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Role of renal microcirculation in experimental renovascular disease
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Abstract
Background. Renal artery stenosis (RAS) causes renal in-
jury partly via microvascular (MV) endothelial dysfunction
and damage. Vascular endothelial growth factor (VEGF) is
crucial for preservation of microvasculature and promotes
vascular proliferation and endothelial repair. We have pre-
viously shown that MV rarefaction is associated with de-
creased VEGF in the kidney exposed to chronic RAS,
accompanied by deteriorated renal function and fibrosis.
We hypothesized that preserving the renal microcirculation
in the stenotic kidney will halt the progression of renal
damage.
Methods. Unilateral RAS was induced in 16 pigs. In
eight, VEGF (0.05 micrograms/kg) was infused intra-
renally at the onset of RAS. After 6 weeks, single-kidney
haemodynamics and function were assessed using in vivo
multi-detector computed tomography (CT). Renal micro-
vessels, angiogenic pathways and morphology were in-
vestigated ex vivo using micro-CT, real-time PCR and
histology.
Results. Blood pressure and degree of RAS was similar in
RAS and RAS + VEGF pigs. Single-kidney renal blood
flow (RBF) and glomerular filtration rate (GFR) were re-
duced in RAS compared to Normal (221.1 ± 46.5 and
29.9 ± 3.8 vs. 522.5 ± 60.9 and 49.3 ± 3.4 mL/min, respec-
tively, P < 0.05), accompanied by decreased cortical MV
density and increased renal fibrosis. Pre-emptive admin-
istration of VEGF preserved MV architecture, attenuated
fibrosis and normalized RBF and GFR (510.8 ± 50.9 and
39.9.1 ± 4.1 mL/min, P = not significant vs. Normal).
Conclusions. This study underscores the importance of
the renal microcirculation in renovascular disease. Intra-
renal administration of VEGF preserved renal MV archi-
tecture and function of the stenotic kidney, which in turn
preserved renal haemodynamics and function and decreased
renal fibrosis. These observations suggest that prevent-
ing renal MV loss may be a potential target for thera-
peutic approaches for patients with chronic renovascular
disease.
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Introduction

Vascular nephropathies account for over a third of all cases
of end-stage renal disease. With the rising incidence and
prevalence in obesity, diabetes and related co-morbidities
such as atherosclerosis and hypertension, which may con-
tribute to compromise the blood flow to the kidneys by pro-
moting peripheral vascular disease and specif ically,
favoring the development of obstructive lesions in the main
renal artery, as occurs in atherosclerotic renovascular dis-
ease, which accounts for a significant portion of the cases
of end-stage renal disease [1,2]. Furthermore, the above-
mentioned etiologies may affect the kidneys by additional
mechanisms, such as inflammation, oxidative stress and fi-
brosis, that may deteriorate the haemodynamics and func-
tion of the kidney [3].

Renal artery stenosis (RAS), the major cause of renovas-
cular hypertension and ischemic nephropathy, induces pro-
gressive renal injury and may evolve to end-stage renal
disease. One of the ways by which RAS may progressively
induce renal tissue injury is by promoting microvascular
(MV) endothelial dysfunction, damage and loss. Defective
microcirculation is a prominent feature in chronic renal dis-
ease. Convincing evidence supports the important role that
the damage of renal microvessels and their eventual loss
have on the progression of renal injury [4]. This process, al-
so called MV rarefaction, results in a reduction in the avail-
ability of microvessels as a result of a deterioration of their
function (functional rarefaction) and/or promotion of their
remodeling or directly, loss (structural rarefaction) [5].
The importance of renal MV rarefaction is underscored by
previous studies showing that glomerular and peritubular
MV loss accentuates impairment of blood flow, develop-
ment of renal ischaemia and progression of scarring in pro-
gressive renal disease [6].

We have previously shown in a model of chronic reno-
vascular disease that the stenotic kidney develops a
marked reduction in cortical MV density, accompanied
by a significant deterioration of the renal function and in-
creased glomerular and tubulo-interstitial scarring [7,8].
These changes were paralleled by a significant reduction
in the expression and bioavailability of vascular endothe-
lial growth factor (VEGF) [7]. This model allows the
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study of the long-term changes in MV architecture and the
potential molecular mechanisms involved in the process of
MV generation and repair. Hence, since we have previous-
ly shown that decreased renal VEGF parallels MV rarefac-
tion and the functional and structural deterioration of the
stenotic kidney [7,8], the current study was designed to
investigate whether preservation of the renal MV architec-
ture by an intra-renal administration of VEGF (to prevent
its reduction), from the onset of RAS, will preserve the
haemodynamics and function and decrease the damage
of the stenotic kidney.

