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Although the response of kidneys acutely damaged by

ischemia or toxins is dominated by epithelial destruc-

tion and regeneration, other studies have begun to

define abnormalities in the cell biology of the renal

microcirculation, especially with regard to peritubu-

lar capillaries. We explored the integrity of peritubu-

lar capillaries in relation to expression of vascular

endothelial growth factor (VEGF)-A, hypoxia-induc-

ible factor (HIF)-� proteins, and von Hippel-Lindau

protein (pVHL) in mouse folic acid nephropathy, a

model in which acute tubular damage is followed by

partial regeneration and progression to patchy

chronic histological damage. Throughout a period of

14 days, in areas of cortical tubular atrophy and in-

terstitial fibrosis, loss of VEGFR-2 and platelet endo-

thelial cell adhesion molecule-expressing peritubular

capillaries was preceded by marked decreases in

VEGF-A transcript and protein levels. Nephrotoxicity

was associated with tissue hypoxia, especially in re-

generating tubules, as assessed by an established in

situ method. Despite the hypoxia, levels of HIF-1� , a

protein known to up-regulate VEGF-A, were reduced.

During the course of nephrotoxicity, levels of pVHL,

a factor that destabilizes HIF-1� , increased signifi-

cantly. We speculate that that down-regulation of

VEGF-A may be functionally-implicated in the pro-

gressive attrition of peritubular capillaries in areas of

tubular atrophy and interstitial fibrosis; VEGF-A

down-regulation correlates with a loss of HIF-1� ex-

pression which itself occurs in the face of increased

tissue hypoxia. (Am J Pathol 2003, 163:2289–2301)

The response of kidneys acutely damaged by ischemia

or toxins is dominated by epithelial destruction and re-

generation.1,2 Other studies, however, have begun to

define abnormalities in the cell biology of the renal micro-

circulation, especially with regard to peritubular capillar-

ies.3–5 Indeed, it is increasingly appreciated that these

vessels are also implicated in the pathobiology of chronic

renal diseases,6 including those triggered by acute injury

or renal ablation.7–12 Using animal models, a complex

picture is emerging, in which peritubular capillaries can

remodel after renal insults; this response consists of vari-

able endothelial injury with proliferation/regeneration,

sometimes followed by capillary loss. The response can

be dominated by capillary growth8 but when the balance

favors progressive endothelial deletion there is an asso-

ciation with interstitial fibrosis.7,10–12 Somewhat similar,

but more limited, histological observations have been

reported in human chronic kidney diseases, with some

authors emphasizing overall capillary loss in a range of

chronic nephropathies,13,14 whereas others noting that

peritubular capillaries are apparently increased, espe-

cially before severe fibrosis is established.15

Secreted growth factors drive the construction of, and

maintain the integrity of, endothelia and capillary net-

works.16 Vascular endothelial growth factor-A (VEGF-A)

is one of the best studied of these molecules, signaling

by binding to VEGF receptor-2 (VEGFR-2); there are, in

addition, other molecules with similar roles, including

VEGF-A-related proteins and the angiopoietins.16

VEGF-A is expressed in normal adult human and murine

kidneys, immunolocalizing to glomeruli and tu-

bules,8,10,17 and it is also detected at sites of angiogen-

esis and in situ vessel formation in embryonic kid-

neys.18,19 The amount of VEGF-A protein expressed by a

cell is controlled by several mechanisms, including reg-

ulation of transcription rate and transcript stability.20

VEGF-A expression is up-regulated by hypoxia, an effect

mediated through hypoxia-inducible factors (HIF), tran-

scription factors that bind as heterodimers (eg, HIF-1�/

HIF-� and HIF-2�/HIF-�) to a hypoxia-responsive ele-

ment in DNA where they complex with other proteins to

drive transcription.21–23 The transcription of other genes
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expressed in the kidney, including heme oxygenase-1

(HO-1) and erythropoietin (EPO) are also up-regulated by

HIF binding. HIF transcriptional activity is favored by

hypoxic stabilization of HIF-� proteins because, in nor-

moxia, they are hydroxylated and targeted for proteaso-

mal degradation after binding to the von Hippel-Lindau

protein (pVHL); renal carcinoma cell lines lacking pVHL

express HIF-� maximally in normoxia.

The aim of the current experiments was to explore the

relationship between the integrity of renal peritubular

capillaries with VEGF-A expression, using a mouse

model in which acute tubular necrosis is followed by

partial regeneration and also progression to patchy cor-

tical tubular atrophy and interstitial fibrosis. We used the

folic acid (FA) model: intraperitoneal FA administration is

followed by the rapid appearance of FA crystals in tu-

bules and subsequent acute nephrotoxicity followed by

patchy fibrosis.5,24–26 Acute damage has been attributed

to sudden blockade of individual tubules; however, alka-

linization of urine by co-administration of NaHCO3 de-

creases crystal deposition, but proximal tubular lesions

still occurs, consistent with direct nephrotoxicity.25 Our

hypothesis was that capillary attenuation would occur in

fibrotic areas and that this would be accompanied by

down-regulation of VEGF-A proteins. Our experiments

confirmed that loss of peritubular capillaries, visualized

by immunostaining for VEGFR-2 and platelet endothelial

cell adhesion molecule (PECAM), was preceded by pro-

found falls of kidney VEGF-A mRNA and protein levels.

We also discovered that the effects of FA nephrotoxicity

on HIF-� proteins was complex, with decreased HIF-1�

and increased HIF-2�, and that both changes occurred

in the presence of increased tissue hypoxia, as assessed

by an established in situ method;12,27 furthermore, neph-

rotoxicity was followed by up-regulation of pVHL protein

levels.

Materials and Methods

Reagents

Reagents were obtained from Sigma Chemical Co.

