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Abstract

Proper and timely assembly of the kidney vasculature with their respective nephrons is crucial during normal kidney devel-
opment. In this study, we investigated the effects of enalapril (angiotensin-converting enzyme inhibitor) on angiogenesis-
related gene expression and microvascular endothelium related to glomeular and tubular changes in the neonatal rat kidney.
Enalapril-treated rats had higher tubular injury scores and lower glomerular maturity grades than those of untreated rats. In
the enalapril-treated group, intrarenal angiopoietin-2, Tie-2, and thrombospondin-1 protein expression increased, whereas
intrarenal angiopoietin-1 protein expression decreased. JG12-positive glomerular and peritubular capillary staining was
reduced in the enalapril-treated rat kidney. The number of JG12-positive capillary endothelial cells was directly correlated
with glomerular maturation grade and was inversely related with the tubular injury. Our findings suggest the imbalance
between pro- and anti-angiogenic factors may be implicated in the loss of capillaries in associated with impaired nephro-

genesis after angiotensin II blockade in the developing rat kidney.
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Introduction

The establishment of proper nephrovascular units is essential
for the development of a functioning kidney necessary for
independent extrauterine life (Gomez et al. 1997; Sequeira-
Lopez and Gomez 2011). Some structural challenges are
required as the kidney becomes vascularized during embryo-
genesis, including the formation of the renal arterial tree and
glomerular capillaries and the alignment of the vasa recta
and peritubular capillaries (Herzlinger and Hurtado 2014).
Formation of glomerular capillaries is regulated by the bal-
ance between pro- and anti-angiogenic factors universal
to other blood vessels (Abrahamson 2009; Tufro-McRed-
die et al. 1997). The arrangement of the post-glomerular
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capillary beds with the renal tubules is dependent on sev-
eral angiogenic signaling pathways controlled by the renal
tubules (Madsen et al. 2010). Maintenance of the glomerular
capillaries help reserve glomerular filtration rate and preser-
vation of the peritubular capillaries in the interstitium is vital
for supplying oxygen and nutrition to tubular and interstitial
cells (Herzlinger and Hurtado 2014).

Renal vascular homeostasis is tightly regulated by the
balance between pro- and anti-angiogenic factors in healthy
kidneys. However, this balance is disrupted in chronic kid-
ney disease, resulting in an anti-angiogenic environment
that induces loss of the peritubular capillaries (Kida et al.
2014). Angiopoietins (Angs), a family of vascular growth
factors, play a significant role in the development of the
kidney vasculature (Maisonpierre et al. 1997; Woolf et al.
2009). Ang-1, Ang-2, and the receptor tyrosine kinase Tie-2
are highly expressed in developing kidneys (Kolatsi-Joan-
nou et al. 2001). Binding of Ang-1 to the Tie-2 receptor
supports pericyte attachment and vessel maturation. Ang-2
antagonizes Ang-1 and prevents Tie-2 activation by com-
petitively binding Tie-2. Ang-1 exerts anti-inflammatory
and pro-angiogenic activities, whereas Ang-2 has opposite
effects (Augustin et al. 2009; Maisonpierre et al. 1997).
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Angs are implicated in renovascular maturation in parallel
with VEGF-A, which has recognized roles in metanephric
endothelial differentiation and survival (Eremina et al. 2003;
Gnudi et al. 2015). Thrombospondins (TSPs) comprise a
family of extracellular matrix proteins that control tissue
genesis and remodeling. TSP-1 plays a role as a natural
inhibitor of angiogenesis and directly initiates endothelial
cell apoptosis (Guo et al. 1997; Zhang and Lawler 2007).
TSP-1 expression has been shown to be positively associ-
ated with the loss of glomerular and peritubular capillaries
(Bige et al. 2012).

