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Regul Integr Comp Physiol 309: R215-R222, 2015. First published
June 3, 2015; doi:10.1152/ajpregu.00526.2014.—Vitamin D defi-
ciency (VDD) is widespread in the general population. lodinated (IC)
or gadolinium-based contrast media (Gd) may decrease renal function
in high-risk patients. This study tested the hypothesis that VDD is a
predisposing factor for IC- or Gd-induced nephrotoxicity. To this end,
male Wistar rats were fed standard (SD) or vitamin D-free diet for 30
days. IC (diatrizoate), Gd (gadoterate meglumine), or 0.9% saline was
then administered intravenously and six groups were obtained as the
following: SD plus 0.9% saline (Sham-SD), SD plus IC (SD+IC), SD
plus Gd (SD+Gd), vitamin D-free diet for 30 days plus 0.9% saline
(Sham-VDDa3y), vitamin D-free diet for 30 days plus IC (VDD3+IC),
and vitamin D-free diet for 30 days plus Gd (VDD3o+Gd). Renal
hemodynamics, redox status, histological, and immunoblot analysis
were evaluated 48 h after contrast media (CM) or vehicle infusion.
VDD rats showed lower levels of total serum 25-hydroxyvitamin D
[25(OH)D], similar plasma calcium and phosphorus concentration,
and higher renal renin and angiotensinogen protein expression com-
pared with rats fed SD. IC or Gd infusion did not affect inulin
clearance-based estimated glomerular filtration rate (GFR) in rats fed
SD but significantly decreased GFR in rats fed vitamin D-free diet.
Both CM increased renal angiotensinogen, and the interaction be-
tween VDD and CM triggered lower renal endothelial nitric oxide
synthase abundance and higher renal thiobarbituric acid reactive
substances-to-glutathione ratio (an index of oxidative stress) on
VDD3y+IC and VDD3o+Gd groups. Conversely, worsening of renal
function was not accompanied by abnormalities on kidney structure.
Additionally, rats on a VDD for 60 days displayed a greater fall in
GFR after CM administration. Collectively, our findings suggest that
VDD is a potential risk factor for IC- or Gd-induced nephrotoxicity
most likely due to imbalance in intrarenal vasoactive substances and
oxidative stress.
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renin-angiotensin system; gadolinium

CONTRAST-INDUCED NEPHROPATHY (CIN) has been considered the
third leading cause of hospital-acquired acute kidney injury
(AKI) related entirely to iodinated contrast media (IC). How-
ever, originally thought to be safe, gadolinium-based contrast
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medium (Gd) has recently been reported to induce a decrease
in the glomerular filtration rate (GFR) in high-risk populations
(9, 51). It is well known that CIN depends on the presence of
risk factors. Frequently, those factors are associated with renal
endothelial dysfunction and altered medullary microcircula-
tion, resulting in medullary hypoxia and oxidative stress dam-
age. Preexisting renal dysfunction, diabetes, congestive heart
failure, volume depletion, hypercholesterolemia, and old age
are the demonstrated major risk factors (18).

Apart from bone and mineral metabolism, a substantial
amount of evidence demonstrates that vitamin D deficiency
(VDD) is associated with endothelial dysfunction, oxidative
stress, and upregulation of the renin-angiotensin system (RAS)
(4, 42, 52). Studies have shown a widespread rate of hypovi-
taminosis D in the general population, even in tropical coun-
tries (44). In the United States, data from the third National
Health and Nutrition Examination Survey (NHANES III) re-
vealed that only 20—-25% of the assayed population has serum
25-hydroxyvitamin D [25(OH)D] levels of at least 30 ng/ml,
whereas 25-35% has definite VDD, i.e., 25(OH)D < 20 ng/ml
(1). In addition, VDD is highly prevalent and sometimes
correlated with diseases that predispose CIN (47).

From the above, we hypothesized that VDD is a relevant
condition that predisposes to renal impairment by contrast
media (CM). To this end, renal function was assessed 48 h after
IC or Gd administration in VDD rats and healthy control rats.
Additionally, renal and systemic oxidative stress parameters,
renal angiotensinogen, and endothelial nitric oxide synthase
(eNOS) expression were evaluated to elucidate the possible
pathogenesis of CIN in VDD rats.

