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Alterations in the renal vasculature during fetal programming can cause disturbances
in renal structure and function that persist into adulthood. Calcitriol can affect cellular
differentiation and proliferation, and promote endothelial cell maintenance, each of
which is a key event in nephrogenesis. Calcitriol is a negative endocrine regulator of
the renin gene. Rats exposed to renin-angiotensin system (RAS) antagonists during
lactation have been shown to develop renal disorders, which demonstrated that the
RAS may play an important role in mammalian kidney development. We evaluated the
effects of calcitriol administration on losartan [angiotensin Il receptor antagonist (ANGII),
AT4]-induced changes in renal differentiation in rats during lactation. Rats treated with
losartan showed alterations in renal function and structure that persisted into adulthood.
These disruptions included hydronephrosis, papillary atrophy, endothelial dysfunction,
and aberrant endothelial structure. These changes were mitigated by treatment with
calcitriol. The results of our study showed that animals exposed to AT+ blockade during
lactation exhibited altered renal microvasculature differentiation in adulthood that was
attenuated by treatment with calcitriol.

Keywords: calcitriol, cell differentiation, kidney development, renin-angiotensin system, renal microvasculature

INTRODUCTION

During renal development, a series of events occur that result in the formation of blood vessels
(1). These processes include formation of the renal arterial tree and glomerular capillaries, and
alignment of the vasa recta and peritubular capillaries (2). Three-dimensional organization and
expansion of microvessels in the renal medulla are dependent on several signaling pathways that
supply oxygen and nutrients to adjacent cells (2, 3). The renin-angiotensin system (RAS) plays an
important role in expansion, migration, and formation of renal structure during nephrogenesis (4).
Results from our studies and others have shown that pharmacological RAS inhibition or genetic
deletion of downstream signaling components of RAS (1, 3, 5-8) result in impaired development
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of glomeruli and preglomerular vasculature. Angiotensin II
(ANGII) also affects the post-glomerular circulation. A study
performed by Madsen et al. showed that treatment with an AT,
receptor antagonist for 14 days during lactation reduced the
volume, length, and surface area of capillaries in the kidney
medulla, and resulted in disorganization of vasa recta bundles
(3). In humans, nephrogenesis is complete by 34-36 weeks of
gestation. In contrast, nephrogenesis continues after birth for
about 2-3 weeks in mice and rats (1, 8). Therefore, neonatal
rats are commonly used to study the mechanisms of renal
development (5).

Several studies have reported that calcitriol (1a,25-
dihydroxyvitamin D3; activated vitamin D) is involved in
maintenance of endothelial function (9), cell proliferation,
differentiation, apoptosis, and RAS modulation (5, 10, 11). We
previously reported that treatment with calcitriol attenuated
glomerular disturbances and promoted differentiation of tubular
cells in the renal cortex in animals exposed to AT; blockade
during nephrogenesis (5). Blockade of AT; with losartan
during renal development resulted in overexpression of the
renin gene and increased expression of ANGII (5), which
resulted in disruption of nephrogenesis. Therefore, use of
calcitriol in adulthood may mitigate losartan-induced effects on
nephrogenesis through modulation of RAS. In addition, calcitriol
may improve endothelial cell differentiation and function.

In the present study, we hypothesize that blockade of AT}
during renal development can result in disturbances in cell
differentiation, resulting in reduced vascular density, and that
treatment with calcitriol can mitigate these changes. Calcitriol
has received increased attention because of widespread vitamin
D deficiency and the recent discovery that calcitriol can modulate
the RAS. Further evaluation of the effects of calcitriol is important
because losartan is a typical pharmacological treatment for
hypertension, even in pregnancy. Therefore, the aim of our
study was to evaluate the effects of calcitriol on losartan-induced
disturbances in the renal microvasculature. Capillary density
was evaluated in kidney tissue by immunohistochemical staining
for aminopeptidase P (JG12). Associations between capillary
density and parenchymal changes in the outer and inner medulla
were analyzed using markers of cell differentiation (vimentin
and a-SMA).

MATERIALS AND METHODS

Animals and Experimental Design

All experiments were performed in accordance with the
ethical principles for animal experimentation of the Brazilian
College of Animal Experimentation, and the Animal
Experimentation Committee of the University of Sao Paulo
at Ribeirdao Preto Medical School approved the study protocol
(COBEA/CETEA/FMRP-USP, protocol no. 178/2014).

The animals were housed in a controlled temperature (22°C)
environment and exposed to a 12h light/12h dark cycle. The
animals were provided chow diet and water ad libitum. Female
and male Wistar rats (Animal House of the Campus of Ribeirao
Preto, University of Sdo Paulo, Ribeirao Preto, SP, Brazil) were
housed together overnight to permit mating. Each male was

housed with three females, and the first gestational day was
determined based on the presence of copulatory plugs (12).
Pregnant females were separated and monitored during of the
entire gestation period and during lactation (21 days each).
Male Wistar pups were randomly selected for this study. The
litter was reduced to six per mother to ensure equal feeding.
During lactation, rats were divided into the following groups:
(1) offspring of mothers treated with 2% sucrose solution during
lactation and (2) offspring of mothers treated with losartan
during lactation (100 mg/kg/day; All Chemistry, Brazil) (5, 7).
Each group received the treatment solutions in place of drinking
water. Losartan was detected in breast milk at a concentration
nearly half of that in maternal plasma in 75% of the rats (8).