All components of the renin-angiotensin system (RAS)
are exhibited temporospatially in the developing kidney
(Sequeira-Lopez et al. 2015). Blockade of the RAS with
angiotensin converting enzyme (ACE) inhibitors in neona-
tal rats induces consistently reproducible renal abnormali-
ties that persist after treatment, indicating an important role
for the RAS in nephrovascular development (Friberg et al.
1994). A representative study by Tufro-McReddie et al.
(1995) reveals impaired angiotensin II signaling leads to
reduced glomerular size, tubular atrophy, and pathologi-
cal changes in pre-glomerular circulation. A more recent
study has shown that the growth actions of angiotensin II
are not restricted to the renal arterioles and extend to the
post-glomerular vasculature (Madsen et al. 2010). However,
the actual events and molecules that control the development
of the kidney microvasculature by the RAS remain unclear.

Since rats are born with immature kidneys, the neona-
tal rat model appears suitable for studying the mechanisms
of renal development in the human fetus (de Almeida et al.
2017). Nephrogenesis is achieved prenatally in the human,
but it continues until postnatal day 10 in the rat (Gomez et al.
1997; Hartman et al. 2007). We reported previously that
inhibiting the ACE for the first 7 days after birth induced
improper VEGF-A/VEGEF receptor signaling in newborn
rat kidneys. Expression of pro-angiogenic platelet-derived
growth factor (PDGF)-B and its receptor-§ were not changed
after ACE inhibition (Yim et al. 2016). In the present study,
we hypothesized that additional pro- and anti-angiogenic
players contribute to the altered angiogenic response after
the blockade of the RAS in developing kidneys. We inves-
tigated whether the altered intrarenal activities of Ang-1,
Ang-2, Tie-2, and TSP-1 are involved in renal microvascular
abnormalities following neonatal ACE inhibition. We quan-
tified the loss of capillary density using aminopeptidase P
(JG12, a specific endothelial marker) in newborn rat kidneys
exposed to the RAS inhibitor. The associations between cap-
illary density and glomerular and tubular changes were also
assessed in our experimental model.
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Materials and methods
Ethical approval

Our experimental protocol was approved by the Animal
Experimentation Ethics Committee of Korea University and
was carried out under the guidelines of the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals. The authors have taken all steps to minimize the
animals’ pain and suffering.

Animal preparation

Neonatal rat pups from three pregnant Sprague-Dawley rats
were breastfed by their mother throughout the study. Both
male and female pups were used. Enalapril (Sigma Chemi-
cal Co., St. Louis, MO, USA) (30 mg/kg, n=15) or vehicle
(control group, n=12) was given to newborn rats daily via
an orogastric tube beginning at birth. This dose of enalapril
is known to effectively block the effects of angiotensin II
(Gomez et al. 1988). The rats were killed at 8 days of age
(50 mg/kg i.p. pentobarbital sodium), and their kidneys were
harvested and processed. The right kidney from each rat was
used for light microscopy and immunohistochemistry, and
the left kidney was used for Western blot analysis.

Histological examination

Hematoxylin and eosin staining was carried out as described
previously to detect renal histological changes (Yim et al.
2009). Tubular injury grade was scored semiquantitatively in
a blinded manner in at least 20 randomly chosen grid fields
of the cortex (25X 25 um? cortex) per kidney section (400X
magnification) from each of ten rats as previously described
(Chen et al. 2013; Takaori et al. 2016). Tubular injury was
defined as tubular dilation, tubular atrophy, tubular cast for-
mation, sloughing of tubular epithelial cells, and vacuoliza-
tion of the epithelium. The tubules were evaluated according
to the following scoring system: 0 =no tubular injury; 1,
< 25% tubules injured; 2, up to 50% tubules injured; 3, up
to 75% tubules injured; and 4, > 75% tubules injured. The
maturation stage of the glomeruli within each field of view
was classified from O to 3 using an adaptation of a method
published previously (Sutherland et al. 2011). Glomeruli
were graded as stage O if they were in the early stages of
development (vesicle, comma-shape, S-shape, or capillary
loop stages). Stage 1 presented immature fully shaped glo-
meruli with at least half of the glomerular tuft lined with
darkly stained cells and a densely cellular glomerular tuft.
Stage 2 glomeruli comprised less than half of the glomerular
circumference lined with dark-staining epithelial cells, and
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stage 3 glomeruli (most mature) showed no darkly stained
layer of cells surrounding the glomerular tuft and a more
open glomerular tuft. Glomerular maturity was determined
by grading at least 20 glomeruli per section area and calcu-
lating the mean from each of ten rats. The glomeruli in the
cortex were identified at 400X magnification using a double
blind method. Counts were performed randomly throughout
all fields.

