal I/R injury, FI could not
improve the injury of I/R among HJV - / - mice as those in
wild-type mice (Fig. 7). Results from mice protected against
anthrax toxemia by systemic treatment with FIs suggest that
the application might have acceptable side effects (31). In
light of this, kidney injury could be modulated by the he-
mojuvelin-hepcidin-ferroportin axis and the furin inhbitor
could, at least partly, reduce kidney injury by stabilizing iron
deposition.

In conclusion, our findings reveal a novel role in iron
modulation for kidney HJV during AKI. The endogenous HJV
in kidneys is highly expressed in the renal tubule during AKI,
and the urinary sHJV could be an early biomarker in response
to AKI injury. Elevation of the mHJV plays a pivotal role in
crosstalk with kidney iron contents, whereas the FI di-
minishes the generation of sHJV and further protects against
AKI. Our results reinforce the view that the FI could stabilize
HIF-1, augment the reciprocal change of HJV, repress apo-
ptosis, degrade ferroportin, and further decrease iron depo-
sition in mouse kidney during AKI.

Materials and Methods

Human specimens

All patients were registered in the National Taiwan
University Hospital Study Group on Acute Renal Failure
(NSARF) (16, 39, 40, 42). The database was constructed for
quality assurance in one medical center (National Taiwan
University Hospital in Taipei, Taiwan) and its three branch
hospitals in different cities. During the whole study period, 5-ml
samples of urine were collected from each patient undergoing
cardiac surgery, at 3 h after operation. The definition of AKI was
based on the Acute Kidney Injury Network (AKIN) criteria and
has been well validated in cardiac surgery patients for in-
hospital mortality predictions. Paraffin-embedded human kid-
ney sections were obtained from the NTUH Tissue Resource
Center under an IRB-approved protocol. This study was ap-
proved by the Institutional Review Board of the National Tai-
wan University Hospital, Taipei, Taiwan (No. 201105047RC)
(Clinical Trials. Gov. Number, NCT01503710). All participants
signed a written informed consent before inclusion in the study.

Preparations of urine samples

The urine samples collected in separated polypropylene
tubes (BD Biosciences) containing sodium azide (Sigma-Al-
drich) were stored at - 80�C until they were used. The pooled
urine samples were concentrated using an Amicon Ultra-
15 centrifugal filter unit (Amersham Biosciences), passed
through a PD-10 desalting column (Amersham Biosciences),
and eluted with 10 mM PBS, pH 7.4. The eluted fractions
containing proteins were added to two volumes of cold 20%
TCA in acetone (Merck) for protein precipitation. The mixture
was stored overnight at - 20�C until use, and the pellet was
obtained by centrifugation at 10,000 g at 4�C for 15 min. The
pellet was vacuum dried on a SpeedVac (SC110).

2-DE and MALDI

The pellets were rehydrated in 2-DE sample buffer (8 M
urea, 2% Pharmalyte, pH 3–10, 60 mM DTT, 0.5% Triton X-
100, and traces of bromophenol blue). A 1 mg aliquot of the
pellet was mixed with 120 ll of 2-DE sample buffer (8 M urea,
2% Pharmalyte, pH 3–10, 60 mM DTT, 0.5% Triton X-100, and
traces of bromophenol blue) and run as the first dimension of
the 2-DE on an 11 cm Immobiline DryStrip, pH 3–10 (GE
Healthcare). In the second dimension, the proteins were sep-
arated in 12.5% SDS-PAGE gels and stained using Coomassie
Brilliant Blue R250. For the mass spectrometric identification,
each individual spot was cut out and digested with trypsin
(Promega), as described previously (19). The resulting pep-
tides were sequentially extracted with 1% TFA and 0.1%
TFA/50% ACN, and the pooled extracts were lyophilized and
resuspended in 10 ll of 0.1% TFA. The peptides were char-
acterized using a Qstar XL Q-TOF mass spectrometer (Ap-
plied Biosystems) coupled to an UltiMateTM Nano LCsystem
(Dionex/LC Packings). The protein identification generated
from the MS/MS spectra were uploaded to the MASCOT
search engine v2.2 (Matrix Science).

Measurements of urinary NGAL and HJV

The urine samples collected in separate polypropylene
tubes containing sodium azide were stored at - 80�C until
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use. Each specimen was centrifuged at 800 g at 4�C for 5 min,
and the supernatant was removed for an ELISA assay. The
urinary NGAL level was determined using a human lipo-
calin-2/NGAL ELISA kit (R&D Systems), and the HJV level
was determined using a human hemojuvelin ELISA kit
(USCN). All operations were performed according to the
manufacturer’s protocols, and each assay was performed in
duplicate.