After weaning, losartan or sucrose treatments were
discontinued, and the animals were separated from their
mothers and allowed to acclimate for 4 days. The rats were
then separated into the following four experimental groups:
(1) SUC (sucrose 2%, n = 7), (2) SUC + Calcitriol (sucrose
2% 4+ calcitriol, n = 7), (3) LOS (losartan, n = 8), and (4)
LOS + Calcitriol (losartan + calcitriol, n = 8). Calcitriol
(6 ng/day, Calcijex, Abbott Laboratories, USA) or vehicle
(0.9% NaCl) was administered using mini-osmotic pumps
(Model 2004, Alzet, USA) implanted subcutaneously under
anesthesia with isoflurane (Cristalia, Brazil). Calcitriol or vehicle
supplementation was started following the end of nephrogenesis
when losartan-induced lesions were established and continued
for 4 weeks. The dose and duration of calcitriol treatment were
selected according to previous studies (5, 13, 14).

Systolic Blood Pressure

Systolic blood pressure (SBP) was determined indirectly at 60
days of age using the tail—cuff method (CODA Non-Invasive
Blood Pressure System, Kent Scientific Corporation, 2010).
The animals were allowed to acclimate for 3 days prior to
measurement of SBP. Twelve SBP measurements were averaged
for each animal (15).

Evaluation of Renal Function

At 59 days of age, the animals were placed in metabolic cages
for 24h to collect urine samples for measurement of sodium
(9180-electrolyte analyzer, Roche, Austria) and osmolality (Fiske
OS Osmometer, Advanced Instruments, USA). On the next
day, the rats were weighed, then anesthetized using sodium
thiopental (0.1 ml/100g, Brazil). Blood samples were collected
from the abdominal artery for analysis of creatinine (Labtest
Diagnostica, Brazil) and sodium. One kidney was removed
and fixed using methacarn solution for histological and
immunohistochemical analyses.

Determination of Nitric Oxide in Renal

Tissue

Renal tissue was homogenized in 0.1N acetic acid (3:1),
centrifuged at 10,000 x g for 5min, and aliquoted. The samples
were deproteinated by addition of 95% ethanol (4°C) (1:2),
then centrifuged at 4,000 x g for 5min. The supernatants
were analyzed for nitric oxide (NO) content by an NO/ozone
technique described previously (16) using a Sievers analyzer
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(Sievers 280 NOA, USA). Protein levels in renal tissue were also
determined as described previously (17).

Histological Analysis

Tissues were embedded in paraffin and sliced into 4-pm-thick
slices, then stained with Masson’s Trichrome and visualized
using a light microscope (AxioVision Rel. 4.3; Zeiss, Germany).
The outer and inner medulla were identified by location and
epithelial characteristics. The transition from the cortical region
to the medullary region was observed. A representative image is
presented in Figure 1.

Immunohistochemical Analysis

Kidney sections were deparaffinized and hydrated for
immunohistochemical analysis. Non-specific antigen binding
was blocked by incubation for 20 min with normal goat serum.
The sections were then incubated with anti-vimentin (1:500,
Dako Corporation MO0725, Denmark), anti-aminopeptidase
P (JG12, 1:1000, eBioScience BMS1104, USA), or anti-eNOS
(1:100, Santa Cruz Biotechnology sc-376751, USA) antibodies
for 60 min at room temperature, and anti-a-smooth muscle
actin (a-SMA, 1:1000, Dako Corporation M0851, Denmark)
antibody overnight at 4°C. Avidin-biotin-peroxidase complex
(Vector Laboratories, USA) and DAB [3,3’-diaminobenzidine

(Sigma Chemical Company, USA)] were used for detection.
The sections were then counterstained with methyl green,
dehydrated, and mounted.

The outer and inner medulla were evaluated. The images were
randomly quantified using a Greek box system. Quantification
was performed by a blinded analyst. The number of JG12-positive
capillaries was counted and localization of a-SMA, vimentin, and
eNOS was semi-quantitatively graded as follows: 0 = absent or
<5% staining; 1 = 5-25% staining; 2 = 25-50% staining; 3 = 50—
75% staining, and 4 >75% staining (18). Thirty consecutive fields
(0.1 mm? each) were evaluated for the outer and inner medulla.
Only the inner medulla is shown in the figures.

Western Blot Analysis

Kidneys were homogenized in lysis buffer (50 mM Tris-HCI,
pH 7.4; 150 mM NaCl; 1% Triton X-100; 0.1% SDS; 1 wg/mL
aprotinin; 1ug/mL leupeptin; 1mM phenylmethylsulfonyl
fluoride; 1 mM sodium orthovanadate, pH 10; 1 mM sodium
pyrophosphate; 25 mM sodium fluoride; and 0.001 M EDTA, pH
8), then centrifuged at 4°C for 15 min at 10,000 rpm. Proteins
(60 |Lg) were separated by polyacrylamide gel electrophoresis,
transferred to nitrocellulose membranes, incubated for 1h in
blocking buffer (TBS, 5% skim milk), washed with TBS-T (TBS,

FIGURE 1 | Representative Masson'’s trichrome staining of histological sections of the (A) SUC, (B) SUC + Calcitriol, (C) LOS, and (D) LOS + Calcitriol groups. C,
Renal cortex; OM, Outer medulla; IM, Inner medulla; P, Papilla. Magnification, 1X and 40X.
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0.1% Tween 20, pH 7.6), then incubated with anti-AT; (1:500,
Santa Cruz Biotechnology, USA) antibody overnight at 4°C.
Membranes were incubated with anti-GAPDH monoclonal
antibody (1:1000; Sigma Chemical Co, USA) overnight at
4°C as a loading control. The membranes were then washed
and incubated with horseradish peroxidase-conjugated goat
anti-mouse (1:5000; Dako, Denmark) antibody for 1h at
room temperature. The membrane-bound antibodies were
detected using SuperSignal West Pico Chemiluminescent
Substrate (Pierce Chemical, USA), and the blots were visualized
using an imaging system (Kodak Gel Logic 2200, USA). Band
intensity was quantified by densitometry using Image] NIH
image software (http://www.nih.gov) and was reported in
arbitrary units. Protein quantitation was performed as previously
described (17).