Materials and methods

The Institutional Animal Care and Use Committee at the University of
Mississippi Medical Center approved all the protocols and procedures.
Twenty-three domestic pigs (50–55 kg) were studied after 6 weeks of ob-
servation. In 13 pigs, unilateral RAS was induced at baseline by placing a
local-irritant coil inside the main renal artery, which induced gradual de-
velopment of RAS, as previously described [9,10]. The pigs were then ran-
domized into two groups: those that were not further treated (RAS, n = 8)
or those treated with an intra-renal infusion of VEGF (0.05 μg/kg, RAS +
VEGF, n= 8) at the time of the induction of the stenosis. Administrationwas
performed through a 5F balloon catheter, beyond the point where the coil
was placed to induceRAS, as a slow bolus over 10minutes, a procedure that
does not have any effect on blood pressure [11]. The dose of VEGF used in
this study has been well tolerated in humans and was selected based on a
previous clinical study demonstrating a sustained increase in collateral den-
sity and perfusion of the ischaemic myocardium [12,13]. The animals were
followed for 6 weeks, throughout which blood pressure was continuously
measured using a telemetry system (PhysioTel, Data Sciences) implanted at
baseline in the left femoral artery. Mean arterial pressure (MAP) was re-
corded at 5-minute intervals and averaged for each 24-hour period
[9,14,15]. The other seven pigs were used as controls (Normal, n = 7).

By 6 weeks after induction of RAS, all of the pigs underwent renal
angiography to quantify the degree of RAS. For this, the pigs were anaes-
thetized with intra-muscular telazol (5 mg/kg) and xylazine (2 mg/kg),
intubated and mechanically ventilated on room air. Anaesthesia was
maintained with a mixture of ketamine (0.2 mg/kg/min) and xylazine
(0.03 mg/kg/min) in normal saline, administered via an ear vein cannula
(0.05 mL/kg/min). Under sterile conditions and fluoroscopic guidance,
an 8F arterial catheter was advanced to the renal artery, proximal to
the stenosis, and renal angiography was performed, as previously de-
scribed [9,10,16,17]. Extent of the stenosis was assessed as the decrease
in luminal diameter of the renal artery at the most stenotic point com-
pared to a proximal stenosis-free segment. After angiography, the cathe-
ter was positioned in the superior vena cava, and in vivo helical multi-
detector computed tomography (MDCT) flow studies were performed in
the stenotic and contralateral kidneys. Briefly, sequential acquisition of
160 consecutive scans were obtained after a central venous injection of
iopamidol (0.5 mL/kg/2 sec), for assessment of single-kidney renal blood
flow (RBF, milliliters per minute), perfusion (milliliters per minute per
gram tissue) and glomerular filtration rate (GFR, milliliters per minute),
as previously detailed and validated [9,18,19]. Renal vascular resistance
was calculated by dividing the mean arterial pressure (at the time of the
in vivo studies) and MDCT-derived RBF. Blood samples were collected
from the inferior vena cava and renal vein (from the stenotic kidney) for
measurement of plasma renin activity (PRA, radio-immunoassay).

Following completion of all studies, the pigs were allowed to recover
for 2 days (to allow for contrast media washout) and were then euthanized
with a lethal intravenous injection of sodium pentobarbital (100 mg/kg,
Sleepaway®, Fort Dodge Laboratories, Inc, Fort Dodge, IA). Kidneys
were removed using a retroperitoneal incision and immersed in heparin-
ized saline (10 units/mL). A lobe of tissue was used for micro-CT recon-
struction, while another lobe of tissue was removed from one end of the
kidney, snap frozen in liquid nitrogen and stored at −80°C to later assess
the renal expression of renal angiogenic factors and peritubular and glo-
merular capillary density using real-time quantitative PCR, or preserved
in 10% formalin to later perform immunohistochemistry against CD31/
PECAM-1 [20] and integrin β3, and assessment of renal morphology
in slices stained with trichrome [9].