Western blotting

Equal amounts of protein (5-15 pg) were subjected to 10%
SDS-PAGE, and the separated proteins were transferred to
nitrocellulose membranes (KPL, Gaithersburg, MD). The
membranes were blocked in 5% skim milk with TBS-T
[0.05% Tween 20 in 50 mM of Tris, 150 mM of NaCl, and
0.05% NaN; (pH 7.4)] at room temperature for 1 h. The
membranes were washed twice in TBS-T and incubated for
18 h at 4 °C with primary antibodies against Ang-1 (dilution
1:500), Ang-2 (1:200), Tie-2 (1:500), and TSP-1 (1:400).
All primary antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). The membranes were
washed twice with TBS-T and incubated for 60 min with
anti-rabbit IgG (Ap132p, 1:1000; Millipore, Temecula, CA),
anti-mouse IgG (474-1806; Kirkegaard & Perry Laborato-
ries, Inc., Gaithersburg, MD), and anti-goat IgG (HAF-109;
R&D Systems, Minneapolis, MN) at room temperature. To
control for equal loading, B-actin (1:1000; Cell Signaling
Technology, Danvers, MA) and anti-mouse IgG conjugated
horseradish peroxidase (1:1000; Cell Signaling Technology,
Danvers, MA) were used as primary and secondary antibod-
ies using the same method described above. X-rays were
scanned using the Epson GT-9500 (Seiko Corp, Nagano,
Japan), and the results were quantified by a computerized
densitometer (Image PC Alpha 9; National Institutes of
Health, Bethesda, MD). The relative expression ratio of
each protein band normalized to the each loading reference
control (B-actin) was compared between the two groups.

Immunohistochemistry

Ten to twelve kidneys in each group were selected for rep-
resentative immunohistochemistry of Ang-1, Ang-2, Tie-2,
and TSP-1 using an avidin—biotin immunoperoxidase method
(Vectastain ABC kit, Burlingame, CA). Immunohistochemis-
try was performed as described previously (Yim et al. 2009).
Primary antibodies against Ang-1 (1:500), Ang-2 (1:200),
Tie-2 (1:500), and TSP-1 (1:400) were used. All the primary
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The primary antibody was substituted with
phosphate buffered saline as a negative control. The secondary
antibodies were peroxidase-conjugated anti-rabbit IgG anti-
bodies (1:200; Millipore, Temecula). Images were captured

using an Olympus microscope (Tokyo, Japan). All images
were viewed using Olympus CH20i Trinocular microscope
and captured using an Olympus DP73 camera (Olympus,
Tokyo, Japan).

Capillary density

Glomerular and peritubular capillary densities were assessed
after immunostaining for JG12 using a point detection
method. JG12 is a novel discriminatory marker of blood
vessel endothelial cells (Sun et al. 2012). A mouse JG12
monoclonal antibody (1:50; Santa Cruz Biotechnology,
Santa Cruz, CA) was used for immunohistochemistry per-
formed using a DAB Kit according to the manufacturer’s
instructions. Capillary density was measured by counting the
numbers of squares in 10X 10 grids at 400X magnification
that contained JG-12-positive capillary staining in the renal
cortex, and mean JG12 staining in 20 randomly selected
grid fields of the cortex per kidney section from ten rats was
determined in a blinded manner. The relationships between
capillary density and glomerular maturity or tubulointersti-
tial injury were also determined in all rat kidneys examined.