Statistical Analysis

Nonparametric Kruskal—Wallis test followed by Dunn’s post-
test was used to analyze non-normally distributed data.
Analysis of variance followed by the Newman—Keuls multiple
comparisons test was used for analysis of normally distributed
data. Statistical analyses were performed using GraphPad Prism
version 7.0 for Windows (GraphPad Software, USA). The data
were expressed as means =+ standard error of the mean (S.E.M.).
P < 0.05 were considered statistically significant.

RESULTS

Renal Function Evaluation

Calcitriol treatment improved kidney dysfunction caused by AT}
receptor blockade during renal development. Rats treated with
losartan had higher SBP than those in the SUC and SUC +
Calcitriol groups. The rats in the LOS + Calcitriol group had
higher SBP than the control groups but did not differ from the
LOS group (Table 1). Body weight did not differ among the
LOS (359.3 £ 9.5), SUC (381.6 & 9.8), and SUC + Calcitriol
(377.5 £ 3.5) groups at 60 days of age. However, body weight
was higher in the LOS + Calcitriol group (399.7 & 12.6) than
that in the control group. Changes in water intake, urinary
volume, fractional sodium excretion (FEga), and GFR levels were
less pronounced in the LOS + Calcitriol group than those in
the LOS group (Table 1). Urinary osmolality (U) was lower in
the LOS and LOS + Calcitriol groups compared to that in the
control group. Calcitriol treatment did not affect this parameter
(Table 1).

Analysis of Renal Structure

The animals of the LOS group presented with renal alterations
characterized by atrophic papilla, interstitial fibrosis, tubular
atrophy, and tubular dilation. Calcitriol treatment reduced
these structural changes induced by AT; blockade during renal
development (Figure 1).

Immunohistochemistry Studies

The expression of a-SMA, a mesenchymal cell (myofibroblasts)
marker, was increased in the outer medulla of the LOS group
(1.23 £ 0.25) compared to that in the SUC (0.3 £ 0.03) and

SUC+H-Calcitriol (0.26 £ 0.01) groups, which demonstrated lack
of cellular differentiation in response to losartan. This increase
was mitigated in the outer medulla of rats in the LOS + Calcitriol
group (0.3 & 0.04). Losartan also induced increased expression
of a-SMA in the inner medulla, but treatment with calcitriol did
not attenuate this increase (Figure 2).

The expression of vimentin, a marker of cell differentiation,
was increased in the outer medullas of the LOS group
(2.78 £ 0.31) compared to that in the SUC (1.05 £ 0.06)
and SUC+HCalcitriol (1.04 £ 0.07) groups. Losartan-induced
increases in vimentin expression were mitigated by treatment
with calcitriol (LOS+Calcitriol group; 1.08 =+ 0.09). The
expression of vimentin in inner medulla was higher in the LOS
group than that in the SUC and SUC + Calcitriol groups.
However, calcitriol treatment did not attenuate this increase
(Figure 2).

Immunohistochemical analysis showed that the number of
cells positive for JG12, an endothelial capillary cell marker,
was reduced in the LOS group (20.73 & 2.28) compared with
that in the SUC (26.12 £ 2.89) and SUC+Calcitriol (23.88 =+
3.71) groups. These differences were not significant in the outer
medulla. In the inner medulla, the number of endothelial cells
was significantly lower in the LOS group than that in the SUC
and SUC + Calcitriol groups. In addition, the LOS + Calcitriol
exhibited significantly different expression of JG12 than the SUC
+ Calcitriol and LOS groups. Calcitriol treatment increased JG12
expression in the inner medullas of rats in the SUC + Calcitriol
group compared with that in the SUC group (Figure 2).

Endothelial nitric oxide synthase (eNOS) expression was
decreased in the kidneys of the LOS group (3.12 £ 0.24)
compared with that in the SUC (3.80 + 0.06) and SUC +
Calcitriol (3.86 & 0.02) groups. Calcitriol treatment did alter the
expression of eNOS in the outer medulla. In contrast, in the
inner medulla, the LOS + Calcitriol group exhibited higher eNOS
expression than the LOS group. In addition, the levels of NO
in renal tissue of rats in the LOS + Calcitriol group (7.71 +
1.69 wM/pg protein) were higher than those in the SUC (4.21
=+ 0.38 wM/pg protein), SUC + Calcitriol (2.97 £ 0.23 pM/pLg
protein), and LOS (5.59 % 0.65 pM/ug protein) groups. These
results showed that AT receptor blockade resulted in disruption
of endothelial cell structure and function, and that calcitriol
affected neovasculogenesis (Figure 2).

Western Blot Studies

The expression of AT was higher in the LOS group than that in
the control groups and the LOS + Calcitriol group (Figure 3).

DISCUSSION

The results of this study showed that treatment with calcitriol
attenuated disturbances in the renal microvasculature in
adulthood induced by AT;-ANGII receptor inhibition
during renal development. Several events that occur during
development may contribute to hypertension in adulthood. Fetal
programming results from mechanisms that include regulation
of blood volume and blood pressure (1). Inhibition of AT,
in rats during renal development has been shown to result in
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TABLE 1 | Systolic blood pressure, twenty-four-hour water intake, urine volume, urinary osmolality (U), fractional excretion of sodium (FEﬁa), and GFR of 60-day-old pups
in SUC, SUC + Calcitriol, LOS and LOS + Calcitriol groups.