(Poole, Dorset, UK) unless otherwise specified. Antibod-

ies used were: goat anti-EPO (Sc-1310; Santa Cruz Bio-

technology Inc., Santa Cruz, CA) raised against an

epitope in human EPO amino-terminus, cross-reactive

with mouse EPO; rabbit anti-HO-1 (Sc-10789, Santa Cruz

Biotechnology Inc.) raised against amino acids 184 to

288 in human HO-1 carboxy (C)-terminus, cross-reactive

with mouse HO-1; rabbit anti-HIF-1� (Sc-10790, Santa

Cruz Biotechnology Inc.) raised against an epitope cor-

responding to amino acids 575 to 780 near the human

HIF-1� C-terminus, cross-reactive with mouse HIF-1�;

rabbit anti-HIF-2� (NB-100-122; Novus Biologicals Inc.,

Littleton, CO) raised against an epitope present in mouse

and human HIF-2�, specific for HIF-2� versus HIF-1�;

rabbit anti-VEGF-A (Sc-507, Santa Cruz Biotechnology

Inc.) raised against amino acids 1 to 140 of human

VEGF-A, cross-reactive with mouse VEGF-A; rabbit anti-

pVHL (Sc-5575, Santa Cruz Biotechnology Inc.) raised

against the 1 to 181 amino acid peptide representing

full-length human pVHL, cross-reactive with mouse

pVHL; rat anti-mouse PECAM (550274; Pharmingen, San

Diego, CA) and VEGFR-2 (555307, Pharmingen); mouse

anti-human �-smooth muscle actin (�-SMA) conjugated

with horseradish peroxidase coupled to an inert polymer

backbone (U7033; DAKO, High Wycombe, UK), cross-

reactive with mouse �-SMA. The Hypoxyprobe-1 kit

(Chemicon International Inc., Temecula, CA) utilizes pi-

monidazole hydrochloride, an established hypoxia mark-

er;27 areas of tissue hypoxia are detected in situ using an

antibody (Hypoxyprobe-1MAb1) against pimonidazole

adducts.

Experimental Model

Animal protocols were approved by the United Kingdom

Home Office. Eight-week-old male CD1 mice (Charles

Rivers Mouse Farms, UK) were administered FA (240

mg/kg) in vehicle (0.2 ml of 0.3 mol/L NaHCO3) or vehi-

cle-only by intraperitoneal injection. This FA dose reliably

induces severe nephrotoxicity, as assessed by histology

finding of grossly flattened renal epithelia after 24 hours,

but had a morbidity of �2% throughout the experimental

period.5,26 Eight kidneys were analyzed before FA or

vehicle-only administration (the control group). Other kid-

neys were harvested at 0.5, 1, 3, 7, and 14 days, with

eight FA (the experimental groups) and eight vehicle (the

sham groups) animals at each time point. In some exper-

iments (n � 4 for each time point) Hypoxyprobe-1 was

intraperitoneally injected at 60 mg/kg body weight in

phosphate-buffered saline (PBS; pH 7.4) 1 hour before

sacrifice. Mice were sacrificed by decapitation and kid-

neys removed within 1 minute. Left kidneys were used for

routine histology, immunohistochemistry, and in situ hy-

bridization; right kidneys were used for Northern, slot,

and Western blots; in the latter case, organs were snap-

frozen in liquid nitrogen.

Immunohistochemistry

Kidneys were fixed in 4% paraformaldehyde at 4°C over-

night and embedded in paraffin and 5-�m or 7-�m sec-

tions were used for immunohistochemistry. Sections were

dewaxed with Histoclear (Raymond Lamb, East Sussex,

UK). Some deparaffinized sections were stained with

Masson’s trichrome in which collagen is stained blue,

cytoplasm red, and nuclei black. Others were stained

with periodic acid-Schiff to identify proximal tubule brush

borders. Others sections were processed for immunohis-

tochemistry as described28 after treatment with either

proteinase K, proteinase, or heat-retrieving buffer (pH

9.5; Pharmingen) for antigen retrieval. Endogenous per-

oxidase was quenched with 3% H2O2 for 30 minutes and

sections were blocked in 10% bovine calf serum/0.1%

Tween-20 in PBS. Sections were reacted overnight with

antibodies (HIF-1�, 1:200; HIF-2�, 1:2000; PECAM,

1:1000; �-SMA, 1:4; VEGF, 1:400; VEGFR-2, 1:2000).

Primary antibodies raised in rabbit were detected using

the anti-rabbit Envision kit (DAKO), while those raised in

2290 Yuan et al
AJP December 2003, Vol. 163, No. 6



rat were detected using the anti-rabbit Envision kit after

incubation with rabbit-anti rat IgG (Vector Laboratories,

Burlingame, CA). Protein adducts of Hypoxyprobe-1 in

hypoxic tissues were detected by Hypoxyprobe-1MAb1

and horseradish peroxidase-conjugated F(ab�)2 frag-

ment of anti-mouse IgG antibody. Brown color was gen-

erated using diaminobenzidine as substrate. Negative

controls comprised omission primary antibodies. Nuclei

were counterstained with hematoxylin.

Quantitative Image Analysis of Cortical

Capillaries and Fibrosis Using PECAM and

Masson’s Trichrome Staining

To quantify fibrosis we used the blue color generated by

Masson’s trichrome staining, and to quantify capillaries

we used the brown color generated by PECAM immuno-

staining. Positive signal was captured using the Magic

Wand Tool of Adobe Photoshop 5.5. For each group

(control and experimental days 3 and 14), we analyzed

data from six kidneys; for fibrosis, 10 random, low-power

microscope fields were studied for each organ, and for

capillaries 10 random, high-power filed were studied (for

experimental day 14, regenerated and fibrotic areas were

assessed individually). Signal area, expressed as a per-

centage of the whole image, was calculated using Im-

ageJ software (http://rsbweb.nih.gov/ij/). The average

value from the 10 random images for each organ was

calculated.