MATERIALS AND METHODS

Animal protocols. All experimental procedures were approved by
the local research ethics committee (CAPPesq, process no. 228/12)
and were developed in strict conformity with local institutional
guidelines and with well-established international standards for ma-
nipulation and care of laboratory animals. Experiments were designed
to evaluate the potential nephrotoxic effect of IC and Gd in VDD rats.
Male Wistar rats (3 wk old), provided by the University of Sdo Paulo
School of Medicine, were maintained on standard diet (SD) or vitamin
D-free diet for 30 days (MP Biomedicals, Irvine, CA). Animals had ad
libitum access to food and water. IC (76% diatrizoate, a high-
osmolality agent, 6 ml/kg body wt) or Gd (gadoterate meglumine,
osmolality 1,350 mosmol/kg H,O, 1.5 mmol/kg body wt) were then
given through the dorsal penile vein under isofluorane anesthesia. The
use of these high doses is appropriate for studies in rats for three major
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reasons. First, the Federal Drug Administration recommends the use
of a sixfold increase to obtain a human equivalent drug dose for the
rat. Second, these contrasts are excreted primarily by glomerular
filtration, and the rat has a higher GFR per unit body weight than
humans (8 vs. 1.5 ml-min~ kg~ ") (11, 16). Besides, these CM doses
have already been used on previous studies (3, 33). Control and VDD
animals received the same volume of saline solution. We studied six
groups (n = 12/group): SD plus 0.9% saline (Sham-SD), SD plus IC
(SD+IC), SD plus Gd (SD+Gd), vitamin D-free diet for 30 days plus
0.9% saline (Sham-VDDsy), vitamin D-free diet for 30 days plus IC
(VDD3p+IC), and vitamin D-free diet for 30 days plus Gd
(VDD3p+Gd). After 24 h of CM infusion, animals were housed in
metabolic cages to collect 24-h urine volume for measuring urinary
excretion of sodium (UNaV) and potassium (UKV) and thiobarbituric
acid reactive substances (TBARS), a marker of lipid peroxidation.

Renal hemodynamics. Forty-eight hours after contrast infusion,
inulin clearance (GFR, ml-min~!-100 g body wt™!), mean arterial
blood pressure (BP, mmHg), and total renal blood flow (RBF,
ml/min) were assessed and renal vascular resistance (RVR,
mmHg-ml~"min~") was calculated. To this end, animals were anes-
thetized intraperitoneally with pentobarbital (50 mg/kg body wt). A
tracheostomy was performed and the rats were maintained with
breathing spontaneously. To measure BP and allow blood sampling, a
PE-60 catheter was inserted into the right carotid artery. BP was
assessed using Biopac Systems MP100 (Santa Barbara, CA). Jugular
veins were cannulated with PE-60 for the administration of inulin and
fluids. To collect urine samples, a small abdominal incision was made,
and the urinary bladder was cannulated with PE-240 catheter. After
the surgical procedure, inulin was injected as a loading dose (100
mg/kg body wt), followed by a continuous infusion of 0.27 mg/min.
After a 30-min equilibration period, three urine collections and two
blood samples were then obtained at the beginning and at the end.
Blood and urine inulin were determined using the anthrone method
(49). At the end of the experiment, a midline incision was performed,
the left renal pedicle was carefully dissected, and the renal artery was
isolated. Total RBF was monitored by a perivascular ultrasonic
flowmeter (T402; Transonic Systems, Bethesda, MD). RVR was
calculated by dividing the BP by total RBF. The blood sample was
then collected from the catheter inserted in the carotid artery to
perform the following analyzes: serum glutathione (GSH), plasma
ionic calcium and creatinine (ABL80O Flex, Radiometer, Brgnshgj,
Denmark), and plasma phosphorus (Cobas C 111, Roche, Basel,
Schweiz). Also, serum levels of total 25(OH)D [25(OH)D, and
25(0OH)D3] were measured by enzyme immunoassay using a com-
mercial kit (Rat 250H Vitamin D total ELISA Kit, ALPCO, Salem,
NH). Finally, the distal abdominal aorta was cannulated with PE-60
and the kidneys were perfused with 0.1 M phosphate-buffered saline,
pH 7.4. The right kidney was removed and frozen in liquid nitrogen
and stored at —80°C. Left kidney sections were fixed in 10% neutral-
buffered Formalin solution or methacarn solution for histological
analyses.