Study animals

The animal protocols and procedures were handled in ac-
cordance with the guidelines of the National Taiwan Uni-
versity College of Medicine and College of Public Health for
the care and use of laboratory animals (NIH publication No.
86-23, revised 1985) with Institutional Animal Care and Use
Committee (IACUC) approval. HJV knockout mice (129S-
Hfe2tm1Nca/J), maintained on an inbred 129S6/SvEvTac
background, were purchased from the Jackson Laboratory
which is donated by Dr. Nancy Andrews (Duke University).

Unilateral renal I/R

Male Wistar rats (110 – 15 g), C57BL/6 mice (20 – 2 g) or
Hjv - / - mice were briefly anesthetized with anesthesia
cocktails (80 mg/kg ketamine plus 100 mg/kg xylazine) via
i.p. injection and were placed on a heating pad to maintain
core temperature of 37�C. The kidneys were exposed via an
abdominal section; the left kidney was clamped by a micro-
aneurysm clip for 45 min, and the right kidney was removed
as previously reported (9, 23, 43). Reperfusion was confirmed
visually upon release of the clamp. As a control, sham-
operated animals were subjected to the same surgical proce-
dure except the left renal pedicles were not clamped. The
surgical wounds were closed, and the animals were given
1 ml of warm saline (i.p.) and remained in a warm incubator
until they regained consciousness. The urine was collected by
bladder massage and stored at - 80�C until use.

Rhabdomyolysis-associated ATN

ATN was induced in male C57BL/6 mice by an i.m. injec-
tion with 50% glycerol (Amresco) solution in water (10 ml/kg
body/wt) (27). In brief, the animals (body weight 20 – 2 g)
were injected with glycerol into the left and right hind femoral
muscles. The animals received 160 – 10 ll of 50% glycerol/g
body weight on average (Supplementary Fig. S2).

Drug administration

Before 1 h of the renal I/R surgery, the mice received an i.v.
injection of a volume of 100 ll PBS with 10 lg (R&D Systems),
100 lM FI II (hexa-D-arginine; Merck) or PBS only (30, 31).

Renal function

Renal function was assessed by measurements of the BUN
(BUN-PIII dri-chem slide; FUJIFILM) and Scr (CRE-PIII dri-
chem slide; FUJIFILM) levels.

Measurements of plasma HJV

The mouse plasma HJV was measured using a mouse he-
mojuvelin ELISA kit (USCN) according to the manufacturer’s
protocols.

Injury scores for kidneys sections

Quantitative evaluation of injury scores are defined based
on cast formation, tubular dilation, and tubular necrosis as
described by EI-AchKar et al. (10) and then given an injury
score from 0 to 5 for each features. Ten high-power fields per
section were counted for tubular injury.

Histological analysis

Mouse kidneys were perfused with cold PBS to remove
blood and fixed in 10% formaldehyde for paraffin embedding
or transferred to 30% sucrose overnight and embedded in an
OCT compound (Sakura Finetek) for frozen sections. The sec-
tions of paraffin-embedded tissue were stained with H&E or
processed for IHC with a non-biotin-amplified method (No-
volink; Novocastra Laboratories). To determine renal tubular
apoptosis, the paraffin-embedded kidney sections were stained
using terminal deoxynucleotidyl transferase dUTP nick-end
labeling (TUNEL) with an in situ cell death detection kit (Roche).
Slides were analyzed using LSM 510 confocal microscopy (Carl
Zeiss). For in situ detection of ROS, dihydroethidium (DHE)
staining (Sigma-Aldrich) was performed on frozen kidney
sections (6 lm). Kidney sections were incubated with 6.3 lM
DHE in Kreb’s/HEPES buffer and applied at 37�C for 30 min in
a humidified chamber protected from light. Confocal images
were analyzed by morphometric analysis of pixels per nucleus.

Cell culture, iron induction, immunoprecipitation,
and Prussian blue staining

Human renal proximal renal cells (BCRC60097, Bioresource
Collection and Research Center, BCRC) were grown and pas-
saged in culture flasks containing culture medium (Keratino-
cyte-Serum-free Medium containing 5 ng/ml recombinant
epidermal growth factor and 40 lg/ml bovine pituitary extract)
at 37�C in a 100% humidified atmosphere with 5% CO2 (29).