Statistical analysis

Data are presented as mean + SEM. Differences between the
groups were analyzed with the 7 test or the Mann—Whitney
U test. The correlations between capillary density and glo-
merular maturity or tubulointerstitial injury were assessed
using Spearman’s correlation analysis. A p value < 0.05 was
considered significant. Statistical analyses were performed
with SPSS ver. 16.0 for Windows software (SPSS Inc., Chi-
cago, IL).

Results
Renal histological alterations

Enalapril-treated rat kidneys showed widespread tubular,
glomerular, and vascular abnormalities compared to those
in control kidneys (Fig. 1). Hematoxylin and eosin kid-
ney staining demonstrated a higher grade of tubular injury
(Fig. 1a) and a lower grade of glomerular maturation that
those in enalapril-treated rats (Fig. 1d) (P <0.05 for both).
The abnormal wall thickening of intrarenal vessels was also
pronounced in the enalapril-treated kidneys compared to that
in the control kidneys (Fig. 1g, h).

Changes in glomerular and peritubular capillary
density

The glomerular and peritubular capillaries detected
by JG12 immunohistochemical staining were arranged
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Fig.1 Renal histological changes in 8-day-old rats. a Enalapril-
treated rat kidneys shows a higher tubular injury score compared to
that of the control rat kidney ("P <0.05 vs. control, ¢ test). b Control
rat kidney. ¢ Striking tubular dilatation (arrows) was observed in
the enalapril-treated group. d The enalapril-treated kidneys had less
mature glomeruli than that in control rats (*P <0.05 vs. controls, ¢
test). e Nearly mature glomeruli in the control rat kidney (arrows). f

regularly, with a uniform size and shape in control
rats (Fig. 2a, c). In contrast, JG12-positive capillar-
ies decreased distinctly in enalapril-treated rat kidneys
(Fig. 2b, d). A significant decrease in both glomerular and
peritubular JG12 staining was detected in the enalapril-
treated rats (P <0.05) (Fig. 2e). In addition, the number
of JG12-positive capillary endothelial cells was positively
correlated with the glomerular maturation grade (r=0.948,
P <0.001; Fig. 2f) and negatively correlated with the score
of tubular injury (r = —0.842, P <0.05; Fig. 2g).
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Glomeruli in the early stages of development in the enalapril-treated
rat kidney (arrows). g Normal vessel in a control rat kidney (arrow)
(h) Abnormal vascular wall thickening (arrow) in enalapril-treated
rat kidney (Black bar, control rats; white bar, enalapril-treated rats)
(n=10 for each group) (Hematoxylin and eosin stain; b, ¢ %200,
bar=200 pm; e-h X400, bar=100 pm)

Ang-1, Ang-2, and Tie-2 expression

Ang-1 expression decreased significantly after enalapril
treatment at postnatal day 8. Ang-1/p-actin protein expres-
sion decreased in the enalapril-treated group compared
to that in the control (P <0.05) (Fig. 3a). Ang-1 expres-
sion was high within the tubular epithelial cells and some
glomeruli in the cortex of control kidneys (Fig. 3b) but
was rarely detected in tubules and glomeruli in the enal-
april-treated group (Fig. 3c). In contrast, Ang-2 and Tie-2
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Fig.2 JG12 expression in the capillary endothelium. a, ¢ Glomeru-
lar (arrows) and peritubular capillaries (arrowheads) in the control rat
kidney. b, d Glomerular (arrows) and peritubular capillaries (arrow-
head) in the enalapril-treated rat kidney. e Capillary density decreased
significantly in the enalapril-treated group (*P <0.05 vs. controls, ¢
test). The number of JG12-positive capillary endothelial cells was

expression increased significantly following the enalapril
treatment. The immunoblots showed that the Ang-2/p-
actin (Fig. 3d) and Tie-2/p-actin (Fig. 3g) protein expres-
sion increased significantly in the enalapril-treated group
(P <0.05). Ang-2 expression was strong in dilated tubular
cells and some glomeruli of enalapril-treated rat kidneys