Renal angiography

The degree of RAS was measured by quantitative renal angiography, as
previously described [9,10,16,17]. Briefly, RAS was calculated as the de-
crease in luminal diameter of the renal artery at themost stenotic point com-
pared to a proximal stenosis-free segment and expressed as % of stenosis.

MDCT analysis

Manually traced regions of interest were selected in MDCT images in the
aorta, renal cortex, medulla and papilla, and their densities were sampled.
Time–density curves were generated and fitted with extended gamma-var-
iate curve-fits, and the area enclosed under each segment of the curve and
its first moment calculated using the curve-fitting parameters [19]. These
were used to calculate single-kidney RBF (milliliters per minute), GFR
(milliliters per minute) and renal perfusion (milliliters per minute per
gram tissue), using previously validated methods [9,18,19]. Finally, a vol-
ume study was performed for measurement of cortical and medullary vo-
lumes, as previously described [9,18,19].

Micro-CT

The stenotic kidney was perfused under physiological perfusion pressure
(Syringe Infusion Pump 22, Harvard Apparatus, Holliston, MA) with an
intravascular contrast agent, (Microfil MV122, Flow Tech, Inc., Carver,
MA). The kidney samples were scanned at 0.3° increments using a micro-
CT scanner and reconstructed at 9-μm resolution for subsequent analysis,
as previously described [21,22]. Images were analyzed with the Analyze®

software package (Biomedical Imaging Resource, Mayo Clinic, Roche-
ster, MN). The cortex was tomographically divided into 12 levels (starting
at the juxtamedullary cortex) and the medulla into 10 levels, obtained at
equal intervals [22], and the spatial density and distribution of microves-
sels (under 80 μm) were calculated.

Renal VEGF

Renal protein concentration and expression of VEGF in the stenotic kidney
was measured in whole tissue homogenates using an enzyme immunoassay
(ELISA, R&D, Minneapolis, MN) and western blotting (Santa Cruz, CA,
1:200) following standard procedures, as described previously [7].

Real-time PCR

RNA isolation, cDNA synthesis and real-time quantitative PCR were per-
formed following standard protocols, as previously described [23–25].
Briefly, total RNA was isolated from Normal, RAS and RAS + VEGF
kidneys using TRIZOL (Invitrogen, CA).Then, RNA samples were puri-
fied with chloroform and isopropyl alcohol, dissolved in diethyl pyrocar-
bonate (DEPC)-treated water and quantified with a spectrophotometer
(A260). cDNA was synthesized using the Invitrogen SuperScript first-
strand synthesis kit according to the manufacturer's instructions and as
previously described [25]. To investigate the expression of endothelial ni-
tric oxide synthase (eNOS), hypoxia-inducible factor (HIF-1α), VEGF,
Flk-1, angiopoietin-1 and -2, and glyceraldehyde-3-phosphate dehydroge-
nase (GADPH) mRNA, real-time PCR (Bio-Rad, Hercules, CA) was sub-
sequently performed using the SYBR Green JumpStart Taq ReadyMix kit
(Sigma, St Louis, MO), as previously described [25]. The relative amount
of mRNA was normalized to an internal control GAPDH and calculated
by 2–ΔΔCT. The gene-specific sequences used are in Table 1.

Immunohistochemistry

Because of their size, microvessels under 10 μm cannot be identified by
the micro-CT technique. Therefore, peritubular and glomerular capillar-
ies were studied using immunostaining against CD31 [20] (Santa Cruz,
CA, 1:80) in 5-μm paraffin-embedded mid-hilar renal cross-sections. In
addition, immunoexpression for integrin β3 (Santa Cruz, CA, 1:80), a re-
ceptor for VEGF to promote vascular proliferation and a marker of sprout-
ing angiogenesis [26,27], was also determined. Positive immunoreaction
was detected using the secondary antibody, IgG Envision Plus (Dako,
Carpinteria, CA), was followed by staining with the Vector NovaRED sub-
strate kit (Vector Laboratories, Burlingame, CA), following the vendor's
instructions.
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Histology

