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Tubulointerstitial hypoxia has been implicated in a number of progressive renal diseases, and several lines of
evidence indicate that the administration of angiogenic growth factors ameliorates tubulointerstitial injury. We
hypothesized that induction of hypoxia-inducible factors (HIF) mediates renoprotection by their angiogenic
properties. At 5–9 weeks after subtotal nephrectomy, cobalt was administered to rats to activate HIF.
Histological evaluation demonstrated that the tubulointerstitial injury was significantly ameliorated in animals
that received cobalt (score: 2.5170.12 (cobalt) vs 3.2170.24 (vehicle), Po0.05). Furthermore, animals receiving
cobalt had fewer vimentin- and TdT-mediated dUTP nick-end labeling (TUNEL)-positive tubular cells. The
renoprotective effect of cobalt was associated with the preservation of peritubular capillary networks
(rarefaction index: 13.770.4 (cobalt) vs 18.670.9 (vehicle), Po0.01). This improvement in capillary networks
was accompanied by an increased number of proliferating (PCNA-positive) glomerular and peritubular
endothelial cells. The angiogenesis produced by this method was not accompanied by an increase in vascular
permeability. Furthermore, in vitro experiments clarified that HIF-1 in tubular epithelial cells promotes
proliferation of endothelial cells and that HIF-2 overexpressed in renal endothelial cells mediates migration and
network formation. Collectively, these findings demonstrate a renoprotective role of HIF through angiogenesis
and provide a rationale for therapeutic approaches to target HIF for activation.
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Understanding the role of chronic hypoxia in the
tubulointerstitium has been a focal point for deli-
neating the pathogenesis of progressive renal dis-
eases.1–3 In glomerular diseases, whether immune or
nonimmune in origin, the initial glomerular injury
leads to capillary obstruction or microvascular
insufficiency, which compromises subsequent peri-
tubular blood flow. Hypoxia in this compartment
can be a trigger for tubular epithelial cell prolifera-
tion,4 allowing cells to release a number of cytokines
and growth factors,5 leading to phenotypic changes
such as epithelial–mesenchymal transdifferentia-
tion6 and apoptosis.7 Resultant tubular atrophy or

extracellular matrix (ECM) accumulation further
impairs tissue oxygenation in this compartment
and accelerates hypoxic injury. Consistent with
these pathological sequelae, administration of an-
giogenic factors, such as vascular endothelial
growth factor (VEGF), has been reported to amelio-
rate tubulointerstitial injury in some experimental
models.8

Hypoxia-inducible factor (HIF), a heterodimeric
transcription factor composed of a and b subunits, is
an important regulatory factor that allows individual
cells to adapt to a hypoxic environment,9,10 and its
operation is tightly regulated by the presence or
absence of molecular oxygen. In normoxia, the a
subunit is rapidly subjected to prolyl hydroxyla-
tion,11,12 binds the von Hippel–Lindau tumor sup-
pressor protein and undergoes proteasomal
degradation. In hypoxia, however, the a subunit
escapes prolyl hydroxylation and binds the b
subunit, and the functional heterodimeric HIF then
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translocates to the nucleus and promotes angio-
genesis, erythropoiesis and anaerobic metabolism
through the transcriptional activation of target genes
such as VEGF, erythropoietin (EPO) and glucose
transporter-1. Furthermore, molecular oxygen al-
lows hydroxylation at the conserved asparagine
residue and blocks the recruitment of p300/CBP
transcriptional cofactors.13 Therefore, HIF is con-
trolled both quantitatively and qualitatively by the
cellular oxygenation status.

In the kidney, HIF-1a is expressed in tubular and
glomerular epithelial cells, and HIF-2a in glomeru-
lar and peritubular endothelial cells and peritubular
fibroblasts, in response to hypoxia.14,15 From a
functional aspect, an earlier study from our group
demonstrated that pretreatment with cobalt amelio-
rated ischemic acute renal injury through the
induction of HIF-regulated genes.16 However, the
responsible mechanisms were not fully delineated.
Furthermore, whether these findings occurred in
chronic, progressive renal diseases characterized by
hypoxia was unclear. Of potential clinical relevance,
there remained a question of whether HIF activation
by cobalt might halt or retard the progression of
already existing renal injury, that is, whether cobalt
administration would be potentially therapeutically
useful.

In the present study, the role of HIF was
investigated in the rat remnant kidney model by
activating HIF and its regulated genes with repeated
subcutaneous injections of cobalt. The remnant
kidney is a disease model classically characterized
by glomerular and systemic hypertension, but a
recent study highlighted potential significance of
hypoxia, which was observed at a very early stage in
this condition.17 In the present study, we demon-
strated that cobalt mediated significant improve-
ment in tubulointerstitial injury as well as
preservation of glomerular and peritubular capillary
networks with no evidence of vascular leakage.
Underlying mechanisms included proliferation
of microvascular endothelial cells and reduced
numbers of apoptotic tubular cells. Additionally,
angiogenic properties of HIF-1 were investigated
in vitro in rat proximal renal tubular epithelial
cells, and those of HIF-2, in renal endothelial
cells. Taken together, our observations provide
a rationale for a vigorous search of means to activate
HIF in an attempt to overcome ischemic renal
diseases.