In Situ Hybridization

Partial murine VEGF-A sequence (389 bp) was amplified

and cloned into pGEM-T cDNA plasmid and confirmed

by sequencing as described.18 Plasmid was linearized

with restriction enzymes and sense and anti-sense uri-

dine triphosphate-digoxigenin-labeled riboprobes pre-

pared using linearized plasmid cDNA as template, the

appropriate RNA polymerase, and the conditions recom-

mended in the Dig RNA labeling kit (Boehringer Mann-

heim, Sussex, UK). In situ hybridization was performed as

described29 with minor modifications. Paraffin-embed-

ded sections (7 �m) were dewaxed with Histoclear,

treated with proteinase K (20 �g/ml) at 37°C for 10 min-

utes, and postfixed in 4% paraformaldehyde. Sections

were covered with 50 �l of prehybridization mix [50% v/v

formamide, 5� standard saline citrate (SSC), 1� Den-

hardt’s reagent, heat-denaturated salmon sperm DNA

0.1 mg/ml, 10% w/v dextran sulfate] for 30 minutes at

65°C, followed by 50 �l of the same mixture containing

the digoxigenin-labeled riboprobe. A glass coverslip was

applied and hybridization was allowed to occur at 65°C

overnight. Sections were washed at 65°C with 25% for-

mamide in 2� SSC for 1 hour, 1� SSC and 0.1% sodium

dodecyl sulfate for 30 minutes, and 0.1� SSC and 0.1%

sodium dodecyl sulfate for 30 minutes. Hybridized probe

was detected by incubation with anti-digoxigenin anti-

body (1:1000) conjugated to alkaline phosphatase, fol-

lowed by the chromogen solution, nitro blue tetrazolium,

and 5-bromo-4-chloro-3-indolylphosphate toluidinum.

Slides were washed and mounted with Citifluor (Chemical

Labs., London, UK). Negative controls run in parallel with

each experiment included sections without riboprobe

added or hybridized in identical manner with a digoxige-

nin-labeled sense riboprobe; none of these controls

showed staining above background under the conditions

used for these experiments.

Slot and Northern Blots

Total RNA was isolated with Tri-Reagent and 20 �g of

total RNA was denatured and transferred onto Hybond-N

membrane (Amersham Pharmacia Biotech, Little Chal-

font, Buckinghamshire, UK) using slot apparatus (Bio-

Rad, Hemel Hempstead, Hertfordshire, UK) and fixed

with UV-Stratalinker (Stratagene, La Jolla, CA). VEGF

inserts were isolated after digesting with appropriate re-

striction enzymes and random primer labeling was per-

formed with the Prime-a-Gene labeling system (Promega,

Southampton, UK). Unincorporated labeled dCTP was

removed by using a push-column (Stratagene, La Jolla,

CA, USA). Blots were prehybridized with Quick-Hyb so-

lution (Stratagene) at 65°C for 30 minutes and hybridized

with specific probes at 65°C for 2 hours. After hybridiza-

tion the filters were washed twice with 2� SSC at 65°C for

30 minutes and once with 0.1� SSC/0.1% sodium dode-

cyl sulfate at 65°C for 30 minutes. X-ray films were ex-

posed to blots for 24 to 72 hours at �80°C. The blot was

reprobed for 18S rRNA to use as a measure of loading of

total RNA.30 Using the same VEGF-A and 18S RNA

probes, we also performed Northern blots, exactly as

described,31 resulting in a band at 3.9 kb.