Mid-hilar 5-μm cross-sections of each kidney (one per animal) were exam-
ined using a computer-aided image analysis program (NIS Element 3.0,
Nikon Instruments, Melville, NY). In each representative slide, trichrome
and integrin β3 staining was semi-automatically quantified in 15–20 fields
by the computer program, expressed as percentage of staining of total sur-
face area, and the results from all fields averaged [9]. To quantify CD31
immunoreactivity, randomly selected 15–20 visual fields from each sample
(one slide per animal) were analyzed at ×40magnification. Capillaries were
identified as microvessels constituted of a single layer of endothelial cells
[28] and quantified as the number of capillaries per visual field. Glomerular
score (percentage of sclerotic glomeruli) was assessed by recording the
number of sclerotic glomeruli in a total of 100 randomly selected profiles
of glomeruli as previously described [9]. In addition, we evaluated glomer-
ular area in 20 randomly selected visual fields in each section.

Statistical analysis

Results are expressed as mean ± SEM. Comparisons within groups were
performed using paired Student's t-test, and among groups using ANOVA,
with the Bonferroni correction for multiple comparisons, followed by un-
paired Student's t-test. Statistical significance was accepted for P ≤ 0.05.

Results

Renal function

Mean arterial pressure and the angiographic degree of ste-
nosis were similarly and significantly greater in RAS and

RAS + VEGF animals compared to normal untreated con-
trols (Table 2, Figure 1). Renal volume was similarly de-
creased in RAS and RAS + VEGF compared to normal
untreated controls (P < 0.01 vs. RAS and RAS + VEGF,
Table 2). Basal RBF and GFR were diminished in RAS,
while regional perfusion remained unchanged. However,
all of them were significantly augmented in RAS + VEGF
pigs (Table 2), suggesting improved renovascular function.
Consequently, the elevated renal vascular resistance in
RAS compared to normal animals (P < 0.001 vs. Normal,
Table 2) was decreased in RAS + VEGF pigs (P = not sig-
nificant (NS) vs. Normal and RAS, Table 2). Plasma renin
activity was similar in all the groups, as typical for chronic
experimental RAS [9] (Table 2).

MV 3D architecture

Micro-CT reconstruction of the renal MV architecture
showed that the density and distribution of microvessels
under 80 μm in RAS was significantly decreased (P =
0.035 vs. Normal) across the renal cortex (inner, middle
and outer cortex), but preserved in the medulla. Notably,
the MV density was augmented in RAS + VEGF kidneys
in both cortical and medullary compartments (despite the
fact that RAS on its own did not affect MV density in the
medulla) (Figure 2). This was accompanied by increased in
integrin β3 immunoreactivity in RAS + VEGF kidneys
(Figure 2 bottom), suggesting angiogenic effects of VEGF
administration on the stenotic kidney. In addition, peritub-
ular and glomerular capillaries (microvessels <10 um not
quantified by micro-CT) followed this trend and were dis-
tinctly diminished in the RAS kidney, but augmented by
VEGF administration (Figure 3).

Angiogenic factors

Renal tissue protein content of VEGF was significantly de-
creased in the RAS kidney compared to normal untreated
controls (0.27 ± 0.05 vs. 0.49 ± 0.06 pg/mg of protein, P =
0.01 vs. RAS) but was normalized in RAS + VEGF
kidneys (0.75 ± 0.1 pg/mg of protein, P = 0.04 vs. RAS
and P = NS vs. Normal). Renal expression was assessed by

Table 1. Gene specific sequences

eNOS Upper 5′-GGGCATGAACCATGAGAAGT-3″
Lower 5′-GTCTTCTGGGTGGCAGTGAT-3″

HIF-1α Upper 5′-TTACAGCAGCCAGATGATCG-3″
Lower 5′-GATTGCCCCAGGAGTCTACA-3″

VEGF Upper 5′-CCACGAAGTGGTGAAGTTCATG-3″
Lower 5′-GATGTCCACCAGGGTCTCGAT-3″

Flk-1 Upper 5′-TGATCGGAAATGACACTGGA-3″
Lower 5′-CACAACTCCATGCTGGTCAC-3″

Angiopoietin-1 Upper 5′-TCTTTTGCAAAGGCGTTCTT-3″
Lower 5′-TTGTATTGCCAGCACTCTCG-3″

Angiopoietin-2 Upper 5′-AAAGTTGCTGCAGGGAAAGA-3″
Lower 5′-TCACAGCTCAGAGCGAAGAA-3″

GADPH Upper 5′-GGGCATGAACCATGAGAAGT-3″
Lower 5′-GTCTTCTGGGTGGCAGTGAT-3″

Table 2. Mean arterial pressure (average of last 2 weeks prior to CT studies), degree of stenosis, basal single-kidney haemodynamics and function and
plasma renin activity (mean ± SEM) in normal, RAS and RAS pigs treated with intra-renal vascular endothelial growth factor (RAS + VEGF)