Materials and methods

Animal Model

Female Wistar rats weighing 220–250 g were used
in this study. After 1 week of acclimatization, rats
underwent subtotal nephrectomy (remnant kidney:
RK) as follows: via a midline incision under 50mg/
kg ketamine anesthesia, right kidney nephrectomy
was performed followed by ligation of the posterior

and one or two of the anterior branches of the left
renal artery. Sham operation consisted of open
laparotomy alone. After 1 week, animals were
divided into four study groups: (1) rats without
cobalt treatment, (2) rats receiving cobalt treatment
at weeks 2–5, (3) rats receiving cobalt at weeks 6–9,
and (4) rats receiving cobalt at weeks 2–9. Cobalt
chloride (Sigma, MO, USA) was dissolved to 5mg/
ml in phosphate-buffered saline (PBS) and adminis-
tered subcutaneously at 5mg/kg, three times a week.
The subcutaneous delivery route was selected to
achieve a slower cobalt delivery than the intrave-
nous or the intraperitoneal route. No adverse effect
of the cobalt subcutaneous injection was observed.
At the end of week 9, rats were euthanized, and
blood was taken by cardiac puncture and kidneys
removed for histological evaluation. Equal induc-
tion of the disease was confirmed by comparing
blood urea nitrogen (BUN) levels at week 1 among
the groups (shown in Table 1). In this study,
cobalt was used to activate HIF on the basis that
cobalt inhibits prolyl hydroxylation of the HIF-a
subunit, an initial step of E3 ubiquitination, and
stabilizes HIF-a, irrespective of the oxygenation
status.18

In a separate set of experiments, rats were injected
with 60mg/kg pimonidazole (Chemicon, CA, USA),
a chemical adduct that detects tissue hypoxia, via
tail vein 2h prior to killing and kidneys were
processed for immunodetection of hypoxic tubular
cells.

BUN and serum creatinine levels were measured
at week 1, 5 and 9 using a commercial kit (Wako,
Osaka, Japan). Urine samples were collected in
metabolic cages at designated time points and
urinary protein excretion was measured using a
Bio-Rad assay reagent (Bio-Rad, CA, USA). Blood
pressure (BP) was measured by an occlusive tail-cuff
plethysmograph attached to a pneumatic pulse
transducer. Rats were conditioned carefully at least
three times on separate days before the first
measurement. BP was recorded as the mean value
of three separate measurements obtained at each
session.

Histological Evaluation

Methyl-Carnoy’s-fixed, paraffin-embedded sections
(3 mM) were dewaxed and rehydrated through
graded alcohols. Periodic Acid-Schiff (PAS) staining
was used for the semiquantitative evaluation of
glomerular sclerosis and tubulointerstitial injury.
Glomerular sclerosis was quantified per glomerulus
as follows: grade 0, no sclerosis; grade 1, o25%;
grade 2, o50%; grade 3, o75%; and grade 4, Z75%
involved. At least 30 glomeruli were evaluated
under � 400 magnification and averaged. Tubuloin-
terstitial injury score was evaluated based on
morphological changes of the tubules such as
dilatation, distortion of tubular basement mem-
branes and atrophy as follows: grade 0, no
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morphological deformities; grade 1, o10%; grade 2,
o25%; grade 3,o50%; grade 4,o75%; and grade 5,
Z75% involved. More than 20 consecutive fields
were examined under � 400 magnification and
averaged per slide.

Immunohistochemistry

Immunostaining was conducted by a conventional
indirect immunoperoxidase method. Glomerular
and peritubular capillaries were identified with
JG12 antibody, raised against aminopeptidase P of
microvascular endothelial cells (1/100, Bender
MedSystems, San Bruno, CA, USA). Antigens
were retrieved by autoclaving samples at 1211C for
20min in 10mM citrate buffer (pH 6.0). Subse-
quently, they were probed with JG12, biotinylated
anti-mouse IgG (1/400, Vector, CA, USA) and HRP–
avidin (1/1000, Vector). Color development was
made with nickel, H2O2 and DAB (Wako) to yield
black staining.

Proliferating capillary endothelial cells were
detected by double staining with JG12 and anti-
PCNA antibodies (1/500, DAKO, Carpinteria, CA,
USA). After antigen retrieval, sections were first
probed with JG12 as described above, except that
anti-mouse IgG1 (1/200, Santa-Cruz biochemistry,
CA, USA) was used as the secondary antibody.
Then, after quenching remaining peroxidase activity

with 3% H2O2/PBS for 10min, slides were incu-
bated with anti-PCNA, biotinylated anti-mouse
IgG2a (1/200, Santa-Cruz biochemistry) and HRP–
avidin. Color was developed with H2O2 and DAB, to
yield brown staining. The number of JG12-positive
PCNA-positive cells was averaged per 10 glomeruli
or per 0.25mm2 area.

Immunodetection for other proteins included
utilization of Hypoxyprobet-1Mb1 (1/200, Chemi-
con), anti-vimentin (1/500, DAKO), anti-VEGF (1/
100, Santa-Cruz biochemistry) and anti-ED-1 (which
recognizes an antigen expressed by the majority of
tissue macrophages: 1/40, Cymbus biotechnology,
Chandlers Ford, Hants, UK) antibodies.

Evaluation of Capillaries

The number of glomerular capillaries was counted
under � 400 magnification in 30 consecutive glo-
meruli and averaged. Density of peritubular capil-
laries was quantified using a rarefaction index, as
described previously.19 Using 10� 10 grids under
� 200 magnification, squares without JG12-positive
capillaries were counted, and the proportion of
squares not containing capillaries was calculated.
Using this method, the minimal possible rarefaction
index is 0, which indicates that every square
contains JG12-positive endothelia, while the max-
imum possible score is 100, in which no positive
staining is identified.