To exclude the possibility that changes in GFR could be due to the
high osmolality of the CM in VDD rats, an additional set (n = 5) of
inulin clearance experiments was performed by infusing a mannitol
solution with an equivalent osmolarity of the Gd contrast medium
(1,350 mosmol/l). Moreover, to evaluate the effects of longer period
of VDD on CIN, two additional groups (n = 5/group) were main-
tained on a vitamin D-free diet for 60 days and only GFR was
assessed 48 h after contrast infusion (VDDgp+IC and VDDgo+Gd
groups).

Preparation of total kidney homogenates. The right kidney was
homogenized using a Teflon pestle glass homogenizer (Schmidt,
Waldkraiburg, Germany) in an ice-cold buffer containing 200 mM
mannitol, 80 mM HEPES, and 41 mM KOH, pH 7.5, and protease
inhibitor cocktail (Sigma). The homogenates were centrifuged at a
low speed (3,000 rpm) for 15 min at 4°C to remove nuclei and cell
debris. Protein concentration was determined using the Bradford
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assay method (Bio-Rad Protein Assay kit, Bio-Rad Laboratories,
Hercules, CA).

Electrophoresis and immunoblotting. Samples of kidney homoge-
nates were run on 7.5% polyacrylamide gels and transferred to
polyvinylidene difluoride membranes (Milipore, Billerica, MA). Blots
were blocked with 5% skim milk and 0.1% Tween 20 in phosphate-
buffered saline for 1 h and then incubated overnight with primary
antibodies directed against eNOS (BD Transduction Laboratories, San
Jose, CA), angiotensinogen (AGT, Santa Cruz Biotechnology, Dallas,
TX), renin (AnaSpec, Fremont, CA), or actin (Santa Cruz). Blots were
then washed and incubated with the appropriate horseradish peroxi-
dase-conjugated secondary antibody diluted at 1:2,000. After five
consecutive washes with the blocking solution, the membranes were
rinsed in phosphate-buffered saline and then incubated with the
enhanced chemiluminescence detection system ECL (GE Healthcare,
Buckinghamshire, UK). The images were obtained using the Im-
ageQuant LAS 4000 mini (GE HealthCare, Piscataway, NJ). The
quantification of the visualized bands was performed using IMAGEJ
(NIH, Bethesda, MD) densitometry software.

Histological examination. Kidney tissue embedded in paraffin was
sectioned at 4 pwm, stained with hematoxylin and eosin, and examined
under light microscopy.Tubular damage was scored at 40—60 fields
(0.245 mm? each; magnification, X400) by calculation of the percent-
age of tubules that displayed tubular epithelial swelling, vacuolar
degeneration, necrosis, and desquamation, as follows: 0, <5%; I,
5-25%; 11, 26-50%; 11, 51-75%; and 1V, >75%. To minimize bias,
the observer was blinded to the treatment groups. Immunohistochem-
istry was performed to evaluate renal macrophage infiltration. Kidney
paraffin sections of 4 pwm in size were incubated with mouse mono-
clonal antibody to ED1 (1:100 overnight at 4°C; AbD Serotec,
Oxford, UK). The reaction product was detected by avidin-biotin-
peroxidase (Vector Laboratories, Burlingame, CA). The color reaction
was developed in 3,3-diaminobenzidine (Sigma), in the presence of
hydrogen peroxide, and the sections were counterstained with Harris’
hematoxylin. The number of ED-positive cells was counted in 40—60
renal cortex fields (0.087-mm? each). Results were expressed as the
average number of macrophage per squared millimeter (mm?).

Redox status measurements. TBARS was measured in urine and
kidney homogenates. In brief, 0.4-ml urine or kidney samples were
diluted in distilled water. Immediately, 1 ml of 17.5% trichloroacetic
acid was added. After the addition of 1 ml of 0.6% thiobarbituric acid,
pH 2.0, samples were placed in a boiling water bath for 15 min, after
which it was allowed to cool. Subsequently, 1 ml of 70% trichloro-
acetic acid was added, and the mixture was incubated for 20 min at
room temperature. Samples were then centrifuged for 15 min at 2,000
rpm. Optical density of the supernatant was read at 534 nm against a
blank reagent using a spectrophotometer. Concentration of lipid per-
oxidation products was calculated as the malondialdeide (MDA)
equivalent using a molar extinction coefficient for the MDA-thiobar-
bituric acid complex of 1.56 X 105 mol~!'/cm ™. Urinary and kidney
levels of TBARS were expressed as nanomoles per 24 h and nano-
moles per microgram of protein, respectively. Reduced GSH, the
major endogenous antioxidant in cells, was determined in blood and
kidney homogenates. Whole blood was processed by addition of 4
volumes of ice-cold 5% metaphosphoric acid (Sigma) and centrifuged
at 4,000 rpm for 10 min at 4°C. This assay consists of the reaction of
supernatants of the total blood or kidney homogenates samples with
Ellman’s reagent to produce a yellow pigment measured spectropho-
tometrically at 412 nm. The serum and kidney levels of GSH were
quantified by means of the standard curve (reported as pmol/ml and
pmol/pug of protein, respectively.) Oxidative stress index was ana-
lyzed by renal TBARS-to-GSH ratio (expressed X 1073).