positively correlated with the stage of glomerular maturation (f)
(r=0.948, P<0.001, Spearman’s correlation test) and negatively cor-
related with the grade of tubular injury (g) (r = —0.842, P<0.05,
Spearman’s correlation test) (Black bar, control rats; white bar, enal-
april-treated rats) (n=10 for each group) (a, b X100, bar=400 um; c,
d %400, bar=100 um)

compared with that in control kidneys (Fig. 3e, f). Tie-2
expression was rarely detected in the cortex of control
kidneys (Fig. 3h); however, it was more clearly detectable
within glomeruli and peritubular capillaries of enalapril-
treated rat kidneys (Fig. 31).
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Fig. 3 Intrarenal expression of pro- and anti-angiogenic factors in
8-day-old rats. (a—c) Angiopoietin (Ang)-1. d—f Ang-2. g-i Tie-2.
Jj-1 Thrombospondin (TSP)-1 (a, d, g, and j, immunoblots; black bar,
control rats; white bar, enalapril-treated rats; *P <0.05 vs. controls; a,
d ¢ test; g, j Mann—Whitney U test) (b, e, h, k, control rat kidney; c,

TSP-1 expression

TSP-1/B-actin protein expression increased in the enal-
april-treated group, compared to that in the control
group (P <0.05) (Fig. 3j). TSP-1 expression was scarcely
observed in the cortex of the control kidneys (Fig. 3k),
whereas it was clearly detected in glomeruli and some vas-
cular walls in the enalapril-treated group (Fig. 31).
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f, i, 1, enalapril-treated rat kidney) (n=10-12 for each group) (b, c, f;
arrows, tubular expression; X400, bar=100 pm) (h, i, I; arrows, glo-
merular expression; arrowheads; peritubular capillary (i) or vascular
(1) expression; X200, bar =200 pum)

Discussion

We demonstrated that treatment with enalapril for the first 7
days after birth reduced glomerular and peritubular capillary
density in neonatal rat kidneys. This finding was associated
with a decrease in glomerular maturity and an increase in
tubular dilatation and atrophy. In addition, the expression
of Ang-1 decreased, whereas the activities of Ang-2, Tie-2,
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and TSP-1 increased after enalapril treatment in develop-
ing rat kidneys. Our findings suggest that an imbalance in
the signaling interactions between pro- and anti-angiogenic
factors have a specific role in the loss of capillaries in the
developing rat kidney after inhibiting the ACE.

The RAS plays a significant role in renal vasculariza-
tion and nephrogenesis (Sequeira-Lopez and Gomez 2011).
Inhibiting the angiotensin II type 1 receptor in the develop-
ing rat arrests nephrovascular maturation and renal growth
(Tufro-McReddie et al. 1995). Targeted inactivation of
ACE gene induces remarkable renal defects in adult mice,
consisting of reduced numbers of thickened, hypercellular
renal arterioles, tubular dilatation, papillary atrophy, and
interstitial fibrosis (Niimura et al. 1995). ACE is found
in endothelial precursors invading the inferior cleft of the
S-shaped body, glomerular capillaries, proximal tubules,
peritubular capillaries, and corticomedullary arteries (Miz-
uiri and Ohashi 2015). Establishment of the S-shaped glo-
merulus appears to be crucial for glomerular vascularization,
because endothelial cell precursors occupy the lower cleft
and form the glomerular capillaries at this phase (Sequeira-
Lopez and Gomez 2011). We postulated that inhibiting ACE
may induce capillary loss as well as glomerular immatu-
rity and tubular injury. Indeed, neonatal ACE inhibition in
rats reduced capillary density and glomerular maturity and
increased tubular dilatation and atrophy.