Western Blotting

Kidneys were homogenized in radioimmunoprecipitation

assay buffer (30 �l/ml of 2.2 mg/ml aprotinin, 10 �l/ml of

10 g/ml phenylmethyl sulfonyl fluoride, 10 �l/ml of 100

mmol/L sodium orthovanadate) at 4°C. Supernatants

were collected after 30 minutes of centrifugation at

13,000 rpm and protein concentration was measured

(BCA protein assay; Pierce, Rockford, IL). Protein (50 to

100 �g) was denaturated at 100°C for 5 minutes and

separated on 8% or 15% sodium dodecyl sulfate-polyac-

rylamide electrophoresis gels. Ponceau S staining was

used to visualize the equality of protein loading before

proteins were transferred to nitrocellulose membranes

(Amersham Pharmacia Biotech, Chalfont, Bucks, UK) by

electroblotting (Bio-Rad, Hertfordshire, UK). Blots were

blocked for 1 hour with 5% (w/v) fat-free milk powder,

0.1% bovine serum albumin, and 0.1% Tween-20 in PBS,

and subsequently incubated with EPO, HIF-1� and HIF-

2�, HO-1, VEGF-A, and pVHL antibodies at 4°C over-

night. Blots were washed twice in PBS with 0.1%

Tween-20 and once in blocking solution. They were then

incubated for 30 minutes with anti-rabbit antibody conju-

gated with horseradish peroxidase or anti-goat conju-

gated with horseradish peroxidase, according to the pri-

mary antibody used. Immunoreactive bands were
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Figure 1. Effects of FA on gross morphology and endothelial markers. Typical views are shown from eight kidneys in each group. A to C and M to O were stained
with Masson’s trichrome; D to L were stained with hematoxylin; D to F were immunostained for �-SMA; G to I and P to S were immunostained for PECAM; J
to L were immunostained for VEGFR2. A: Sham group day 3 (sham3). B: Widespread flattening of cortical tubule epithelia in the experimental group on day 3
(Exp3). C: On day 14, the cortex of experimental group (Exp14) showed regenerated (r) and fibrotic (f) areas. D: In a typical high-power field, barely any
peritubular cells immunostained for �-SMA in sham kidneys. E: On experimental day 3, several cells between tubules express �-SMA. F: On experimental day
14, �-SMA immunostaining was marked in fibrotic areas. G: Cortical peritubular capillaries immunostained for PECAM in sham kidneys. H: On experimental day
3, PECAM immunoreactive vessels were noted between acutely damaged cortical tubules. I: On experimental day 14, PECAM immunostaining was attenuated in
fibrotic areas. J: Cortical peritubular capillaries immunostained for VEGFR2 in sham kidneys. K: On experimental day 3, VEGFR2 immunoreactive vessels were
also noted between acutely damaged cortical tubules. L: On experimental day 14, VEGFR2 immunostaining was attenuated in fibrotic areas. M to O: Dotted lines
indicate outer border of cortex. These frames show the blue/fibrotic color generated by Masson’s trichrome processed into black; note the extensive, patchy,
fibrosis on experimental day 14 (O) versus the control (M) and experimental day 3 groups. P to S: These frames show the brown/capillary color from PECAM
immunohistochemistry processed into black; note preservation of capillaries on experimental day 3 (Q) versus control (P); on experimental day 14, regenerated
cortical zones show a modest reduction in signal (R), whereas virtually no signal was detected in fibrotic areas (S). T: Note increased cortical fibrosis area at
experimental day 14. U: Note the modest fall in capillary area at experimental day 14 in regenerated locations (Exp14-R), and the major decrease of capillary area
in fibrotic locations (Exp14-F). In T and U an asterisk indicates P � 0.05 versus control. Scale bars: 320 �m (A–C, M–O); 80 �m (D–L, P–S).
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detected by chemiluminescence (Amersham Pharmacia

Biotech). Negative controls comprised omission of pri-

mary antibodies. Proteins were sized with Rainbow mark-

ers (Amersham Pharmacia Biotech). The intensities of the

resulting bands were measured by densitometry and

standardized for protein loading by factoring the major

band visualized after exposure to Ponceau S. Note that,

in preliminary experiments (data not shown), we found

that levels of immunoreactive �-actin, a classic house-

keeping protein, were greatly up-regulated during FA

nephrotoxicity and therefore could not be used to stan-

dardize loading and protein transfer.

Statistic Analyses

Levels of individual proteins or mRNA were compared

between groups (n � 4 for each Western blots and n � 3

for slot blots) using the Mann-Whitney U-test, with differ-

ences considered significant when P was �0.05.

Results

For all histology results, we report appearances that were

representative of all (generally eight) kidneys in any par-

Figure 1. (Continued)
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ticular group; furthermore, for any single organ, several

sections were examined. No differences were observed

between controls and the sham groups. Macroscopically,

experimental kidneys appeared pale and swollen on day

1, but then shrank, with cortical depressions apparent by

day 14 (data not shown). As described,5 FA induced

severe histological damage visible at days 1 and 3 (Fig-

ure 1, A and B) as a uniform flattening of cortical tubule

epithelia (ie, acute tubular necrosis). Glomerular tufts

were spared, although Bowman’s spaces were dilated; in

this model of injury, there was also some less prominent,

disorganization of medullary structures such as vasa rec-

tae (data not shown).5 At days 7 and 14, some cortical

areas had regenerated with grossly normal tubules (Fig-

ure 1C); these regions were separated by areas with

atrophic tubules surrounded by interstitium that stained

blue with Masson’s trichrome, suggesting collagen dep-

osition (Figure 1C). The impression of progressive,

patchy cortical interstitial fibrosis was further supported

by �-SMA immunostaining; in a typical high-power field,

occasional single interstitial cells immunostained (Figure

1D); by experimental day 3, immunoreactive cells were

frequently noted between tubules (Figure 1E) and by

experimental day 14, the interstitium around atrophic tu-

bules stained intensely for �-SMA (Figure 1F). PECAM

immunoreactive capillaries were noted around cortical

tubules in all sham groups (Figure 1G) and at experimen-

tal days 1 and 3 (Figure 1H and data not shown); by day

14, however, there was qualitatively less immunostaining

in fibrotic areas between atrophic tubules (Figure 1I). A

similar attrition of capillaries was evident using VEGFR-2

as endothelial marker (Figure 1; J to L). �-SMA immuno-

staining was not prominent around regenerated tubules

and, in these locations, PECAM and VEGFR-2 immuno-

staining was detected on experimental days 7 and 14

(data not shown). With regard to glomeruli, �-SMA was

not up-regulated, nor were PECAM and VEGFR2 down-

regulated in the experimental groups (data not shown),

consistent with the notion that glomeruli do not undergo

major injury in this model. Quantitative image analyses of

cortical fibrosis and capillaries using PECAM and Mas-

son’s trichrome staining is depicted in Figure 1; M to U.

The fibrosis area in control and experimental day 3

groups was minimal (mean of �2% of total area); on

experimental day 14, �20% of the cortical area was

positive. Capillary area was �4% in the control and ex-

perimental day 3 groups; it was modestly decreased

(mean �3%) in regenerated areas at experimental day

Figure 2. VEGF-A expression in tissue sections. Typical views are shown from eight kidneys in each group. A to C are VEGF-A in situ hybridizations, with A and
B using an anti-sense probe and C using a sense probe; a positive signal is indicated by a purple/blue color; D to K were stained with hematoxylin; D to K were
immunostained (brown) for VEGF-A. A: In a day 14 sham sample VEGF-A transcripts were detected mainly in tubule epithelia. B: In a day 14 experimental sample
VEGF-A transcripts appeared decreased especially in fibrotic areas (f). C: Sense control in a sham kidney shows minimal background color. D and E: VEGF-A
immunostaining cells in the periphery of the glomerular tuft (D) and in some cortical tubules (E) of a sham kidney. F and G: On experimental day 1 VEGF-A
immunostaining was not detected in glomeruli (F) and cortical tubules (G). H and I: On experimental day 3 faint VEGF-A immunostaining was detected in some
glomeruli (F) and dilated cortical tubules (G). J and K: In fibrotic areas, on experimental day 14, faint VEGF-A immunostaining could be detected in glomeruli
(J) but was absent in atrophied tubules and surrounding fibrotic areas (K). Scale bars: 160 �m (A–C); 40 �m (D–K).
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14 and considerably decreased (�1%) in fibrotic areas at

the same time point.