Table 1 Physical and biological data of experimental animals

Group

Sham Remnant kidney

Co (�) Co (weeks 2–5) Co (weeks 6–9) Co (weeks 2–9)
n¼4 n¼ 6 n¼4 n¼ 8 n¼ 4

BW (g)
Week 9 N/A 290715 285718 274711 286710

SBP (mmHg)
Week 9 106717 15874(**) 15172(**) 149711(**) 15677(**)

BUN (mg/dl)
Week 1 N/A 35.077.2 33.5714.7 34.076.4 32.373.7
Week 5 N/A 39.8714.0 34.972.2 35.278.3 29.771.2
Week 9 19.072.1 61.9710.6(**) 41.075.5(**)(##) 34.476.4(**)(##) 40.176.3(**)(##)

Cre (mg/dl)
Week 5 N/A 1.1470.10 1.1470.19 1.1770.07 1.0270.10
Week 9 0.5170.03 1.3770.21(**) 1.3470.23(**) 1.1370.16(**)(#) 1.0270.19(**)(##)

U-Protein (mg/day)
Week 1 N/A 5.574.2 5.475.1 2.271.1 4.272.8
Week 5 N/A 43.4740.6 4.570.3 34.3733.1 11.177.1
Week 9 2.870.4 172.6792.2(**) 134.3792.9(**) 56.2734.6(**)(##) 83.4717.0(**)(#)

Three different periods of cobalt administration were tested to determine the optimal time point of the treatment.
N/A¼not available.
(**): Po0.01 vs sham.
(#), (##): Po0.05, 0.01 vs Co(�) group.
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TdT-Mediated dUTP Nick-End Labeling (TUNEL)
Staining

Apoptotic cells were detected by TUNEL staining.
Buffered-formalin-fixed sections were processed
with cytonin (15min at room temperature). After
quenching of endogenous peroxidase (3% H2O2 in
methanol, 5min), sections were reacted with
terminal deoxynucleotidyl transferase (TdT) and
biotinylated dUTP in TdT reaction buffer (30mM
Tris-HCl, pH 7.2, 140mM sodium cacodylate, 1mM
Mn2þ ), for 60min at 371C. Biotinylated nuclei were
detected using HRP–avidin, H2O2 and DAB. The
number of TUNEL-positive tubular cells were
counted in 20 nonoverlapping cortical fields under
� 200 magnification and averaged.

Evaluation of Vascular Permeability

Vascular permeability changes were evaluated by
Evans blue dye extravasation test.20 Cobalt- or
vehicle-treated rats were injected with 20mg/kg
Evans blue via tail vein. After 20min, kidneys were
removed and the cortex dissected. The Evans blue
dye was extracted from the tissue with formamide,
and the concentration was measured by obtaining
optic absorbance at 630nm using a microtiter plate
reader. The Evans blue dye content was corrected for
dry tissue weight.

Real-Time PCR

RNA was isolated from the renal cortex using
ISOGEN (Nippon Gene, Tokyo, Japan) and reverse
transcribed with Im-Prom II reverse transcription kit
(Promega, WI, USA). A measure of one-twentieth
(vol/vol) cDNA was used as a template for subse-
quent quantification. PCR was run on an iCycler
(Bio-Rad), using iQt SYBR Green PCR supermix
(Bio-Rad). The relative amount of HIF-regulated
genes was calculated and corrected for that of
b-actin. Target genes included EPO, VEGF and
Tie2. Corresponding primers have been described
in our previous publication,16 except for Tie2 (fw:
50-CTGAGAACAACATAGGATCAAGCAA-30; rv: 50-
TTTCCCCCTCCAAGGTCTTT-30).

Cell Culture

A kidney vascular endothelial cell line, GEN,
derived from glomerular endothelial cells was used
and is called ‘kidney endothelial cell line’ elsewhere
in this paper. Endothelial cells were cultured in
RPMI 1640 medium containing 10% fetal bovine
serum (FBS, JRH biosciences, KS, USA) and 10%
NuSerum (BD biosciences, MA, USA).21 Immorta-
lized rat proximal tubular cells (IRPTC) were grown
in DMEM supplemented with 5% FBS, buffered
with 25mM HEPES.22 Cells were maintained at 371C
under humidified 5% CO2. Hypoxic conditions

were provided by exposure of cells to 1% O2 in a
multigas incubator, APM-30D (ASTEC, Fukuoka,
Japan).

To explore the specific role of HIF-1 in tubular
epithelial cells, IRPTC clones that express a domi-
nant-negative (dn) HIF-1a23 were used. These IRPTC
clones have been established and characterized in
detail in our previous study.7 Although dnHIF-1a
interferes with both HIF isoforms, HIF-1 rather than
HIH-2 is the dominant HIF in ITPTC cells (unpub-
lished observation). Functional analyses of HIF-2 in
renal endothelial cells were carried out by establish-
ing clones that overexpress HIF-2a. An open-reading
frame encoding full-length mouse HIF-2a was
generated by PCR using fw: 50-TCGGAGGGCCACG
GCGACAATGACAG-30 and rv: 50-AAGTGAAGCTG
GCAGGTCAAGACGGC-30 primers and cDNA of
C57BL6 mouse kidney as a template, with the
annealing/extension step set at 651C, 180 s. Ampli-
fied fragments were subcloned to pCR2.1 (Invitro-
gen, CA, USA) and expressed in pcDNA3.1(�)
(pmHIF-2a/pcDNA, Invitrogen). Nucleotide se-
quences were confirmed by dideoxy DNA sequen-
cing. Endothelial clones overexpressing HIF-2awere
generated by transfection of pmHIF-2a/pcDNA
using cationic liposome (Lipofectamine: Invitrogen).
After transfection, clones were selected with 600 mg/
ml G418 (Sigma) and outgrowths of cells carrying
the vector were isolated using cloning cylinders.
Two independent clones (#3 and #7) were analyzed
in this study.