We detected JG12 to assess changes in capillary density
and renal angiogenesis. JG12 is a specific marker for the
blood vessel endothelium and distinctively expressed by the
endothelial cells of glomeruli and tubulointerstitial vessels
in the kidney (Matsui et al. 2003; Sun et al. 2012). JG12 is
more discriminatory than other endothelial markers, such
as CD34, CD31, which are expressed in both lymphatic and
blood vessels (Matsui et al. 2003). Sun et al. (2012) showed
a substantial reduction in peritubular capillary density
detected by JG12 immunostaining after unilateral ureteral
obstruction surgery. JG12-positive peritubular capillaries
were markedly diminished from some regions with signifi-
cant interstitial expansion and tubular atrophy, as they were
changed by fibrotic elements. In the present study, a sig-
nificant decrease in both glomerular and peritubular JG12
expression was detected after enalapril treatment for up to
1 week after birth. It is likely that the renal capillary loss
in the enalapril-treated rats resulted in poor oxygen sup-
ply and nutrients to the glomerular and tubular cells, which
may have impaired postnatal renal maturation. Supporting
this finding, capillary density was negatively correlated with
glomerular immaturity and tubulointerstitial injury. Given
that kidney vascularization and nephrogenesis are matched
synchronized processes (Sequeira-Lopez and Gomez 2011),
the disturbance in maintaining glomerular and peritubular
capillaries may partly explain the renal structural abnormali-
ties caused by inhibiting ACE in the developing rat kidney.

Madsen et al. (2010) observed significant deterioration
in renal microvasculature and vasa recta bundles in cande-
sartan (angiotensin II type 1 receptor blocker)-treated ani-
mals for up to 2 weeks after birth, accompanied by inhibited
VEGF, Ang-1, Ang-2, and Tie-2. Medullary abnormalities,
including hypoplasia of the papilla and thickening of vessels,
and a marked reduction in renal blood flow also occurred.
Those authors suggested that angiotensin II increases post-
natal growth of postglomerular capillaries and organization
of vasa recta bundles and that postnatal renal development
is contingent on proper regulation of angiogenesis. In the
present study, treatment with ACE inhibitor for 1 week after
birth led to a decrease in Ang-1 expression and enhanced
levels of Ang-2, Tie-2, and TSP-1. The reasons for the dis-
similar results may be attributable to differences in time
points and the level of blockade of angiotensin II action.
ACE inhibition prevents the degradation of bradykinin as
well as the formation of angiotensin II. Blockade of ACE
activity also augments circulating levels of the bioactive
peptide angiotensin-(1-7) (Gallagher et al. 2011). Sev-
eral in vitro and in vivo models of angiogenesis have been
shown to the anti-angiogenic properties of angiotensin-(1-7)
(Gallagher et al. 2011; Pei et al. 2016). Therefore, elevated
bradykinin level and an altered balance between angioten-
sin II and angiotensin-(1-7) might be associated with the
mechanism of action of ACE inhibition (Simdes et al. 2016).

Angs are a family of growth factors that play a vital role
in vascular development (Parikh 2017). Ang-1 binds to
and tyrosine-phosphorylates endothelial Tie-2, producing
increased survival and cell-cell stabilization (Woolf et al.
2009). Ang-1 null embryos initiate blood vessel formation,
but the vascular endothelium fails to remodel (Suri et al.
1996). Ang-1 therapies reduce peritubular capillary loss
in adult models of tubulointerstitial disease (Long et al.
2008). In contrast, podocyte-specific overexpression of
Ang-2 induces glomerular endothelial apoptosis, decreases
nephrin expression, and augments albuminuria (Davis et al.
2007). Contrary to Ang-1/Tie-2 signaling, activation of the
Ang-2/Tie-2 signaling leads to loss of cell—cell contacts and
vascular destabilization (Biel and Siemann 2016). Blockade
of the Ang-2/Tie-2 signaling by using a specific inhibitor of
Ang-2 obviously promoted angiogenesis (Yan et al. 2017).
In this study, enalapril treatment for the first 7 days after
birth reduced Ang-1 expression but increased Ang-2 and
Tie-2 activities in developing rat kidneys. These findings
agree with the regression of glomerular and peritubular
capillaries and may have contributed to impaired vascular
expansion at a later kidney developmental stage. The Ang
system may play an important role in renovascular matura-
tion and microvascular injury after inhibiting ACE during
postnatal kidney development.