Parameter
Normal RAS RAS + VEGF
n = 7 n = 8 n = 8

Mean arterial pressure (mmHg) 90.0.9 ± 2.1 132.4 ± 4.1* 124.8 ± 3.4*
Degree of stenosis (%) 0.0 ± 0.0 73.4 ± 4.7* 72.8 ± 5.6*
Renal vascular resistance (mmHg/mL/min) 0.21 ± 0.03 0.50 ± 0.03* 0.29 ± 0.05†
Renal volume (cm3) cortex 126.4 ± 8.4 66.0 ± 7.2* 77.3 ± 10.7*
Medulla 38.7 ± 2.3 23.4 ± 2.1* 26.2 ± 3.7*
Renal blood flow (mL/min) 522.5 ± 60.9 241.3 ± 31.2* 494.6 ± 60.8†
Perfusion (mL/min/cc) cortex 3.3 ± 0.3 2.9 ± 0.4 4.8 ± 0.6*†
Medulla 2.5 ± 0.4 2.4 ± 0.4 3.5 ± 0.4†
Glomerular filtration rate (mL/min) 49.3 ± 3.4 30.9 ± 2.8* 41.3 ± 3.6†
Plasma renin activity IVC (ng/mL/h) 0.16 ± 0.04 0.18 ± 0.06 0.22 ± 0.04
Stenotic kidney – 0.17 ± 0.02 0.20 ± 0.08

*P < 0.05 vs. Normal.
†P < 0.05 vs. RAS.
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Fig. 2. Representative 3D tomographic images of the kidney and quantification of microvascular density of the renal cortex and medulla (top);
quantification of renal expression of integrin β3 in Normal, RAS and RAS treated with intra-renal VEGF (RAS + VEGF) kidneys (bottom). Intra-
renal VEGF distinctly preserved cortical and medullary MV density of those microvessels under 80 μm, partly by promoting MV proliferation, *P <
0.05 vs. Normal, †P < 0.05 vs. RAS.

Fig. 1. Representative renal angiography (top), quantification of the renal artery stenosis (bottom) in Normal, RAS and RAS treated with intra-renal
VEGF (RAS + VEGF) animals after 6 weeks of observation. The degree of RAS and increase in blood pressure (measured chronically by telemetry)
were similarly elevated in RAS and RAS + VEGF compared to normal controls, *P < 0.05 vs. Normal.
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western blot and showed similar results (Figure 4 top). In
contrast, RAS significantly increased renal mRNA expres-
sion of pro-angiogenic eNOS, HIF-1α, VEGF and its re-
ceptor Flk-1 compared to normal controls (Figure 4,
bottom). However, crucial downstream mediators of
VEGF such as angiopoietins-1 and -2 were downregulated
in RAS. The renal mRNA levels of HIF-1α, VEGF and
eNOS in RAS were normalized in RAS + VEGF, while
Flk-1 remained increased. In addition, VEGF increased an-
giopoietin-1 and -2 (Figure 4, bottom), suggesting that
VEGF administration at the onset of RAS promoted neo-
vascularization and favoured the maturation of the new
vessels in the stenotic kidney.

Renal morphology

The RAS kidneys showed mild but significant glomerulo-
sclerosis, accompanied by increased perivascular and tubu-
lointerstitial f ibrosis (Figure 5). These changes were
attenuated by intra-renal VEGF administration (Figure 5).
No apparent changes in glomerular area were evident
among any of the groups (data not shown).