Immunoblotting

Protein was extracted from control endothelial
cells and HIF-2a clones using 1% NP-40 lysis
buffer (150mM sodium chloride, 1% NP-40,
50mM Tris-HCl, pH 8.0). Aliquots of cellular
protein were resolved by 7.5% SDS-PAGE under
reducing conditions and transferred onto PVDF
membranes (Amersham, NJ, USA). Primary antibody
raised against mouse HIF-2a was used at 1/3000
(PM9, a gift from Dr Michael S Wiesener,
University of Erlangen-Nuremberg, Germany).
Specific bands for HIF-2a were visualized with
AP-conjugated secondary antibody and BCIP/NBT
(Sigma).

Preparation of Conditioned Media (CM)

Angiogenic properties that renal tubular HIF-1
confers on endothelial cells were examined by
preparing the CM.24 Control IRPTC and dnHIF-1a
clones were grown to confluence in 100mm culture
dishes, medium was changed to RPMI 1640 without
FBS and the cells were then cultured under
normoxic or hypoxic conditions for another 24h.
Supernatants were then collected, centrifuged to
remove cellular debris and passed through 0.22 mm
pore filters (Millipore, Tokyo, Japan).
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Cultured Endothelial Cell Proliferation Assay

Endothelial proliferation in the CM was examined
by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethox-
yphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
reduction to formazan (MTS assay: Promega, WI,
USA) and bromodeoxyuridine (BrdU) incorporation
into chromosomal DNA (Amersham).25,26 Cells were
seeded at 1.0� 104 (MTS assay) or 2.0� 104 (BrdU
incorporation) on 96-well culture plates and incu-
bated overnight. Then, the medium was aspirated
and replaced by the CM, and cells were incubated
for another 24h. After the incubation, cells were
loaded with either MTS reagent or BrdU, and the
cell proliferation was measured using a microtiter
plate reader, as indicated by the supplier.

Endothelial Cell Migration and Capillary Network
Formation

Endothelial migration assays were conducted using
a modified Boyden chamber27 (Beckton Dickinson,
NJ, USA). Control cells or clones overexpressing
HIF-2a were suspended at 1.0� 105/200 ml RPMI
containing 1% FBS and seeded on the upper
chamber precoated with 0.1% gelatin (8 mm pores,
24-well plate format). The insert was then placed in
wells containing 700 ml RPMI fully supplemented
with serum, and cells were incubated for 24 h in
either normoxic or hypoxic conditions. Cells migrat-
ing to the bottom of the chamber were fixed with
methanol and visualized with Giemsa staining. The
number of migrating cells was counted under a
microscope.

Capillary network formation was examined by
Matrigel assays (BD biosciences, MA, USA). Control
cells or HIF-2a clones were seeded on four-well Lab-
Tek chamber slides (Nalge Nunc International, IL,
USA) coated with Matrigel and cultured in normox-
ia or hypoxia for the indicated periods. After
incubation, the formation of capillary networks
was observed with a phase-contrast microscope
and quantitatively evaluated by measuring capillary
tube length.

Statistical Analyses

Data are expressed as mean7s.e.m., unless other-
wise noted. Statistical analyses were carried out
using a Stat-View software (Ver. 5.0 SAS Institute,
Cary, NC, USA). Comparisons among groups were
made using ANOVA, with the correction of Bon-
ferroni/Dunn’s method. Nonparametric data were
analyzed with the Mann–Whitney test. P-values of
o0.05 were considered statistically significant.

Results

Tubulointerstitial Hypoxia in the Remnant Kidney

In our previous study, evidence of hypoxia was
observed in cortical tubular cells in the early stage of
the rat remnant kidney.17 However, some contro-
versy remains as to whether hypoxia is still present
in the advanced stages of this model.28,29 In this
regard, pimonidazole staining was conducted to
visualize hypoxia at week 9 of the remnant kidney
(Figure 1). In areas with moderate damage, hypoxic
areas appeared to extend from the outer medulla to
the inner cortex (b), as compared to controls (a),
while in regions with severe injury, hypoxic signals
were evident in dilated, proximal tubules (c). These
results confirm the presence of hypoxia in the
advanced stage of the remnant kidney, which
warrant the present investigation.