suc SUC + Calcitriol LOS LOS + Calcitriol
SBP (mmHg) 120.6 + 6.3 1225+ 1.9 143.4 +1.87# 1329+ 1.9
Water intake (mL 100 g~' 24 h~T) 54,6 + 3.1 50.4 +1.9 120.8 + 11.175### 88.9 + 5.837:## 8%
Urinary volume (mL 100 g=' 24 h~1) 357425 353+ 1.4 96 + 7.5 69.1 + 4.65#
Uosm(mOsm kg H,O 1) 1,475.0 + 26.8 1,504.0 + 24.8 632.4 + 62,37 754.4 + 56.47
GFR (ml min="100 g~ ) 0.81 4+ 0.09 0.84 + 0.06 0.60 + 0.16"* 0.71 £ 0.197*8
FE!, (%) 0.28 + 0.04 0.33 £ 0.07 0.80 4 0.05™### 0.56 & 0.04 7+###:88

Data are expressed as means + SEM. *P < 0.05 vs. SUC; **P < 0.01 vs. SUC; ***P < 0.001 vs. SUC; ¥P < 0.05 vs. SUC + Calcitriol; P < 0.01 vs. SUC + Calcitriol; **P < 0.001
vs. SUC + Calcitriol: *P < 0.05 vs. LOS; $¥P < 0.01 vs. LOS.

SBR, systolic blood pressure.

GFR, glomerular filtration rate.
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FIGURE 2 | Immunolocalization of a-SMA, vimentin, JG12, and eNOS in inner medulla sections from the SUC, SUC + Calcitriol, LOS, and LOS + Calcitriol groups.
Immunohistochemical data are expressed as the median and interquartile range (25-75th) and the mean + S.E.M. Scale bar = 20 wm, n = 5-7 for each group. These
markers indicated a lack of tubular and endothelial cell differentiation, and dysfunction. *P < 0.05 vs. SUC; **P < 0.01 vs. SUC; ##P < 0.01 vs. SUC + Calcitriol;
###P < 0.001 vs. SUC 4 Calcitriol; P < 0.05 vs. LOS.

increased blood pressure (8), reduced renal function, and altered  urinary volume. This effect resulted from inner medulla and
renal structure in adulthood. These changes were associated  papillary atrophy-induced reductions in water reabsorption
with aberrant renal medulla microcirculation that resulted from by the medullary collecting duct (19). These changes were
losartan-induced reduction in urinary osmolality. Exposure to  exacerbated by decreased vasculature in the inner medulla,
losartan reduced the ability to concentrate urine and increased  tubulointerstitial lesions, hydronephrosis, lack of differentiation
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FIGURE 3 | Intrarenal expression of AT receptor in the SUC, SUC+Calcitriol,
LOS, and LOS + Calcitriol groups at 60 days of age. Immunoblot data are
expressed as the mean + S.E.M. P < 0.01 vs. SUC; 8P < 0.05 vs. LOS.

of tubular cells, and formation of vascular medullar bundles,
which resulted in disruption of the osmotic gradient. Expansion
of renal medullary microcirculation during the embryonic stage
in response to a properly functioning RAS (20) contributes to
maintenance and control of sodium and water excretion (1).
Reduced vessel density in the medulla resulting from renal
development disorders that affect ANGII expression has been
shown to induce changes in urinary concentration that could
not be mitigated by calcitriol treatment. The integrity of vascular
structures in the renal inner medulla is essential for urinary
concentration (4), and is programmed in development, that
could be dependent of arginine vasopressin (AVP), responsible
to dipsogenic and pressor responses and to counter-current
multiplier and exchange. The immature kidney from RAS
inhibition to AVP may decrease water reabsorption in collecting
duct and limit urine concentration. Impaired ANGII-AT,
receptor signaling or treatment with an AT receptor antagonist
during kidney development results in reduced capillary density
and impaired ability to concentrate urine that persists into
adulthood. In our study, the urinary osmolality in the LOS +
Calcitriol group was not significantly different from that in
the LOS group, potentially because renal structure recovered
and hydronephrosis induced by renal medulla loss was not
complete. The absence of AT receptor signaling or loss of
AT} receptors can result in damage to ~50% of the renal
parenchyma (3). We also observed an increase in FE§a in
rats that received losartan during renal development, which
indicated that renal sodium transport was altered. The changes
in glomerular filtration rate observed in the present study were
similar to those observed in other studies that used this model
(5,7,20,21).

Endothelial dysfunction has been shown to result in altered
renal microvasculature with reduced peritubular capillary
density (4). Serén et al. (22) and Bohle et al. (23) observed
a negative correlation between the number of peritubular
capillaries and renal function. We observed alterations in

vascular bundles (Figure 1). Atrophic papilla and the presence
of hydronephrosis and tubular dilation were characteristic
of disruption of renal development by RAS blockade (4, 24).
Calcitriol treatment attenuated these effects, likely through
promotion of cell proliferation and differentiation. We
previously showed that animals at 21 days postnatal exposed
to losartan during lactation showed abnormalities in renal
function, structure, hydronephrosis, and increased expression
of mesenchymal markers (7, 20). Mecawi et al. (25) also
observed hydronephrosis in animals exposed to captopril, an
ACE (angiotensin-converting enzyme) inhibitor, characterized
by distension and dilation of the renal pelvis. Based on
these findings, hydronephrosis and alterations in medullar
structure and function resulting from RAS inhibition were
modulated, in part, by calcitriol. Morphometric changes have
been previously evaluated only in the cortical region. The
structures evaluated in previous studies included glomeruli,
tubules, and cortical renal interstitium (5, 7, 20). As the RAS
is important for renal development and AT; receptor blockade
induced rarefaction of renal vessels in the outer and inner
medullas, the aim of our study was to evaluate changes in the
medullary region and to correlate structural abnormalities with
functional changes, and to evaluate the ability of calcitriol to
mitigate these changes. In this study, we showed representative
histological sections from kidneys of rats treated with sucrose
or losartan and saline or calcitriol at lower magnification for
visualization of papillary atrophy and hydronephrosis. All
animals in the losartan group showed significant papillary
atrophy, and treatment with calcitriol mitigated this atrophy.
However, calcitriol treatment did not restore renal function in
this model.