As assessed by in situ hybridization, VEGF-A tran-

scripts were detected in the cortex of control and sham

kidneys (Figure 2A and data not shown), with the most

intense signals over tubules and less intense signals over

the periphery of glomerular tufts. At all experimental time

points, the intensity of cortical in situ hybridization signals

were subjectively decreased versus time-matched sham

kidneys and, on day 14 after FA administration, signals

were lower over fibrotic areas versus regenerated tubules

(Figure 2B and data not shown). Sense probes gave no

signal (Figure 2C). VEGF-A immunohistochemistry in

control and sham specimens demonstrated protein in

glomeruli, mostly in podocytes (Figure 2D), and in some

cortical tubules where there was a diffuse cytoplasmic or

an apical staining pattern (Figure 2E). At day 1 after FA,

no immunostaining could be detected, either in glomeruli

(Figure 2F) or in tubules (Figure 2G); from experimental

days 3 through 14, VEGF-A immunostaining reappeared

in glomeruli and regenerating areas, but remained low or

absent in foci of tubulointerstitial disease (Figure 2; H to

K). Using Northern blots, we detected a band at 3.9 kb

that was less intense in the experimental groups (Figure

3A), and, using slot blots (Figure 3B), VEGF-A mRNA

levels factored for 18S rRNA were significantly de-

creased in experimental versus time-matched sham

groups on days 1, 3, and 7; at day 14, mean levels were

lower in experimental versus sham groups but the differ-

ence was not significant. Using Western blot, a major

VEGF-A band was detected at 24 kd and there was

significantly reduced levels in the experimental versus

sham groups on days 1 through 14 (Figure 3, C and D).

In control and all sham groups, a similar pattern of

HIF-1� immunostaining was found with a signal in a sub-

set of glomerular cells, mostly located on the periphery of

tufts, consistent with identities as podocytes (Figure 4A),

and also in a subset of nuclei in cortical tubules with

morphology of proximal and distal tubules (Figure 4, A

and B); the latter tubules lacked brush borders, using

periodic acid-Schiff staining (data not shown). After FA

administration, from day 3 onwards, HIF-1� immunostain-

ing was apparently generally decreased in tubules, es-

pecially in areas of atrophy and fibrosis (Figure 4, C and

D). With regard to HIF-2� immunostaining, no strong

nuclear signal could be detected in control or sham

kidneys (Figure 4E and data not shown); instead, a faint

cytoplasmic staining was noted. A negative control, with

omission of the first antibody, is shown in Figure 4F. In

experimental organs, from day 3 onwards, HIF-2� immu-

nostaining was up-regulated in parietal glomerular epi-

thelia, regenerated tubules, where signal was often cyto-

plasmic as well as nuclear (Figure 4G), and also in

atrophic tubules, where the signal was mainly nuclear

(Figure 4H). In HIF-1� Western blots of control and sham

samples, two major bands were observed at 104 and 94

kd, probably corresponding to isoforms generated by

alternative splicing. Both bands appeared less intense in

experimental kidneys (Figure 5A), an impression con-

firmed by densitometry that demonstrated significantly

reduced levels in experimental versus time-matched

sham groups on days 1 through 14 (Figure 5B). In West-

ern blots of all groups (Figure 5A), HIF-2� immunoreac-

tive protein was detected at 118 kd, and the intensity of

the band appeared increased at days 3, 7, and 14 after

FA administration; densitometry demonstrated significant

up-regulation of HIF-2� levels at these time points in

experimental versus time-matched sham groups (Figure

5C). To explore the hypothesis that HIFs might change at

an earlier time point, we also performed Western blot at

12 hours after administration of nephrotoxin and found no

significant difference in either HIF-1� or HIF-2� between

sham and experimental groups (n � 3, data not shown).

In control and sham groups (Figure 6A and data not

shown), using an antibody to pimonidazole adducts, a

faint immunohistochemical signal was detected in proxi-

mal-shaped tubules deep in the cortex and outer me-

dulla; the deep medulla and superficial cortex were im-

munonegative. The signal intensity was subjectively

increased on experimental days 1 through 14. At days 1

and 3, immunostaining was detected in the majority of

cortical epithelia that had undergone tubular necrosis

(data not shown). At day 14, the experimental kidney

cortex remained more hypoxic versus the sham (Figure 6,

compare B with A); high-power views revealed that hyp-

oxia, as assessed by this assay, was mainly present in

proximal-like tubules in regenerated areas (Figure 6C)

but, in contrast, hypoxia was not prominent in fibrotic

areas (Figure 6D).

In control and sham groups, an immunoreactive band

for pVHL was noted at 19 kd, with a fainter band detected

at 28 kd in some samples (Figure 7A); these correspond

Figure 3. VEGF-A mRNA and protein in whole kidneys. A: A representative
Northern blot for VEGF-A mRNA and 18S rRNA for sham and experimental
samples at days 1, 3, 7, and 14; a control (ie, time � 0 sample) is also
depicted. Note the apparently lower signal for VEGF-A (3.9 kb) in all
experimental days. B: Densitometry for VEGF-A slot blots (factored for 18S
rRNA) (n � 3). Note that levels were significantly (*, P � 0.05; **, P � 0.01)
reduced in experimental (solid bars) versus time-matched sham kidneys at
days 1, 3, and 7. C, Top: (VEGF-A) shows a representative Western blot (of
four experiments) for VEGF-A in sham and experimental samples at days 1,
3, 7, and 14; a control (C) sample is also depicted. A major band was detected
at 24 kd. C, Bottom: Ponceau S staining (PS) of the membranes to demon-
strate protein loading and transfer. Note the apparently lower signal for
VEGF-A in experimental days 1 through 14. D: Densitometry for VEGF-A
Western blots (factored for PS stain) (n � 4) showed that levels were
significantly (*, P � 0.05) reduced in experimental (solid bars) versus
time-matched sham (open bars) kidneys at days 1 through 14.
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to two active forms reported by others.32 After FA admin-

istration the intensity of both bands appeared increased

(Figure 7A), an impression confirmed by densitometry,

with significant increases in the 28-kd band at days 3, 7,

and 14 in the experimental versus time-matched sham

groups (Figure 7B) and significant increases in the 19-kd

band at all experimental times (Figure 7C). In all groups,

we detected a 32-kd immunoreactive band for HO-1 and

a 30-kd band for EPO (Figure 8A). Using densitometry,

there were transient, significant increases in HO-1 (at day

1 in the experimental versus time-matched sham groups,

Figure 8B) and EPO (at days 1 and 3 in the experimental

versus time-matched sham groups, Figure 8C).