Iron induction

The HK2 cells grown on 6 cm plates were collected when
confluent. Pretreatment with 100 lM FI II (Merck) (Supple-
mentary Fig. S8), 100 lM DFO (Sigma-Aldrich), or 0.5 lg/ml
rhHJV (R&D) was performed for 1 h. The cells were then ad-
ded to 100 lM FeCl3 (Sigma-Aldrich) for 24 h.

Immunoprecipitation of culture media

For immunoprecipitation, 1 ml of the culture media was
incubated with 1 lg of anti-HJV antibody for 1 h and 50 ll of
pre-equilibrated TrueBlot anti-mouse Ig IP beads slurry
overnight at 4�C with continuous mixing (eBioscience). The
beads were centrifuged at 2500 g at 4�C for 30 s. The super-
natant was removed, and the beads were washed five times at
4�C with 1 ml of wash buffer (50 mM Tris-HCl, pH 8.0,
150 mM NaCl, and 1% NP-40). The proteins were eluted from
beads and aspirated from the supernatant by adding SDS
sample buffer with 50 mM DTT and heating to 100�C for
10 min and were then used for SDS-PAGE.

Prussian blue staining

The cells were fixed with 2% formaldehyde for 30 min and
then washed with de-ionized water. Prussian blue staining
was performed according to Perls’ reaction using an iron stain
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kit (ScyTek Laboratories). The image of iron accumulation
was obtained using a Nikon digital camera Dx/m/1200 and
Lucia software (Laboratory Imaging, Ltd.). The section was
quantified at 100 · magnification.

Iron quantification

The kidney and liver from each mouse were digested with
0.5, 1.0, and 1.0 ml of mixed acid (HNO3/HC104 = 122 5:1, v/v),
and the solutions were diluted to 5, 10, and 10 ml, respectively,
with doubly distilled water. The concentrations of iron (Fe) in
these organs were simultaneously determined using ICP-AES
(18) ( Jarrell-Ash Model 975 Plasma Atomcomp).

Protein extraction and western blot

For the total protein extraction, lysates from cells, kidney,
or liver dissolved in RIPA buffer containing a protease in-
hibitor cocktail (Roche) were quantitated using the BCA
protein assay reagent (Pierce Biotechnology) as previously
described (41). A 30 lg sample of protein from each specimen
was separated using SDS-PAGE and transferred onto PVDF
membranes (Millipore). The rabbit anti-HJV polyclonal anti-
body, rabbit anti-ferroportin polyclonal antibody, mouse anti-
HJV monoclonal antibody, and anti-hepcidin antibody were
purchased from AVNOVA. The mouse anti-actin monoclonal
antibody and the rabbit anti-furin polyclonal antibody were
purchased from Santa Cruz, the goat anti-NGAL polyclonal
antibody was purchased from R&D, and the mouse anti-HIF-
1alpha monoclonal antibody was purchased from Millipore.
After the membrane was washed thrice with PBST, the en-
zyme activity on the blot was visualized using NBT/BCIP
(Promega), according to the manufacturer’s instructions
(Supplementary Fig. S5 and S6).

Statistical analysis

All data were described as the mean – SD. Different results
among groups were compared using the Kruskal–Wallis one-
way analysis of variance on Ranks (ANOVA) or the two-tailed
T-test. The results were considered significant when p < 0.05.
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Abbreviations Used

2-DE¼ two-dimensional electrophoresis
AKI¼ acute kidney injury

ATN¼ acute tubular necrosis
BUN¼ blood urea nitrogen
CKD¼ chronic kidney disease
DFO¼deferoxamine
DHE¼dihydroethidium

FI¼ furin inhibitor
H&E¼hematoxylin and eosin stain

HIF-1¼hypoxic-induced factor-1
HJV-=- mice¼hemojuvelin knockout mice

HK2¼human proximal tubular cell
ICP-AES¼ inductively coupled plasma atomic emission

spectroscopy

IHC¼ immunohistochemical
IP¼ immunoprecipitation

mHJV¼membrane-bound hemojuvelin
NGAL¼neutrophil gelatinase-associated lipocalin

NSARF¼National Taiwan University Hospital Study
Group on Acute Renal Failure

PAS¼periodic acid-Schiff
rhHJV¼ recombinant human hemojuvelin

protein
rmHJV¼ recombinant mouse hemojuvelin protein

ROS¼ reactive oxygen species
Scr¼ serum creatinine

sHJV¼ soluble hemojuvelin
TCA¼ trichloroacetic acid
UTI¼urinary tract infection
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