Alpha-smooth muscle actin is only present on arterioles and
vessel walls in healthy animals (7, 26). In a ureteral obstruction
model, calcitriol treatment reduced renal interstitial fibrosis
and o-SMA expression, and preserved cell—cell interactions
and epithelial phenotype, which resulted in suppression of
fibrotic factors (27). The RAS is important in establishment
of cell—cell interactions and interactions with the extracellular
matrix (28). The lack of differentiation of medullary renal
tubules induced by losartan was less pronounced in the group
that received calcitriol, which showed that vitamin D was
important in restoring cellular differentiation (5, 29, 30). Under
normal conditions, vimentin, a component of the cytoskeleton,
is present in glomerular epithelial cells and vessel walls (7).
However, vimentin is only present in tubular cells in adulthood
when differentiation, or cell proliferation, does not occur.
Blockade of the AT; receptor during renal development is
associated with changes in a-SMA and vimentin expression
in renal tissue, and results in lack of cell differentiation.
Therefore, these proteins have been used as markers of impaired
differentiation (5, 7, 20). Calcitriol treatment reduced vimentin
expression in the outer medullas of the LOS group, and
resulted in reduced mesenchymal cell expression. These results
were consistent with those observed in other studies (5, 14,
31). These findings indicated that epithelial to mesenchymal
transition (EMT) occurred in response to losartan, resulting
in development of myofibroblasts. Tan et al. (27) showed that
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paricalcitol treatment reduced EMT, as evidenced by decreased
mesenchymal markers in a model of obstructive nephropathy.
Vitamin D acts by inhibiting the Snail transcription factor
(involved in EMT programming) and restoring VDR (vitamin D
receptor) expression.

We also showed that exposure to losartan resulted in
development of renal vasculature disorders that were attenuated
by calcitriol. We observed lack of differentiation of endothelial
cells, as evidenced by reduced expression of JG12, a marker of
blood vessel endothelial cells with greater specificity than the
common endothelial markers CD34 and CD31, which are present
in blood and lymphatic vessels (32). The reduced expression
of eNOS in the renal medullas of animals exposed to losartan
resulted in disturbances in endothelial function and structure
that were attenuated by calcitriol treatment. These findings
demonstrate that calcitriol could modulate cell differentiation
and vascular function. Yoo et al. (4) reported decreased JG12
expression in rats exposed to an ACE inhibitor for 8 days after
birth. Several clinical and experimental studies have shown that
vitamin D can confer endothelial protection (5, 6, 9, 33, 34). A
previous study showed that vitamin D deficiency could induce
changes in peritubular capillaries, resulting in reduced capillary
density (6). Several clinical and experimental studies have shown
that vitamin D induces beneficial effects on endothelial cells
(31). Use of vitamin D has also been shown to affect smooth
muscle cell proliferation and positive impact on cardiovascular
disease (31). These findings showed that vitamin D increased the
number and function of endothelial cells. We observed increases
in the expression of JG12 and eNOS in the inner medullas
of animals treated with calcitriol in adulthood compared with
animals treated with losartan alone. The effect of calcitriol on
neovasculogenesis has not been characterized, but it has been
shown to promote cell differentiation and proliferation, and to
positively affect endothelial function and structure.

Rats in the LOS + Calcitriol group exhibited increased
NO production. Nitric oxide is involved in endothelial
vascular growth factor signaling. These angiogenic pathways
are coordinated by ANGII during kidney development under
normal physiological conditions and are activated by eNOS-
induced Akt/PI3K signaling (35) and endothelial NO production.
Phosphorylation of eNOS by Akt resulted in activation, and
increased production of NO. (36). In vitro and in vivo studies
have shown that increased eNOS activity resulted in endothelial
cell proliferation and migration, and increased angiogenesis
(37, 38). Increased NO production in the LOS + Calcitriol
group compared to that in the LOS group have resulted in
decreased vasoconstriction induced by reduced AT; receptor
activity in renal tissue from these animals. Decreased NO in
the SUC + Calcitriol group may have been an artifact of
small sample size. The expression of eNOS in the outer and
inner medulla was equivalent between the SUC and SUC +
Calcitriol groups. Previous studies have shown that vitamin D
supplementation improved endothelial function in patients with
chronic kidney disease (39). This effect was due to increased
expression and activity of eNOS, which resulted in increased NO
production (40, 41). Shear stress is reduced in chronic kidney
disease due to reduced production of NO and growth factors

such as VEGF and VEGFR2 (vascular endothelial growth factor
and vascular endothelial growth factor receptor 2). Reduced
shear stress results in induction of programmed cell death,
resulting in a pro-inflammatory environment that contributes to
reduced vascular density (42). Activated vitamin D can preserve
the microvasculature and improve capillary blood flow and
tissue perfusion (42), each of which were impaired following
exposure to losartan during lactation. Recently, our group
showed that vitamin D was important in maintenance of the
renal microvasculature and played a key role in maintenance of
homeostasis of growth factors such as VEGF and angiopoietins
(angpt-1 and angpt-2), and the Tie-2 receptor (43).

The expression of the AT, receptor was increased in the LOS
group, likely due to a compensatory mechanism resulting from
recovery of RAS activity. This is particularly interesting because
exposure to losartan during lactation resulted in alterations
that persisted into adulthood despite recovery of RAS signaling.
This demonstrated that fetal programming was critical to
development of hypertension. Calcitriol treatment mitigated
LOS-induced increases in ANGII cortical expression (5). This
resulted from increased AT, receptor stimulation (21). Losartan
treatment increased AT1 receptor expression which, after
losartan withdrawal, reacted with increased cortical angiotensin
IT levels and that these effects were modulated by calcitriol.
Blockade of AT, disrupted the balance between proliferation and
apoptosis, which resulted in altered renal structure. Calcitriol
mitigated these microvasculature disturbances, which resulted in
improved cell differentiation and function.