Discussion

In a previous study, using an identical protocol, we re-

ported that cortical peritubular capillaries undergo limited

proliferation, detected by locating proliferating cell nu-

clear antigen expression in PECAM-immunoreactive

cells, in the first few days after FA administration;5 how-

ever, at 7 and 14 days, proliferating peritubular capillar-

ies were not detected. In the current study we demon-

strated that, after 14 days, FA nephrotoxicity was

associated with attenuation of peritubular capillaries, as

assessed by PECAM and VEGFR-2 immunostaining, in

areas of cortical tubular atrophy and interstitial fibrosis.

We speculate that the apparent attrition of capillaries

might be mediated by apoptosis, as demonstrated for

glomerular endothelia in other models;7,33 however, we

were unable to prove this mechanism because of tech-

nical difficulties in defining apoptotic nuclei in peritubular

capillaries by in situ end-labeling in PECAM- or VEGFR-

2-expressing cells (our unpublished observations).

Chronic endothelial loss after acute kidney injury has also

been demonstrated in an ischemia model11,12 but not, to

our knowledge, in FA nephrotoxicity. It is possible that,

had we continued the period of observation longer, more

severe histological progression (eg, glomerulosclerosis)

would have ensued; however, the acquisition of patchy

tubulointerstitial changes (eg, early fibrosis as assessed

by �-SMA expression) by day 14 was striking.

We next assessed the expression of VEGF-A, a mole-

cule with a key role in endothelial survival and growth. In

control and sham groups, we found widespread cortical

expression of transcripts and protein using in situ hybrid-

ization and immunohistochemistry. Intensity of these sig-

nals fell globally in the cortex on experimental day 1 and

remained reduced in areas of tubulointerstitial disease.

Because interpretation of in situ hybridization and immu-

nostaining intensity is only semiquantitative, we mea-

sured VEGF-A in lysates of whole kidneys using slot and

Western blots; these analyses confirmed that VEFG-A

levels were down-regulated after FA administration, for 7

days in the case of mRNA and for 14 days in the case of

protein. One trivial explanation for a lack of VEGF expres-

sion could be that kidney tubular cells are severely dam-

aged in the first days after FA and that they experience a

biochemical shut-down and global decrease in gene ex-

pression. This contention cannot be supported, however,

because we previously demonstrated that most regener-

ation, as assessed by thymidine incorporation, occurs in

the first 48 hours after FA administration26 and other

genes such as angiopoietin-1 and Pax-2 are actually

up-regulated in tubule epithelia in this time frame.5,34

Similarly, although release of VEGF-A from damaged ep-

ithelia and extracellular sequestration could be an expla-

nation for decreased tubular immunostaining, this would

not explain the fall of VEGF-A protein in lysates of snap-

frozen kidneys.

Kang and colleagues9,10 demonstrated a decrease in

VEGF expression after subtotal nephrectomy in adult rats

that correlated with overall loss of capillaries and they

further showed that administration of the factor attenu-

Figure 4. HIF immunohistochemistry. Typical views are shown from eight kidneys in each group. A to H were stained with hematoxylin; A to D were
immunostained (brown) for HIF-1�; E, G, and H were immunostained for HIF-2�; in F, the primary antibody was omitted. A and B: In day 14 sham sections,
HIF-1� immunoreactivity was noted in glomeruli, especially in presumed podocytes on the periphery of glomerular tufts (arrows in A). Positive signal was also
found in some nuclei of cortical tubules, including those with typical morphology of proximal and also distal tubules (arrows in B). C and D: In fibrotic locations
in day 14 experimental sections, HIF-1� immunoreactivity appeared decreased in glomeruli (C) and in epithelia of regenerated (t in C) atrophic tubules (D). E:
In day 14 sham sections, HIF-2� immunoreactivity was weak in tubules or absent in glomeruli. F: Shows a section of a experimental day 14 kidney, in which the
primary antibody was omitted. G and H: On experimental day 14, HIF-2� immunostaining was prominent in some regenerated proximal tubules (t in G) and in
parietal glomerular epithelia (G), and additionally in nuclei of epithelia of atrophic tubules in fibrotic areas (H). Scale bars, 40 �m.