Determination of the Administration Period of Cobalt
(A Pilot Study)

To optimize the time point for cobalt treatment, a
pilot study was carried out (Table 1). Rats were
categorized into five groups: (0) sham-operated rats,
(1) RK rats without cobalt treatment (vehicle), (2) RK
rats receiving cobalt in the first half of the study
period (weeks 2–5), (3) RK rats receiving cobalt in
the latter half of the study period (weeks 6–9) and (4)
RK rats receiving cobalt throughout the entire period
(weeks 2–9). Body weight (BW), systolic BP (SBP),

Figure 1 Hypoxia in the remnant kidney. Pimonidazole staining identified hypoxic tubules in the remnant kidney at week 9. In areas
where injury was moderate, the hypoxic areas extended from the outer medulla to the cortex (b). In the severely damaged cortex, the
hypoxic signal was observed in dilated tubules (c). In the cortex of sham-operated rats, there was no positive staining (a). Original
magnification: � 100. Abbreviations: C, cortex; OM, outer medulla.
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BUN, serum creatinine levels and urinary protein
excretion were measured at given time points.
Among rats receiving subtotal nephrectomy (groups
1–4), there was no difference in BW and SBP
throughout the experimental course. At week 9,
BUN levels were lower in rats in groups 2, 3 and 4.
Serum creatinine levels and urinary protein excre-
tion were also significantly reduced in groups 3 and
4. There was no significant difference in these
parameters between groups 3 and 4. Based on these
preliminary results, the effect of HIF was investi-
gated in detail by administering cobalt at weeks 5–9.

Cobalt administration alone in sham-operated rats
(for 4 and 8 weeks) did not affect these parameters
(data not shown).

Activation of HIF and Induction of HIF-Regulated
Genes by Cobalt

Activation of HIF by cobalt was confirmed by
immunodetection of the transgene in ‘hypoxia-
responsive element (HRE)-luciferase’ transgenic rats
developed recently in our laboratory28 (Figure 2a).

Figure 2 Activation of HIF and induction of HIF-regulated genes by cobalt. Cobalt was administered to ‘HRE-luciferase’ transgenic rats
for 4 weeks and kidneys were immunoprobed for the transgene (a). The transgene expression was stronger in all areas of the kidney in
cobalt-treated rats than in vehicle-treated controls. In addition, renal transcripts of HIF-regulated genes were quantified by real-time PCR
(n¼ 4–8). (b) Cobalt administration increased EPO, VEGF and Tie2 mRNA expression. Note also that VEGF mRNA, an angiogenic factor,
decreased in the RK group (0.66-fold, P¼0.11 vs sham) and was restored rather than overexpressed by cobalt (1.14-fold). The baseline
expression levels of EPO, VEGF and Tie2 mRNA in the sham group were arbitrarily set at 1.
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These animals are transgenic rats harboring
FLAG-tagged luciferase reporter under the control
of HRE. Therefore, the detection of the transgene
serves as direct measure of HIF activation. In cobalt-
treated rats, the transgene signal was obviously
stronger than in those of control rats, in all areas of
the kidney. Induction of HIF-1- and HIF-2-regulated
genes was quantified by real-time PCR analysis
(Figure 2b). At week 9, the amount of EPO and
VEGF mRNA significantly increased from 5.87
2.3- and 0.6670.10-fold to 18.072.6- and 1.1470.12-
fold (both Po0.01 vs vehicle) by cobalt. Further-
more, the amount of Tie2 mRNA tended to be
higher in the cobalt-treated group (0.9070.16- and
1.4270.19-fold (P¼ 0.069)).

Additionally, rats treated with cobalt had rough-
ened and uneven skin, and furless areas, such as the
ears, were erythematous (not shown). These skin

phenotypes are similar to those observed in HIF-1a-
overexpressing mice described previously.30

Cobalt Treatment Ameliorates Tubulointerstitial
Injury in the Remnant Kidney

Representative PAS stainings of sham-operated
(sham), vehicle-treated remnant (RK) and cobalt-
treated remnant (RK-Co) kidneys are shown (Figure
3a–c). In the glomeruli, focal changes showing
mesangial expansion and sclerosis were observed
to a similar degree in the RK and RK-Co groups
(score 2.4370.08 vs 2.3670.12, NS, Figure 3g). In
the cortical tubulointerstitium, however, foci of
tubular atrophy, dilatation and interstitial fibrosis
were less severe in the RK-Co group than in the RK
group (score 3.2170.24 vs 2.5170.12, Po0.05,

Figure 3 Histological improvements by cobalt. PAS staining clarified that the tubulointerstitial injury, such as dilatation and atrophy,
was markedly ameliorated by cobalt treatment, while glomerular injury was not improved (a–c). Semiquantitative scoring of glomerular
sclerosis and tubulointerstitial injury was summarized in (g–h). Tubulointerstitial vimentin staining was also less severe in the RK-Co
group (d–f). Original magnification: �100.
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Figure 3h). Amelioration of tubular injury was
also corroborated by immunostaining with vimen-
tin, a marker of dedifferentiation and tubular injury
(Figure 3d–f).

Glomerular and Peritubular Capillary Networks

Considering that cobalt and HIF activation led to
significant histological improvement in the remnant
kidney, underlying mechanisms were investigated
focusing on glomerular and peritubular capillary
networks (Figures 4 and 5). Microscopic views of
kidneys in each group are shown in Figure 4a–c. In
the glomeruli of the RK group, the number of JG12-
positive capillaries decreased from 42.072.6 (sham)
to 30.972.3 (RK). Cobalt treatment restored the
number to 39.272.7 (Po0.05 vs the RK group;
Figure 4d–f and quantified in Figure 5a). The
tubulointerstitial capillary density was quantified
by measuring the rarefaction index. The index

significantly decreased from 18.670.9 to 13.770.4
(Po0.01 vs the RK group; Figure 4g–i and quantified
in Figure 5b), indicating that the tubulointerstitial
capillary density was restored by cobalt. The
reconstitution of peritubular vascular networks
occurred at the microvessel level, because there
was no obvious difference in the number of a-SMA-
positive vessels between the RK and RK-Co groups
(data not shown).