In conclusion, the present study showed that calcitriol
treatment attenuated disturbances in endothelial function and
inner medulla structure induced by losartan treatment during
lactation. Calcitriol contributed to maintenance of the renal
microvasculature in the outer and inner medullas of rats
exposed to AT; blockade during lactation, improved cellular
differentiation, as evidenced by evaluation of «a-SMA and
vimentin. Calcitriol treatment also improved renal function and
structure. Our study highlighted the importance of the renal
medulla in development of proper kidney function.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

ETHICS STATEMENT

The animal study was reviewed and approved by Animal
Experimentation Committee of the University of Sio Paulo at
Ribeirdo Preto Medical School approved the study protocol
(COBEA/CETEA/FMRP-USP, protocol no. 178/2014).

AUTHOR CONTRIBUTIONS

AD, LA, HF, and CS contributed to the design of the experiments.
The manuscript was written by AD and LA. TC supervised
the study. RC performed histology and immunohistochemical

Frontiers in Medicine | www.frontiersin.org

February 2020 | Volume 7 | Article 23


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Deluque et al.

Renal Microvasculature and Calcitriol

staining. JA-R performed the NO/Ozone analyses. All authors
contributed to review and approval of the manuscript.

FUNDING

This work was funded by the Fundagdo de Amparo a Pesquisa
do Estado de Sdo Paulo (FAPESP, grant number 2017/07118-

8)s

the Conselho Nacional de Desenvolvimento Cientifico e

REFERENCES

10.

11.

12.

13.

14.

15.

16.

. Madsen K, Tinning AR, Marcussen N, Jensen BL. Postnatal development of

the renal medulla; the role of the renin-angiotensin system. Acta Physiol.
(2013) 208:41-9. doi: 10.1111/apha.12088

. Herzlinger D, Hurtado R. Patterning the renal vascular bed. Semin Cell Dev

Biol. (2014) 36:50-6. doi: 10.1016/j.semcdb.2014.08.002

. Madsen K, Marcussen N, Pedersen M, Kjersgaard G, Facemire C,

Coffman TM, et al. Angiotensin II promotes development of the renal
microcirculation through AT1 receptors. ] Am Soc Nephrol. (2010) 21:448-59.
doi: 10.1681/ASN.2009010045

. Yoo KH, Yim HE, Bae ES, Hong YS. Capillary rarefaction and altered renal

development: the imbalance between pro- and anti-angiogenic factors in
response to angiotensin II inhibition in the developing rat kidney. ] Mol Histol.
(2018) 49:219-28. doi: 10.1007/s10735-018-9762-7

. de Almeida LE Francescato HDC, da Silva CGA, Costa RS, Coimbra

TM. Calcitriol reduces kidney development disorders in rats provoked
by losartan administration during lactation. Sci Rep. (2017) 7:11472.
doi: 10.1038/s41598-017-11815-8

. Almeida LE, Francescato HDC, Silva RS, Silva CGA, Antunes-Rodrigues

J, de Paula FJA, et al. Renal developmental disturbances and their long-
term consequences in female pups from vitamin D-deficient mothers:
involved mechanisms. ] Dev Orig Health Dis. (2019) 10:497-501.
doi: 10.1017/52040174418000909

. Marin EC, Francescato HD, da Silva CG, Costa RS, Coimbra TM. Postnatal

renal abnormalities in rats exposed to losartan during lactation. Nephron Exp
Nephrol. (2011) 119:e49-57. doi: 10.1159/000328337

. Spence SG, Zacchei AG, Lee LL, Baldwin CL, Berna RA, Mattson

BA, et al. Toxicokinetic analysis of losartan during gestation and
lactation in the rat. Teratology. (1996) 53:245-52. doi: 10.1002/(SICI)1096-
9926(199604)53:4<245::AID-TERA7>3.0.CO;2-1

. Tarcin O, Yavuz DG, Ozben B, Telli A, Ogunc AV, Yuksel M, et al

Effect of vitamin D deficiency and replacement on endothelial function
in asymptomatic subjects. J Clin Endocrinol Metab. (2009) 94:4023-30.
doi: 10.1210/jc.2008-1212

DeLuca HF. Vitamin D: historical overview. Vitam Horm. (2016) 100:1-20.
doi: 10.1016/bs.vh.2015.11.001

Li YC, Kong J, Wei M, Chen ZF, Liu SQ, Cao LP. 1,25-dihydroxyvitamin D
(3) is a negative endocrine regulator of the renin-angiotensin system. J Clin
Invest. (2002) 110:229-38. doi: 10.1172/JCI10215219

Marcondes FK, Bianchi FJ, Tanno AP. Determination of the estrous cycle
phases of rats: some helpful considerations. Braz J Biol. (2002) 62:609-14.
doi: 10.1590/51519-69842002000400008

Reis NG, Francescato HDC, de Almeida LF, Silva CGAD, Costa RS, Coimbra
TM. Protective effect of calcitriol on rhabdomyolysis-induced acute kidney
injury in rats. Sci Rep. (2019) 9:7090. doi: 10.1038/541598-019-43564-1
Panichi V, Migliori M, Taccola D, Filippi C, De Nisco L, Giovannini L, et al.
Effects of 1,25(0OH)2D3 in experimental mesangial proliferative nephritis in
rats. Kidney Int. (2001) 60:87-95. doi: 10.1046/j.1523-1755.2001.00775.x
Alvarez V, Quiroz Y, Nava M, Pons H, Rodriguez-Iturbe B. Overload
proteinuria is followed by salt-sensitive hypertension caused by renal
infiltration of immune cells. Am ] Physiol Renal Physiol. (2002) 283:F1132-41.
doi: 10.1152/ajprenal.00199.2002

Hampl V, Walters CL, Archer SL. Determination of nitric oxide by the
chemiluminescence reaction with ozone. In: Feelisch M, Stamler JS, editors.