Contralateral kidney

RBF (447.5 ± 75.9 and 574.9 ± 87.1 ml/min), GFR (70.9 ±
7.6 and 69.1 ± 10.3 ml/min) and regional perfusion (3.8 ±
0.9 and 3.3 ± 0.5 ml/min/cm3 tissue) in the contralateral
kidney were similar in RAS and RAS + VEGF pigs, im-
plying that changes due to hypertension after 6 weeks of
RAS did not deteriorate the basal haemodynamics and
function of the contralateral kidney compared to normal
controls, and that the effects of VEGF on renal function
were only in the stenotic kidney, where VEGF was infused.
In addition, the contralateral kidney of RAS and RAS +
VEGF showed a mild perivascular and tubulo-interstitial
fibrosis (2.1 ± 0.9 and 1.8 ± 0.5%, respectively), while
glomerulosclerosis was not observed (data not shown).

Discussion

This study extends our previous observations and highlights
the importance of protecting the renal MVarchitecture and
function in chronic renovascular disease. The data supports
the notion that a loss in renal VEGF contributes to the reduc-

Fig. 3. Representative CD31 immunostaining identifying peritubular (top) and glomerular (middle) capillaries (microvessels under 10 μm) and
quantification (bottom) in Normal, RAS and RAS treated with intra-renal VEGF (RAS + VEGF) kidneys. Following the trend observed in the
density of microvessels under 80 μm, VEGF administration in the stenotic kidney increased peritubular and glomerular immunoreactivity of CD31,
suggesting augmented capillary density, †P < 0.05 vs. RAS, #P = 0.059 vs. Normal.
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tion of the renal MV density during the evolution of RAS.
Most importantly, the current study shows that preventing
the decrease in renal VEGF, a key player in the angiogenic
cascade, preserved the MV architecture and function, and
decreased the remodeling of the stenotic kidney. In addition,
this study shows feasibility of a novel therapeutic approach,
suggesting potential for designing targeted interventions on
the renal microcirculation to curtail progressive renal injury
in chronic renovascular disease.

One of the most frequent therapeutic approaches to treat
the chronically stenotic kidney is by attempting restoration
of blood flow either by opening the stenotic renal artery or
through bypass surgery. Notably, despite successful resto-
ration of the blood flow to the kidneys, the renal function
improves in only one-third of the cases while in the other
two-thirds the renal function remains unchanged or dete-
riorates even further [29]. The reasons for this poor re-
sponse and the determinants of the renal outcomes are
unknown, and optimal therapeutic approaches are direly
needed to recuperate the kidney. We hypothesize that
MV rarefaction may determine the degree and extent of
injury to the renal parenchyma distal to the obstruction,
which may constitute a major factor impeding recovery
of the stenotic kidney.

VEGF, the most important regulator of proliferation of
new blood vessels, is also crucial for preservation of the
microvasculature in general. By stimulating endothelial
cell division, migration, survival and tube formation,
VEGF plays a central role not only in the generation, but

also the repair and maintenance of MV networks, includ-
ing those in the kidney [6,30]. Furthermore, VEGF is also
a prominent inhibitor of renal scarring. VEGF is produced
constitutively in the adult kidney and impacts mainly en-
dothelial cells [30]. The current study extends our previous
studies that showed decreases in renal VEGF paralleling
MV rarefaction and functional and structural deterioration
of the stenotic kidney [7,8]. The reduced MV density in
RAS was associated with increased renal vascular resis-
tance, decreased RBF and GFR and significant renal scar-
ring. Therefore, sustained levels of VEGF play a key role
in preserving kidney function and structure, not only under
physiological conditions, but even more importantly when
facing disease as occurs in RAS.
By preventing the reduction of renal VEGF, we investi-