To address the question of whether the preserva-
tion of microvasculature was associated with pro-
liferation of vascular endothelial cells, double
staining with JG12 and anti-PCNA antibodies was
performed and the number of double-positive cells
was counted in both glomeruli (Figure 5c) and
tubulointerstitium (Figure 5d). With cobalt treat-
ment, the number of proliferating endothelial cells
increased from 1.2170.23 to 2.3470.36 in the
glomeruli (Po0.01) and from 1.2170.10 to 2.037
0.29 in the tubulointerstitium (Po0.05). These
results indicate that the retention of capillary

Figure 4 Changes in glomerular and peritubular capillary networks. Glomerular and peritubular capillaries were analyzed
immunohistochemically by JG12 staining. Progressive loss of both glomerular and peritubular capillaries was observed in the remnant
kidney, which was reversed by cobalt treatment (a–c). Representative, magnified views in glomeruli (d–f) and tubulointerstitium (g–i) are
also shown. A picture of proliferating endothelial cells is presented in the inset (lower right of (i)). Original magnification: �100 (a–c),
� 400 (d–f) and � 200 (g–i).
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networks in both glomeruli and tubulointerstitium
was accompanied by the proliferation of vascular
endothelial cells.

Endothelial proliferation and reconstruction of
peritubular capillary networks were associated with
the restoration of VEGF immunostaining in tubules
located in the outer stripe of the outer medulla
(Figure 6). In the sham kidneys, VEGF staining in
the tubulointerstitium was most evident in the outer
medulla (Figure 6a), which decreased markedly in
the RK group (Figure 6b). By cobalt administration,
VEGF staining in these areas became apparently
restored (Figure 6c), in keeping with our previous
quantification of VEGF mRNA (Figure 2b).

The capillary networks in cobalt-treated animals
revealed no increase in vascular permeability, as
assessed by Evans blue dye content in the cortex
of the kidney (Figure 6d). The baseline content
of Evans blue was 65.8710.1 ng/mg dry tissue.
In the remnant kidney, the dye content was

120.2713.3 ng/mg in the RK group and 122.77
13.7 ng/mg in the RK-Co group, respectively.

Cobalt Treatment Protects Tubular Cells from
Apoptosis and Inhibits Macrophage Infiltration

The renoprotective effect of cobalt was associated
with a reduced number of apoptotic tubular cells
and infiltrating macrophages (Figure 7). In the
cortex, the number of TUNEL-positive tubular cells
appeared to be less in the RK-Co group (Figure 7c,
2.570.4 per � 200 field) than in the RK group
(Figure 7b, 5.170.3, Po0.01; Figure 7a–c and
quantified in Figure 7g). The number of ED-1-
positive infiltrating macrophages was also counted
in the cortical tubulointerstitium and was signifi-
cantly less in the RK-Co group (26.372.5 per � 200
field) than in the RK group (44.874.6, Po0.01;
Figure 7d–f and quantified in Figure 7h).
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HIF-1 in Tubular Epithelial Cells Modulates
Endothelial Proliferation In Vitro

Endothelial proliferation by systemic HIF activation
was further analyzed by in vitro experiments,
focusing on the role of HIF-1 in neighboring tubular
epithelial cells and that of HIF-2 in renal endothelial
cells. These different cell types and HIF-2 isoforms
were selected based on previous in vivo observa-
tions on HIF-a isoform expression.14,28

To test whether HIF-1 in tubular epithelial cells
modulates endothelial cell proliferation, CM were
prepared from normoxic or hypoxic, control and
dnHIF-1a IRPTC (Figure 8). Incubation of cultured
endothelial cells with the CM from normoxic
culture revealed no difference in proliferation.
However, when the CM were obtained from hypoxic
IRPTC clones, endothelial cell growth showed a
clear difference according to the origin of IRPTC
clones (control or dnHIF-1a). Use of the CM
obtained from hypoxic dnHIF-1a clones resulted in
the impairment of endothelial growth as compared
to those from hypoxic control IRPTC. Similar results
were obtained in both MTS (a) and BrdU incorpora-
tion (b) assays. The difference in endothelial
proliferation indicates that HIF-1 in renal tubules
either promotes the release of angiogenic factors or

inhibits the secretion of angiostatic substances in
response to hypoxia.

HIF-2 in Renal Endothelial Cells Mediates Migration
and Network Formation In Vitro

To test further whether HIF-2 in renal endothelial
cells contributes to capillary formation in a hypoxic
milieu, clones that stably overexpress HIF-2a were
established and tested for migration and network
formation. Immunoblotting shows that stable trans-
fectants express higher levels of HIF-2a in both
normoxia and hypoxia (Figure 9a). These clones
showed similar growth in monolayer culture, as
compared to control endothelial cells (Figure 9b).
Hypoxia tended to promote cell proliferation at 24 h
and retard growth at 72h in these clones, neither of
which reached statistical significance.