Tecnologico (CNPq, grant number 302516/2017-4), and the
Coordenagio de Aperfeicoamento de Pessoal de Nivel Superior—
Brasil (CAPES)—Finance Code 001.

ACKNOWLEDGMENTS

The authors would like to thank Milene Mantovani for assisting
with nitric oxide analysis.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Methods in Nitric Oxide Research. New York, NY: John Wiley and Sons (1996).
p. 309-18.

. Bradford MM. A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem. (1976) 72:248-54. doi: 10.1016/0003-2697(76)90527-3

. Kliem V, Johnson RJ, Alpers CE, Yoshimura A, Couser WG, Koch KM, et al.

Mechanisms involved in the pathogenesis of tubulointerstitial fibrosis in 5/6-
nephrectomized rats. Kidney Int. (1996) 49:666-78. doi: 10.1038/ki.1996.95

. Guron G, Nilsson A, Nitescu N, Nielsen S, Sundelin B, Frokiaer J,

et al. Mechanisms of impaired urinary concentrating ability in adult rats
treated neonatally with enalapril. Acta Physiol Scand. (1999) 165:103-12.
doi: 10.1046/j.1365-201x.1999.00477.x

Tufro-McReddie A, Romano LM, Harris JM, Ferder L, Gomez RA.
Angiotensin II regulates nephrogenesis and renal vascular development. Am |
Physiol. (1995) 269:F110-5. doi: 10.1152/ajprenal.1995.269.1.F110

Balbi APC, Marin ECS, Francescato, HDC, Costa RS, Coimbra TM. MAPK
and angiotensin II receptor in kidney of newborn rats from losartan-treated
dams. Pediatr Nephrol. (2008) 23:1433-44. doi: 10.1007/s00467-008-0830-1
Serén D, Alexopoulos E, Raftery MJ, Hartley B, Cameron JS. Number
of interstitial capillary cross-sections assessed by monoclonal antibodies:
relation to interstitial damage. Nephrol Dial Transplant. (1990) 5:889-93.
doi: 10.1093/ndt/5.10.889

Bohle A, Mackensen-Haen S, Wehrmann M. Significance of postglomerular
capillaries in the pathogenesis of chronic renal failure. Kidney Blood Press Res.
(1996) 19:191-5. doi: 10.1159/000174072

Tinning AR, Jensen BL, Johnsen I, Chen D, Coffman TM, Madsen K.
Vascular endothelial growth factor signaling is necessary for expansion of
medullary microvessels during postnatal kidney development. Am J Physiol
Renal Physiol. (2016) 311:F586-99. doi: 10.1152/ajprenal.00221.2016

Mecawi AS, Araujo IG, Rocha FE, Coimbra TM, Antunes-Rodrigues J,
Reis LC. Ontogenetic role of angiontensin-converting enzyme in rats:
thirst and sodium appetite evaluation. Physiol Behav. (2010) 99:118-24.
doi: 10.1016/j.physbeh.2009.10.018

Yim HE, Yoo KH, Bae ES, Hong YS, Lee JW. Impaired angiogenesis in
the enalapril-treated neonatal rat kidney. Korean | Pediatr. (2016) 59:8-15.
doi: 10.3345/kjp.2016.59.1.8

Tan X, Li Y, Liu Y. Paricalcitol attenuates renal interstitial fibrosis
in obstructive nephropathy. J Am Soc Nephrol. (2006) 17:3382-93.
doi: 10.1681/ASN.2006050520

Marchesi C, Paradis P, Schiffrin EL. Role of the renin-angiotensin
system in vascular inflammation. Trends Pharmacol Sci. (2008) 29:367-74.
doi: 10.1016/j.tips.2008.05.003

Samuel S, Sitrin MD. Vitamin D’
and differentiation. Nutr Rev. (2008)
doi: 10.1111/j.1753-4887.2008.00094.x

Fujita H, Sugimoto K, Inatomi S, Maeda T, Osanai M, Uchiyama Y, et al. Tight
junction proteins claudin-2 and—12 are critical for vitamin D-dependent
Ca2+ absorption between enterocytes. Mol Biol Cell. (2008) 19:1912-21.
doi: 10.1091/mbc.e07-09-0973

Cardus A, Panizo S, Encinas M, Dolcet X, Gallego C, Aldea M, et al.
1,25-dihydroxyvitamin D3 regulates VEGF production through a vitamin D
response element in the VEGF promoter. Atherosclerosis. (2009) 204:85-9.
doi: 10.1016/j.atherosclerosis.2008.08.020

Matsui K, Nagy-Bojarsky K, Laakkonen P, Krieger S, Mechtler K, Uchida
S et al. Lymphatic microvessels in the rat remnant kidney model of renal

role in cell
66(10  Suppl.

proliferation
2):S116-24.