In parallel, TSP-1 expression was upregulated in the
enalapril-treated rat kidneys compared to that in the
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controls. TSP-1 directly initiates endothelial cell apop-
tosis and plays a key role as a natural inhibitor of angio-
genesis (Zhang and Lawler 2007). As an endogenous acti-
vator of TGF-f, it also prevents kidney repair (Isenberg
et al. 2009). Using a ligature relief model after unilateral
ureteral obstruction, Bige et al. (2012) showed that kid-
ney repair involves early downregulation of TSP-1 and
TGF-p1 expression followed by regeneration of peritu-
bular capillaries and proximal tubules. The proapoptotic
action of TSP-1 during ischemia/reperfusion injury was
also detected in TSP-1 null mice (Thakar et al. 2005). The
present data showed that enalapril treatment during the
first 7 postnatal days increased TSP-1 expression in neo-
natal rat kidneys. Overexpression of TSP-1 suggests a del-
eterious effect of TSP-1 on preservation of glomerular and
tubular structures as well as the capillary network. TSP-1
may favor cell apoptosis and anti-angiogenic environment
in enalapril-treated rat kidneys, leading to loss of kidney
microvasculature.

We have previously shown improper VEGF-A/VEGF
receptor signaling during neonatal inhibition of ACE (Yim
et al. 2016). VEGF-A protein expression increased in enal-
april-treated rat kidneys. However, the major angiogenic
VEGEF receptor-2 activity remained unchanged, although
the anti-angiogenic VEGF receptor-1 expression decreased.
Here we further investigated the role of the Ang system
and TSP-1 in renovascular injury in the same model. We
found that these molecules contribute to capillary loss in
enalapril-treated rats through reduced Ang-1 expression and
enhanced activation of Ang-2, Tie-2, and TSP-1. Notably,
the biologic effects of the Angs rely on ambient levels of
VEGF-A. Sprouting angiogenesis follows destabilization
of blood vessels by Ang-2 in a VEGF-rich state, whereas
Ang-2 induces endothelial cell death and vessel regression in
a VEGF-depleted environment (Augustin et al. 2009; Jin and
Patterson 2009). The enhanced TSP-1 expression hampers
VEGF-mediated endothelial cell proliferation and indepen-
dently provokes endothelial cell apoptosis in renal fibrosis
models (Hugo et al. 2002). In our experimental model, the
angiogenic response could initially occur due to increased
survival from the VEGF-A/VEGEF receptor-1 signaling in
response to kidney injury by enalapril. The simultaneous
downregulation of Ang-1 and upregulation of Ang-2, Tie-2,
and TSP-1 may have destabilized kidney microvessels and
suppressed VEGF-A-mediated endothelial cell proliferation.
This imbalanced environment between pro- and anti-angi-
ogenic factors may have led to an antiangiogenic condition
that favored loss of glomerular and peritubular capillaries.
Collectively, a cooperated interplay of several key players,
such as Ang-1, Ang-2, Tie-2, TSP-1, and VEGF-A/VEGF
receptor signaling, can participate in microvascular injury
associated with tubular and glomerular changes in develop-
ing rat kidney after inhibiting ACE.
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Some limitations of our study should be discussed. A
stereological quantification of total capillary length or vol-
ume and glomerular number or size in kidney tissue may
have given greater power to this study. The direct effects
of candidate molecules in angiotensin II-mediated postnatal
angiogenesis further support a primary role for these molec-
ular mechanisms during the normal renovascular growth
response to angiotensin II. The potential involvement of
angiogenesis-regulating factors in this model needs to be
further validated by strategies such as specific overexpres-
sion or deletion of the appropriate genes.

In conclusion, our data provide new clues to understand
the mechanisms of impaired vascular development after
inhibiting ACE in neonatal rat kidney. Renal structural dete-
rioration can be associated with glomerular and peritubular
capillary rarefaction. The Ang signaling system and TSP-1
appear to be important mediators and may be relevant in the
pathogenesis of microvascular injury after RAS blockade in
the developing kidney.
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