Figure 5. HIF-1� and HIF-2� Western blots of whole kidneys. A: Represen-
tative Western blot (of four experiments) is depicted. Top: A blot for HIF-1�;
middle: a blot for HIF-2�; bottom: Ponceau S staining. With regard to
HIF-1�, two major bands (94 and 104 kd) were detected; the intensity of
these bands were apparently reduced in the experimental groups, especially
on days 3, 7, and 14. With regard to HIF-2�, a band was detected at 118 kd,
and this was markedly increased on experimental days 3, 7, and 14. B:
Densitometry for HIF-1� protein (the 104-kd band factored for PS stain) (n �

4) showed that levels were significantly (*, P � 0.05; **, P � 0.01) reduced in
experimental (solid bars) versus time-matched sham (open bars) kidneys
at days 1 through 14. C: Densitometry for HIF-2� Western blots (factored for
PS stain) (n � 4) showed that levels were significantly (**, P � 0.01)
increased in experimental (solid bars) versus time-matched sham (open
bars) kidneys at days 3, 7, and 14.
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ated renal damage. On the other hand, Pillebout and

colleagues,8 using subtotal nephrectomy in mice, found

that VEGF protein levels actually increased and that this

was correlated with peritubular capillary growth; further-

more, the magnitude of these effects was strain-depen-

dent. Clearly, then there are no stereotypic responses

with regard to either peritubular capillary remodeling or

VEGF expression after renal injury, and instead the pre-

cise responses must be determined by the type and

severity of the insult, as well as by (poorly understood)

species and strain influences. In addition, one can pos-

tulate that the age of an experimental animal might mod-

ify responses based on the data presented by Rivard and

colleagues35 in which VEGF expression was studied in

aortic rings harvested from young and older rabbits.

HIF proteins are regulators of VEGF expression36 and

HIF-� levels and activities are generally determined by

alterations of protein stability.21–23 Therefore, we as-

sessed expression of HIF-1� and HIF-2� in the FA model.

Using immunohistochemistry, HIF-1� was expressed at

low levels in control and sham kidneys, whereas HIF-2�

was hardly detectable. Furthermore, we observed an

apparent decrease in HIF-1� immunostaining and an

apparent increase in HIF-2� immunostaining in the ex-

perimental groups. Most immunostaining for both pro-

teins was in nuclei or cytoplasm of epithelia. HIF-1� and

HIF-2� proteins levels can change rapidly; for example,

they can be up-regulated within minutes in cultured cells

and they can be degraded throughout several minutes

when oxygen tensions increase.37 We considered that it

was theoretically possible that our immunohistochemical

results could have been influenced by the period be-

tween harvest and complete ex vivo organ fixation. There-

fore, we quantified HIF-� proteins in Western blots of

kidneys snap-frozen in liquid nitrogen harvested within 1

minute of death. Taking the immunohistochemical and

Western blot data together, FA nephrotoxicity was asso-

ciated with an overall down-regulation of HIF-1� immu-

noreactive protein and up-regulation of HIF-2� immuno-

reactive protein.

There is some debate regarding the occurrence, and

specific location of, HIF-� protein in normal murine kid-

Figure 6. In situ detection of hypoxia. Typical views are shown from four kidneys in each group at day 14. A to D were stained with hematoxylin and
immunoprobed for pimonidazole adducts in animals injected with Hypoxyprobe-1. A: In a sham kidney (A), faint immunohistochemical signal (brown) was
detected in proximal tubules deep in the cortex. The intensity of the signal was subjectively increased in parts of the cortex after FA administration (B). C and
D are high-power views of the experimental kidney cortex, showing prominent signal in regenerated tubules with a proximal morphology (C), but little signal
in a fibrotic location (D). Omitting primary antibody resulted in no signal (not shown). Scale bars: 320 �m (A and B); 40 �m (C and D).

2298 Yuan et al
AJP December 2003, Vol. 163, No. 6



neys. Ema and colleagues38 detected HIF-1� and HIF-2�

mRNA in adult mice kidneys using Northern blots. Stroka

and colleagues37 reported that, in adult mice, HIF-1�

immunolocalized to distal convoluted tubules, and that

cytoplasmic and nuclear signals were increased in sys-

temic hypoxia; using Western blots, HIF-1� increased

transiently with hypoxia. Freeburg and colleagues39 stud-

ied immature mouse kidneys and found, by in situ hybrid-

ization, that HIF-1� and HIF-2� were expressed in the

nephrogenic zone and medulla of neonates, and HIF-2�

immunolocalized to maturing podocytes and tubules. Ab-

dulmalek and colleagues40 detected abundant HIF-1�

mRNA in kidneys of normoxic rats, and this was in-

creased by hypoxia. Rosenberger and colleagues41

used immunohistochemistry of perfusion-fixed kidneys of

adult rats and failed to detect HIF-� proteins in normoxia;

using various models of systemic hypoxia, HIF-1� protein

was induced in tubular cells (typically in connecting tu-

bules and collecting ducts) and co-localized with HO-1;

with systemic hypoxia, HIF-2� was immunolocalized to

nontubular cells (eg, endothelia of glomeruli, peritubular

endothelia, and fibroblasts). Others,42 on the other hand,

did detect low levels of HIF-1� in normal rat kidneys. Most

likely, some of the variation in results is explained by

examination of different species (or even strains of ani-

mals) using different methodologies of different sensitiv-

ities; we consider that the data from mouse kidney stud-

ies are more relevant to our model.

If we accept that HIF-1� protein falls after FA admin-

istration, then this correlates with VEGF-A down-regula-

tion. On the other hand, from experimental day 3, tubule

HIF-2� expression was increased; this introduces a par-

adox because both HIF-� proteins can stimulate VEGF

transcription.21–23 One explanation to reconcile these ob-

servations is that VEGF levels are modulated by several

inputs, not just by HIF-� proteins; indeed, stress-acti-

vated protein kinases stabilize VEGF transcripts, several

growth factors, and oncogenic transformation activates

the VEGF promoter, whereas wild-type p53 suppresses

VEGF transcription.20,43 In the future, it would be inter-

esting to examine some of these variables in the FA

model. In fact, in other organs, HIF expression does not

invariably correlate with VEGF expression, suggesting

other roles for these factors.44 Although it is thought that

HIF-1� and HIF-2� have mostly common transcriptional

targets, there is evidence that HIF-2� activates the an-

giopoietin receptor Tie-245 and intriguingly Tie-2 protein

levels tend to increase in the 2 weeks after FA-induced

kidney damage.5 In the current study, we also found that

EPO and HO-1, two established hypoxia/HIF-� targets,

did indeed increase transiently, as assessed by Western

blots, in the first days after FA administration. It is inter-

esting to note that, as assessed by Western blot,

Table 1. Overview of Changes in VEGF-A and HIF
Immunohistochemistry and in Situ Hypoxia

Early
(day 3

after FA) Late (day 14 after FA)

VEGFA General
decrease

Recovery in regenerated
tubules, low in fibrotic
areas

HIF-1� General
decrease

General decrease

HIF-2� General
increase

General increase

In situ hypoxia General
increase

Increase in regenerated
tubules

Changes refer to histological observations in the renal cortex of
experimental versus time-matched sham groups.