Frontiers in Medicine | www.frontiersin.org

February 2020 | Volume 7 | Article 23


https://doi.org/10.1111/apha.12088
https://doi.org/10.1016/j.semcdb.2014.08.002
https://doi.org/10.1681/ASN.2009010045
https://doi.org/10.1007/s10735-018-9762-7
https://doi.org/10.1038/s41598-017-11815-8
https://doi.org/10.1017/S2040174418000909
https://doi.org/10.1159/000328337
https://doi.org/10.1002/(SICI)1096-9926(199604)53:4<245::AID-TERA7>3.0.CO;2-1
https://doi.org/10.1210/jc.2008-1212
https://doi.org/10.1016/bs.vh.2015.11.001
https://doi.org/10.1172/JCI0215219
https://doi.org/10.1590/S1519-69842002000400008
https://doi.org/10.1038/s41598-019-43564-1
https://doi.org/10.1046/j.1523-1755.2001.00775.x
https://doi.org/10.1152/ajprenal.00199.2002
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1038/ki.1996.95
https://doi.org/10.1046/j.1365-201x.1999.00477.x
https://doi.org/10.1152/ajprenal.1995.269.1.F110
https://doi.org/10.1007/s00467-008-0830-1
https://doi.org/10.1093/ndt/5.10.889
https://doi.org/10.1159/000174072
https://doi.org/10.1152/ajprenal.00221.2016
https://doi.org/10.1016/j.physbeh.2009.10.018
https://doi.org/10.3345/kjp.2016.59.1.8
https://doi.org/10.1681/ASN.2006050520
https://doi.org/10.1016/j.tips.2008.05.003
https://doi.org/10.1111/j.1753-4887.2008.00094.x
https://doi.org/10.1091/mbc.e07-09-0973
https://doi.org/10.1016/j.atherosclerosis.2008.08.020
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Deluque et al.

Renal Microvasculature and Calcitriol

33.

34.

35.

36.

37.

38.

39.

fibrosis: aminopeptidase p and podoplanin are discriminatory markers for
endothelial cells of blood and lymphatic vessels. ] Am Soc Nephrol. (2003)
14:1981-9. doi: 10.1097/01.ASN.0000076078.50889.43

Tare M, Emmett SJ, Coleman HA, Skordilis C, Eyles DW, Morley R, et al.
Vitamin D insufficiency is associated with impaired vascular endothelial and
smooth muscle function and hypertension in young rats. J Physiol. (2011)
589(Pt 19):4777-86. doi: 10.1113/jphysiol.2011.214726

Helle E Iversen BM, Chatziantoniou C. Losartan increases NO release in
afferent arterioles during regression of L-NAME-induced renal damage. Am
] Physiol Renal Physiol. (2010) 298:F1170-7. doi: 10.1152/ajprenal.00056.2009
Feliers D, Chen X, Akis N, Choudhury GG, Madaio M, Kasinath BS. VEGF
regulation of endothelial nitric oxide synthase in glomerular endothelial cells.
Kidney Int. (2005) 68:1648-59. doi: 10.1111/j.1523-1755.2005.00575.x

Babaei S, Stewart DJ. Overexpression of endothelial NO synthase induces
angiogenesis in a co-culture model. Cardiovasc Res. (2002) 55:190-200.
doi: 10.1016/S0008-6363(02)00287-0

Bach MH, Sadoun E, Reed MJ. Defects in activation of nitric oxide synthases
occur during delayed angiogenesis in aging. Mech Ageing Dev. (2005) 126:467—
73. doi: 10.1016/j.mad.2004.10.005

Francescato HDC, Almeida LE, Reis NG, Faleiros CM, Papoti M, Costa RS,
et al. Previous exercise effects in cisplatin-induced renal lesions in rats. Kidney
Blood Press Res. (2018) 43:582-93. doi: 10.1159/000488964

Zoccali C, Curatola G, Panuccio V, Tripepi R, Pizzini P,
Versace M, et al. Paricalcitol and endothelial function in
chronic  kidney disease trial. Hypertension. (2014) 64:1005-11.

doi: 10.1161/HYPERTENSIONAHA.114.03748

40.

41.

42.

43.

Vanhoutte PM, Shimokawa H, Feletou M, Tang EH. Endothelial dysfunction
and vascular disease - a 30th anniversary update. Acta Physiol. (2017) 219:22-
96. doi: 10.1111/apha.12646

Ballermann BJ, Obeidat M. Tipping the balance from angiogenesis to fibrosis
in CKD. Kidney Int Suppl. (2011) 4:45-52. doi: 10.1038/kisup.2014.9
Lundwall K, Jérneskog G, Jacobson SH, Spaak J. Paricalcitol, microvascular
and endothelial function in non-diabetic chronic kidney disease: a
randomized trial. Am ] Nephrol. (2015) 42:265-73. doi: 10.1159/000
441364

Almeida LF, Francescato HDC, Antunes-Rodrigues J, de Paula FJA Silva
RS, Silva CGA, Costa RS et al. Imbalance of pro- and anti-angiogenic
factors due to maternal vitamin D deficiency causes renal microvasculature
alterations affecting the adult kidney function. Nutrients. (2019) 11:1929.
doi: 10.3390/nu11081929

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Deluque, de Almeida, Francescato, da Silva, Costa, Antunes-
Rodrigues and Coimbra. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Medicine | www.frontiersin.org

February 2020 | Volume 7 | Article 23


https://doi.org/10.1097/01.ASN.0000076078.50889.43
https://doi.org/10.1113/jphysiol.2011.214726
https://doi.org/10.1152/ajprenal.00056.2009
https://doi.org/10.1111/j.1523-1755.2005.00575.x
https://doi.org/10.1016/S0008-6363(02)00287-0
https://doi.org/10.1016/j.mad.2004.10.005
https://doi.org/10.1159/000488964
https://doi.org/10.1161/HYPERTENSIONAHA.114.03748
https://doi.org/10.1111/apha.12646
https://doi.org/10.1038/kisup.2014.9
https://doi.org/10.1159/000441364
https://doi.org/10.3390/nu11081929
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Effect of Calcitriol on the Renal Microvasculature Differentiation Disturbances Induced by AT1 Blockade During Nephrogenesis in Rats
	Introduction
	Materials and Methods
	Animals and Experimental Design
	Systolic Blood Pressure
	Evaluation of Renal Function
	Determination of Nitric Oxide in Renal Tissue
	Histological Analysis
	Immunohistochemical Analysis
	Western Blot Analysis
	Statistical Analysis

	Results
	Renal Function Evaluation
	Analysis of Renal Structure
	Immunohistochemistry Studies
	Western Blot Studies

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