Endothelial migration was evaluated using the
modified Boyden chamber (Figure 9c). When control
cells were incubated in hypoxia for 24 h, a larger
number of migrating endothelial cells were observed
as compared to normoxic control cells. Endothelial
migration was then compared among control cells
and two HIF-2a clones (#3 and #7) under conditions
of hypoxia. The number of migrating cells was

Figure 6 VEGF immunostaining and testing of vascular permeability. Improvement of renal microvasculature was associated with
restoration of VEGF expression in the outer medulla. In sham-operated kidneys, VEGF-staining was most evident in the outer medulla
(a). In the remnant kidney, however, the expression faded substantially, in parallel with progressive loss of peritubular capillaries (b).
Administration of cobalt restored expression of VEGF in these areas (c). Leakage/permeability of newly formed vessels was examined by
measuring the Evans blue dye content (d). In the remnant kidney, the dye content in vehicle-treated and cobalt-treated rat kidneys
revealed no difference, indicating that the newly constructed vasculature by cobalt was not leakage prone. (a–c) Original magnification
� 100 and (d) n¼ 3–4 in each group.
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significantly larger in two HIF-2a clones than
in control endothelial cells, suggesting the involve-
ment of HIF-2 in endothelial migration. Cell
migration in HIF-2a clones tended to be more
evident even under normoxic culture conditions.
Capillary network formation was further evaluated
in these clones (Figure 10). When cells were
seeded onto Matrigel at subconfluent density,
all three clones showed the appearance of tube-like
structures at 4–5h, which was more prominent
in hypoxia (Figure 10b compared to a), and even
more evident in HIF-2a clones (Figure 10c). Capil-
lary network formation was quantified by measuring
the tube length at 24 h (Figure 10e). Hypoxia alone
promoted capillary network formation in control
endothelial cells, in keeping with previous observa-
tions,31 and overexpression of HIF-2a promoted
network formation even more significantly.
Likewise, vascular sprouting, which was also de-
tectable at 4–5h after seeding, was more prominent
in HIF-2a clones (Figure 10d). These findings

further imply that HIF-2 in renal endothelial
cells contributes to the construction of capillary
networks.

Discussion

This study demonstrates the roles of cobalt- and
HIF-mediated angiogenesis in the ischemic tubu-
lointerstitium in late phases of the rat remnant
kidney. Administration of cobalt led to the activa-
tion of HIF, induced a number of HIF-regulated
genes and ameliorated tubulointerstitial injury in
this model, which was associated with proliferation
of microvascular endothelial cells and preserved
capillary networks in both glomeruli and tubuloin-
terstitium. Angiogenic properties of tubular epithe-
lial HIF-1 and endothelial HIF-2 seen in vivo were
further validated in vitro. In addition, cobalt treat-
ment rendered cortical tubular cells resistant to
apoptosis.

Figure 7 TUNEL and ED-1 staining. The renoprotective effect of cobalt was also associated with the reduced number of apoptotic tubular
cells and infiltrating macrophages in the cortical tubulointerstitium. In TUNEL staining, the number of apoptosis (arrows) was markedly
reduced by cobalt treatment (a–c, quantified in (g); counting: per � 200 field, Po0.01). The number of infiltrating macrophages was also
reduced in the cobalt-treated group (d–f, quantified in (h); counting: per � 200 field).
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HIF regulates a variety of genes essential to
cellular adaptation to hypoxia. Among them are a
number of angiogenic and vasoactive genes such as
VEGF and nitric oxide (NO) synthase. However, it
seems to depend on the types of cells and experi-
mental conditions whether HIF-1 mediates angio-
genesis, according to previous tumor xenograft
studies.

In the kidney, defining the role of angiogenesis is
important for understanding the pathogenesis of
renal damage and for developing a new therapeutic
approach, because it has been established from a
comprehensive human pathological analysis that

damage and destruction of peritubular capillaries
are associated with the fall in residual renal
function.32 Furthermore, the experimental adminis-
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Figure 8 Endothelial proliferation in the CM from IRPTC.
Cultured renal endothelial cells were incubated in the condi-
tioned media (CM) obtained from (1) normoxic control IRPTC
clone, (2) normoxic dnHIF-1a clone, (3) hypoxic control IRPTC
clone and (4) hypoxic dnHIF-1a clone cultured for 24h. When
endothelial cells were cultured in the CM obtained from
normoxic IRPTC (control (1) and dnHIF-1a (2) clones), there
was no difference in the growth rate. Upon incubation with the
CM from hypoxic IRPTC ((3) and (4)), however, a significant
difference in cell growth was observed. By abrogating the tubular
function of HIF-1, the endothelial growth in the CM became
significantly impaired. Similar results were obtained irrespective
of the oxygen concentration during the culture of endothelial
cells. These findings were confirmed by both MTS (a) and BrdU
incorporation (b) assays (representative of more than three
independent experiments, n¼8).
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Figure 9 Overexpression of HIF-2a promotes migration in renal
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Figure 10 Capillary network formation. Cells seeded on Matrigel formed capillary-like structure at approximately 4–5h, which was more
prominent in hypoxia (b) as compared to normoxia (a). When HIF-2a clone was cultured in hypoxia (c), network formation was even
more evident than hypoxic, control endothelial cells. A magnified view (d) shows representative vascular sprouting (arrows), which was
larger in number in order of (c)4(b)4(a). The capillary network formation on the Matrigel was enumerated after 24h of hypoxic
incubation by measuring the length of capillary structures (e). Hypoxia alone promoted network formation, which became even more
evident by overexpressing HIF-2a. The average tube length in normoxic, control endothelial cells was arbitrarily set at 1. Original
magnification: � 40 (a–c) and � 100 (d), n¼ 3.
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tration of vasoactive factors, such as VEGF and NO,
has been shown to be renoprotective in a variety of
glomerular diseases,33,34 including the remnant
kidney model,35 in which intrinsic VEGF expression
decreases at later stages.19 Based on these previous
observations, it appears likely that the induction of
angiogenesis by cobalt and HIF activation contri-
buted greatly, if not entirely, to the amelioration of
tubulointerstitial injury in this model. To our
knowledge, this is the first demonstration that
activation of HIF can promote angiogenesis and
protect tubulointerstitial injury in the remnant
kidney. Successful induction of angiogenesis by
overexpressing HIF-1a has been reported in other
systemic organs such as the heart36 and the hind
limb.37