gated whether and how preserving renal microvessels
could protect the stenotic kidney during the evolution of
RAS. We administered a single intra-renal dose of VEGF
at the onset of the stenosis, based on previous clinical stud-
ies showing long-lasting effects of VEGF in augmenting
the myocardial perfusion in the ischaemic heart, even after
60 days of administration [12,13]. A similar approach was
also shown to increase vascular and capillary density in the
hind-limb ischaemia model 40 days after induction of is-
chaemia [31]. We observed that exogenous VEGF in the
stenotic kidney preserved cortical and medullary MV den-
sity of those vessels under 80 μm in diameter, augmented
density of renal peritubular and glomerular capillaries and
decreased renal vascular resistance. Preventing MV loss in
RAS + VEGF kidneys also resulted in normalized RBF,
GFR and significantly augmented cortical and medullary
perfusion, measured 6 weeks after VEGF administration.
In turn, VEGF administration led to a substantial attenua-
tion of glomerulosclerosis and tubulo-interstitial fibrosis
compared to untreated RAS. These data suggest that pre-
venting MV rarefaction in chronic RAS resulted in a com-
bined functional and structural renoprotective effect on the
stenotic kidney. The increased MV density in RAS +
VEGF was accompanied by improvement in the intra-renal
angiogenic signaling compared to RAS kidneys, as sug-
gested by normalization of HIF-1α, eNOS and angiopoie-
tins, downstream mediators of VEGF. It is possible that
the increased vascularization of the treated kidney by a
pre-emptive intra-renal administration of VEGF not only
resulted from proliferation of new vessels, but also from
improved MV and capillary repair [32].

Our experimental approach provides a tool to elucidate
the long-term changes in the vasculogenic mechanisms in
the stenotic kidney that leads to defective angiogenesis and
consequently, MV rarefaction. Studies have documented
that acute ischaemia leads to a significant increase in
VEGF [33], but evidence showing whether this response
is sustained for a longer term (chronic) is scarce. We found
that chronic RAS significantly increased the mRNA ex-
pression of VEGF and its upstream and downstream med-
iators such as HIF-1α, Flk-1 and eNOS, which likely
represents a “response to injury” of the stenotic kidney
to a chronic obstruction of blood flow. However, despite
the upregulation of these factors, renal VEGF protein
and the renal microvessels were significantly diminished
in RAS, suggesting an abnormal response to the ischemic

Fig. 4. Representative renal protein expression of VEGF (top) (n = 7–8 per
group, two representative bands shown), mRNA expression and
quantification of HIF-1α, eNOS, VEGF, Flk-1 and angiopoietin-1 and -2
(bottom) in normal, RAS and RAS treated with intra-renal VEGF (RAS +
VEGF) kidneys. VEGF administration in RAS-improved angiogenic
signaling, *P < 0.05 vs. Normal.
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insult that failed to maintain the MV networks in the ste-
notic kidney. Discrepancies between VEGF mRNA and
protein levels have been reported in other clinical scenarios
[34], and the opposing effects of RAS on the levels of
VEGF (renal mRNAvs. protein concentration) may reflect
altered post-transcriptional mechanisms in the chronically
stenotic kidney that may have interfered with VEGF sig-
naling decreasing its renal bioavailability, as we have sug-
gested [7,8], thereby explaining the significant increase in
mRNA but not in the VEGF protein, nor its effects. The
reasons for this disparate effect in the stenotic kidney are
unclear and deserve further investigation. On the other
hand, since RAS + VEGF kidneys received VEGF at the
onset of the stenosis, the augmented bioavailability of this
factor resulted in a sustained and more effective response
to the ischaemic insult by preserving pre-existing vessels,
promoting MV repair and successfully generating new
ones. As a result, intra-renal microcirculation was pre-
served, adequate oxygen supply was provided to the
RAS + VEGF kidney, and that resulted in normalization
of renal VEGF, both at mRNA and protein levels.

Another potential contributory mechanism for the de-
crease in renal MV density in RAS could involve upregu-
lation of endogenous VEGF inhibitors in the stenotic
kidney that may have hindered VEGF vasculogenic ac-

tions [35–37]. Furthermore, the decrease in renal MV
density in the stenotic kidney may have resulted from
the decrease in renal angiopoietins, key downstream med-
iators of VEGF-induced neovascularization. A significant
increase in HIF-1α signaling may upregulate VEGF and
downregulate angiopoietins [38], which are necessary for
stabilization and maturation of the new vessels to make
them functional and thereby helpful to recover tissue per-
fusion [39–41]. Moreover, angiopoietins in concordance
with VEGF have been shown to play a role in controlling
glomerular filtration as well [40,42].