Statistical analysis. Data analysis was conducted to test the main
effect of diet (two levels: vitamin D free or standard diet), the main
effect of CM (three levels: 0.9% saline, IC or Gd), and the interaction
between these two factors by two-way ANOVA followed by a post
hoc Student-Newman-Keuls (SNK) test when appropriate. The anal-
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Fig. 1. Glomerular filtration rate (GFR), measured by inulin clearance, in rats
fed standard or vitamin D-free diet subjected to infusion of 0.9% saline
(Sham), iodinated (IC), or gadolinium (Gd) contrast media. D, diet factor; CM,
contrast media factor; I, interaction between diet and CM factors. ++++P <
0.0001 and +++P < 0.001 for the probability based on a two-way ANOVA.
Data are expressed as means = SE. n = 12/group.

ysis and the graphs were performed using GraphPad Prism software
version Mac 6.0f and the table using MS-Word tables for two-way
ANOVA software (5). When appropriate, unpaired #-test was con-
ducted. Data are expressed as means * SE. A P value < 0.05 was
considered significant when considering the main effect of diet, the
main effect of CM, the interaction between diet and CM, and the
differences among groups.

RESULTS

No differences in food and water consumption (data not
shown), as well as in body weight (278 = 5vs.279 =4 g, P =
0.92), were observed between rats fed SD or vitamin D-free
diet for 30 days. VDD rats had significantly lower levels of
total serum 25(OH)D than rats fed SD (44.9 = 1.0 vs. 4.0 =
0.8 ng/ml, P < 0.0001), demonstrating the effectiveness of the
model. On the other hand, plasma ionic calcium (4.0 = 0.1 vs.
4.15 = 0.1 mg/d, P = 0.23 vs. rats fed SD) and phosphorus

R217

(8.0 0.4 vs. 7.7 = 0.4 mg/dl, P = 0.51 vs. rats fed SD) were
similar between rats receiving both types of diet.

Role of VDD in CIN. As shown in Fig. 1, a two-way
ANOVA vyielded a significant main effect of diet, CM, and
diet X CM interaction on GFR. Simple main effects analysis
showed that inulin clearance does not differ between Sham rats
fed both diets. However, after IC or Gd administration, signif-
icant decreases of GFR were observed in rats fed vitamin
D-free diet. On the other hand, neither IC nor Gd affected GFR
in rats fed SD. These results confirmed our hypothesis that
VDD is a predispose condition to CIN. Moreover, an additional
group of rats, mantained on vitamin D-free diet for 60 days
(VDDgo), was studied. These animals displayed total levels of
serum 25(OH)D of 3.48 = 0.35 ng/ml. Infusion of IC or Gd on
VDD rats induced a more pronounced fall in GFR than that
of VDD3p+IC (0.48 *+ 0.04 vs. 0.64 = 0.03 ml-min~'-100 g
body wt™ I, P <0.01) and VDD3y+Gd groups (0.46 = 0.04 vs.
0.60 *+ 0.03 ml-min~'-100 g body wt~!, P < 0.01), respec-
tively.

As shown in Table 1, a two-way ANOVA and post hoc test
revealed that VDD and IC or Gd significantly increased plasma
creatinine and urinary TBARS and decreased serum GSH.
Besides, these alterations were significantly more pronounced
when these two independent main effects were combined, as
revealed in VDD3p+IC or VDD3p+Gd groups. However, no
diet X CM interaction was observed. Additionally, a two-way
ANOVA revealed that rats fed vitamin D-free diet demon-
strated significant higher BP and RVR than rats fed SD, but no
significant main effect of CM and no diet X CM interaction
were observed. Regarding RBF, no main effect of diet and CM
and no diet X CM interaction were observed (Table 1). In
addition, UNaV and UKV were affected by CM factor, but no
significant main effect of diet and no diet X CM interaction
were observed. Pairwise comparisons based on marginal
means identified that IC or Gd significantly decreased UNaV
and UKV compared with Sham. Regarding urine-24 h volume,
no main effect of diet and CM and no diet X CM interaction
were observed (Table 1).