Anatomically, the newly constructed vascular
networks in the tubulointerstitium appeared patchy,
suggesting that the increase in vascularity occurred
at the level of microvessels. The number of vessels
in cobalt-treated kidneys that expressed a-SMAwas
comparable to those in the vehicle-treated kidneys
(not shown), consistent with a previous report
concerning the heart.38

It is important to note that the new vessels did not
show any evidence of vascular leakage. Evans blue
content in the remnant kidney revealed no differ-
ence between vehicle- and Co-treated RK groups,
nor was there any significant difference observed
when kidneys were subjected to ischemia–reperfu-
sion injury, a disease model characterized by
interstitial edema in its early stage (not shown).
These results suggest that these new vessels are not
prone to leakage, possibly because cobalt treatment
leads to a more coordinated angiogenesis as com-
pared to that seen when a single angiogenic
substance downstream of HIF, such as VEGF is
used. Given the experimental results of vascular
hyperpermeability in mice overexpressing VEGF in
the skin39 and clinical observations of tissue edema
when VEGF is administered in peripheral arterial
diseases,40 angiogenesis by HIF may be a new and
promising target for therapeutic approaches in
ischemic renal diseases.

Angiogenic properties of HIF were further verified
in vitro. Our studies indicate that HIF-1 in tubular
epithelial cells either releases angiogenic factors or
inhibits the secretion of angiostatic substances,
because the CM obtained from hypoxic dnHIF-1a
IRPTC obviously retarded the growth of renal
endothelial cells as compared to media from control
IRPTC. These observations are consistent with in
vivo findings that cobalt restored immunostaining of
VEGF, an HIF-regulated angiogenic factor, in the
outer medulla. Looking at the data together, it is
tempting to speculate that tubular epithelial cells
release angiogenic substances in response to hypox-
ia in vivo, as is the case for podocytes.41 On the other
hand, overexpression of HIF-2a in cultured renal
endothelial cells resulted in accelerated migration
and capillary network formation in response to

hypoxia. To date, several studies using HIF-2a
knockout mice revealed divergent properties, in-
cluding impairment in remodeling of the primary
vascular networks at postvasculogenesis stages.42

Further studies will be needed to clarify the role of
HIF-2 in renal pathology. There is a good possibility,
however, that HIF-2 serves a renoprotective role,
considering that HIF-2 regulates gene expression of
endothelial receptors for angiogenic factors such as
Tie243,44 and VEGFR-2 (Flk-1/KDR).45,46

The renoprotective effect of cobalt was also
associated with the reduced number of apoptotic
cortical tubular cells. The role of HIF-1 on the
survival of epithelial cells is obviously multifactor-
ial,47 but overall it promotes cell survival by
mediating cellular adaptation to hypoxia. Both
EPO and VEGF, which are induced by HIF, have
been shown to protect renal tubular cells from
apoptosis,48,49 which may have contributed to the
antiapoptotic effect of HIF demonstrated in the
remnant kidney.

In contrast to the obvious renoprotection in the
tubulointerstitium, the current protocol failed to
protect glomeruli from sclerosis, despite the signi-
ficantly increased number of glomerular capillaries
in the cobalt treatment group. This may partly be
explained by glomerular and systemic hypertension
that has been linked with glomerular sclerosis in
this model.50,51

A significant reduction in proteinuria was
demonstrated by cobalt, despite no histological
improvement in glomerular histological analysis.
However, there remains a possibility that certain
factors mediated by cobalt contributed to the
maintenance of glomerular structures at levels
below microscopic examination. VEGF is one of
the candidates, because blockade of circulating
VEGF by neutralizing antibodies induces proteinur-
ia,52 in association with glomerular endothelial cell
detachment and hypertrophy, and a significant
decrease in nephrin, a crucial component of glo-
merular slit diaphragm. In addition, podocyte-
specific heterozygous deletion for VEGF-A results
in proteinuria and endotheliosis. VEGF also serves
as an autocrine survival factor in human podocytes
in vitro.53 Based on these findings, it is tempting to
speculate that the decrease in VEGF in this model
may have caused endothelial/podocyte injury, while
supplementation of VEGF through HIF led to the
maintenance of glomerular structures and the
reduction of proteinuria.

In summary, the present findings provide evi-
dence of angiogenesis by cobalt and demonstrate a
renoprotective role of HIF in the rat remnant kidney.
Given the observations that the degree of tubuloin-
terstitial injury correlates with renal insufficiency54

and that the damage in this compartment is
correlated with loss of peritubular capillaries,32

angiogenesis through activation of HIF is a promis-
ing therapeutic target against progressive, hypoxic
renal diseases. In this sense, modalities that activate
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HIF, including methods to inhibit prolyl-hydroxy-
lase activities,55,56 should be eagerly pursued.
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