Based on our previous studies showing that MV rarefac-
tion, renal functional deterioration, fibrosis and decreased
in renal levels of VEGF progress in parallel [7,8], we first
tried to elucidate the role that MV rarefaction may have in
defining the progression of renal injury in the stenotic kid-
ney, using intra-renal replenishment of VEGF as a tool to
prevent those changes. In humans, the onset of renovascu-
lar disease is rarely definable, and the patients are diag-
nosed at different stages of the disease and with different
degrees of renal compromise. Our studies were designed to
first understand the role that renal microvessels may have
for the progression of renal injury in a large animal model
of chronic RAS mimicking clinical renovascular disease.
Regional renal perfusion (blood flow/renal tissue) was pre-

Fig. 5. Representative renal trichrome staining showing glomerulosclerosis (left, ×40) and tubulo-interstitial fibrosis (right, ×40) and quantification in
normal RAS and RAS treated with intra-renal VEGF (RAS + VEGF) kidneys. Intra-renal VEGF significantly attenuated renal fibrosis in the stenotic
kidney, *P < 0.05 vs. Normal, †P < 0.05 vs. RAS.
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served at this early stage of RAS as a result of a concom-
itant reduction in renal volume, MV density and RBF.
Nevertheless, it is possible that, at a more advanced stage
of the disease, this somewhat compensatory mechanism
fails as renovascular disease progresses and renal injury in-
creases [9]. In addition, deleterious changes in the contra-
lateral kidney at a later stage may also contribute for the
aggravation of hypertension and consequent renal damage.
VEGF administration significantly increased regional per-
fusion as a result of an increased in the cortical and med-
ullary MV density compared to untreated RAS, and
despite a similar degree of stenosis and reduction in renal
volume, preservation of the MVarchitecture was sufficient
not only to augment the renal perfusion, but also to pre-
serve the overall haemodynamics and function of the ste-
notic kidney. It is likely, this was the result of a combined
effect of VEGF administration on both preservation of pre-
existing vessels and generation of new ones, as indicated
by the increased medullary MV density and augmented
immunoreactivity for integrin β3, a receptor for VEGF
to promote angiogenesis [26] and a marker of angiogenic
vessels [27]. We are aware that the beneficial effects of
VEGF administration in our model were largely preven-
tive, and future studies investigating the potential of VEGF
administration after established renal injury, at a more ad-
vanced stage of the disease, and even in the normal kidney,
will be needed to further understand whether renal MV
loss plays a central role for the progression and possibly,
irreversibility of renal damage.

In summary, this study demonstrates a central role for
MV loss in the progression of renal injury in the stenotic
kidney. Using an experimental model of chronic renovas-
cular disease, we attempted to preserve the MV architec-
ture and function by preventing the reduction in renal
VEGF. A preservation of the angiogenic cascade by VEGF
was functionally consequential, as its intra-renal adminis-
tration led to prevent MV rarefaction (due to both MV pro-
liferation and likely MV repair), thereby contributing to
preservation of the blood supply and renal perfusion, res-
toration of the haemodynamics and filtration function, and
a decrease in fibrosis. These findings underscore the role
of VEGF in the stenotic kidney and indicate feasibility and
potential of a novel therapeutic approach to curtail renal
injury, which may constitute a step forward for designing
targeted interventions for management of patients with
chronic renovascular disease.
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Abstract
Background. Many experimental studies have demon-
strated that parathyroid cell proliferation is induced by ure-
mia and further aggravated by hypocalcemia, phosphorus
retention and vitamin D deficiency. However, these factors
may also promote parathyroid growth without uremia. In
the present study, we examined the onset and progression
of parathyroid hyperplasia regardless of the uremic setting,
a situation that might occur soon during the early renal
disease. Thus, the novelty of this work resides in the close
examination of the time course for the expected changes
in proliferation rates and their association with parathy-
roid hormone (PTH) release in normal rats under the

physiological demands of a high-phosphate diet (HPD)
or a low-calcium diet (LCD).
Methods. We evaluated the functional response of the
parathyroid glands in normal rats to different physio-
logical demands an HPD 0.6% Ca, 1.2% P) and LCD
0.2% Ca, 0.6% P) and compared it with that of uremic
rats. Furthermore, we also evaluated the time course for
the reversal of high-P and low-Ca-induced parathyroid
cell growth and PTH upon normalization of dietary Ca
and P intake (0.6% Ca, 0.6% P). Proliferation was mea-
sured by flow cytometry and calcium receptor (CaR)
and vitamin D receptor (VDR) expression were assessed
by qRT–PCR.
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