Figure 7. Western blot for pVHL. A: A representative Western blot (of four
experiments) is depicted. Top: Blot for pVHL; bottom: Ponceau S staining.
With regard to pVHL, two immunoreactive major bands (19 and 28 kd) were
detected; the intensities of these bands were apparently increased in the
experimental groups. B: Densitometry for pVHL (the 28-kd band factored for
PS stain) (n � 4) showed that levels were significantly (**, P � 0.01)
increased in experimental (solid bars) versus time-matched sham (open
bars) kidneys at days 3, 7, and 14. C: Densitometry for pVHL (the 19-kd band
factored for PS stain) (n � 4) showed that levels were significantly (**, P �

0.01) increased in experimental versus time-matched sham kidneys at days 1
through 14.

Figure 8. Western blot for HO-1 and EPO. A: A representative Western blot
(of four experiments) is depicted. Top: blot for HO-1 (32 kd); middle: blot
for EPO (30 kd); bottom: Ponceau red staining. B: Densitometry for HO-1
protein (the factored for PS stain) (n � 4) showed that levels were signifi-
cantly (*, P � 0.05) increased in experimental versus time-matched sham
kidneys at day 1. C: Densitometry for EPO protein (factored for PS stain)
(n � 4) showed that levels were significantly (*, P � 0.05 and **, P � 0.01)
increased in experimental versus time-matched sham kidneys at days 1 and 3.
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changes in HIF-1�, HIF-2�, HO-1, and EPO expression

were asynchronous, demonstrating that each of these

hypoxia-responsive proteins must be under complex,

perhaps regional, individual controls.

Oxygen regulates the stability of HIF-� proteins, with

low tensions stabilizing these proteins by preventing their

degradation. We therefore used the Hypoxyprobe-1 kit to

establish whether renal tissues were hypoxic. Table 1

gives an overview of changes in VEGF-A and HIF immu-

nohistochemistry and in situ hypoxia in the renal cortex in

experimental versus time-matched sham groups. We

found that there was an increase of hypoxia after FA, and

this was especially evident in regenerating tubules,

whereas areas of atrophy and fibrosis were not immuno-

reactive for pimonidazole adducts. If we accept that such

signals represent foci of real hypoxia, it may explain the

up-regulation of HIF-2�, at least in regenerated proximal

tubules. HIF-2� was also seen to be up-regulated in

fibrotic/atrophic areas that did not appear hypoxic by

Hypoxyprobe-1. With regard to the latter observation, we

speculate that availability of the biomarker, which must

depend on blood perfusion, may be limited in areas of

fibrosis and capillary fall-out; hence, we remain cautious

about ruling out hypoxia in such locations using this

assay. In addition, we can only speculate why the same

degree of hypoxia in regenerated proximal tubules was

manifestly not associated with up-regulation of HIF-1�

protein. Is it possible that HIF-� levels are regulated by

factors unrelated to hypoxia; moreover, do some condi-

tions affect HIF-1� and HIF-2� levels differently? As affir-

mative answers to these questions, Agani and col-

leagues46 found that nitric oxide donors prevented

HIF-1� accumulation in hypoxic cultured cells, and

Isaacs and colleagues47 noted that disruption of heat

shock protein 90 function promoted HIF-1� degradation

via an oxygen-independent E3 ubiquitin ligase. Further-

more, in mouse uteri, progesterone primarily up-regu-

lated HIF-1� mRNA, whereas estrogen increased HIF-2�

mRNA,44 and LY294002, a phosphatidylinositol 3�-kinase

inhibitor, inhibited hypoxia-induction of HIF-1� in breast

cancer cells, whereas the up-regulation of HIF-2� was

unaffected.48 It is also important to note that tissue hyp-

oxia may directly contribute to progressive renal dam-

age; for example, Orphanides and colleagues49 reported

that, in vitro, hypoxia stimulates the production of matrix

components by proximal tubule cells.

pVHL has a role in destabilizing HIF-1� and HIF-2�; we

therefore measured pVHL using Western blot and found

that the 29-kd and 19-kd isoform increased significantly

in the experimental groups; this may provide one expla-

nation for the fall of HIF-1�. Mandriota and colleagues50

found that, in patients with germline defunctioning muta-

tions of VHL, HIF activation was an early event occurring

in morphologically normal single cells in renal tubules; in

normal kidneys, pVHL was expressed by distal and prox-

imal tubules, and somatic loss of the remaining VHL allele

was associated with up-regulation of VEGF; HIF-1� was

up-regulated in morphologically normal foci of pVHL loss,

whereas HIF-2� was increased in cysts and regions of

overt cancer. Preliminary studies (data not shown) in our

model, using the tissue preparation described in Materi-

als and Methods, failed to generate immunostaining, so

localization of these proteins to specific cells within the

normal and injured mouse kidney was not possible.

Conclusions

Hence, levels of HIF-2�, HO-1, EPO, and pVHL respond

differently after nephrotoxic injury when compared to

VEGF-A and HIF-1�, with the former group significantly

increasing, and the latter group significantly decreasing

after FA administration. We speculate that that down-regu-

lation of VEGF-A may be functionally-implicated in the pro-

gressive attrition of peritubular capillaries in areas of tubular

atrophy and interstitial fibrosis; VEGF-A down-regulation

correlates with a loss of HIF-1� expression which itself

occurs in the face of increased tissue hypoxia.
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