As illustrated in Fig. 2A, a two-way ANOVA revealed that
levels of renal TBARS were affected by the diet factor,
indicating that rats fed vitamin D-free diet showed higher renal

Table 1. Renal function, hemodynamics, serum, and urinary redox status of rats fed standard or vitamin D-free diet infused

with 0.9% saline, iodinated, or gadolinium contrast media

Two-Way ANOVA!

Standard Diet Vitamin D-Free Diet (P Value)
Variable Sham IC Gd Sham IC Gd Diet CM I
PCr, mg/dl 0.25 £0.02¢  0.30 = 0.01>  0.28 = 0.02¢ 0.29 £ 0.02¢ 0.40 +0.03*  0.36 = 0.02**  <0.001 <0.001 NS
BP, mmHg 114 = 2° 121 = 2° 116 = 2° 132 £ 22 131 £ 22 132 £ 22 <0.0001 NS NS
Total RBF, ml/min 5.60 £ 0.03 5.60 = 0.02 5.50 = 0.01 5.60 = 0.02 5.50 = 0.02 5.50 £0.01 NS NS NS
RVR, mmHg-ml~"-min~! 20.5 + 0.3 21.5 £ 0.4° 21.1 + 0.3 23.8 +£0.3* 23.8 £0.32 24.1 £0.32 <0.0001 NS NS
24 h UV, ml 23 +£3 22 +3 192 222 21 £2 21 £2 NS NS NS
UNaV, meq 0.73 = 0.04 0.69 £ 0.03 0.60 = 0.03 0.74 = 0.08 0.63 £ 0.05 0.62 = 0.04 NS <0.05 NS
UKV, meq 2.30 £0.1 1.82 = 0.07 1.80 = 0.08 2.20 = 0.20 1.80 = 0.1 1.71 = 0.07 NS <0.01 NS
GSHs, pmol/ml 2.68 +£0.14* 233 +0.06™ 244 = 0.13%> 228 = 0.06> 2.03 = 0.05° 2.04 + 0.05¢ <0.0001 <0.01 NS
TBARSu, nmol/24 h 110 = 11° 152 + 8° 168 + 24° 184 + 26° 303 £ 52° 310 £ 42* <0.0001 0.01 NS

.Values are means = SE. n = 10—12/group. Sham, 0.9% saline; IC, iodinated; Gd, gadolinium; PCr, plasma creatinine; UV, urine over a 24-hperiod; UNaV,
24-h urinary sodium excretion; UKV, 24-h urinary potassium excretion; BP, mean blood pressure; RVR, renal vascular resistance; GSHs, serum glutathione;
TBARSu, urinary thiobarbituric acid reactive substances. 'Factor diet; CM, contrast media factor; I = Diet X CM interaction effect for the probability based
on a two-way ANOVA. ns, nonsignificant. Different superscript letters (a, b, c¢) refer to the Student-Newman-Keuls post hoc analysis among groups. Means in

a row without a common superscript letters differ (P < 0.05).
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Fig. 2. Renal redox status in rats fed standard or vitamin D-free diet for 30 days infused with 0.9% saline (Sham), IC, or Gd contrast media. A: concentrations
of thiobarbituric acid reactive substances (TBARS); B: reduced glutathione (GSH) in kidney homogenates. C: TBARS-to-GSH ratio, an oxidative stress index.
Data are expressed as means *= SE. n = § rats/group. ++++P < 0.0001, +++P < 0.001, ++P < 0.01, +P < 0.05 and ns (nonsignificant) for the probability
based on a two-way ANOVA. Bars with different lowercase letters are significantly different (P < 0.05) for the probability based on a Student-Newman-Keuls

(SNK) multiple comparisons test.

TBARS levels than rats fed SD. Also, there was a significant
main effect of CM factor, and post hoc analysis revealed that
IC or Gd significantly increased renal TBARS compared with
rats subjected to 0.9% saline infusion.In addition, Gd signifi-
cantly increased renal TBARS compared with IC. No signifi-
cant diet X CM interaction was observed with regarding renal
TBARS.

As illustrated in Fig. 2B, a two-way ANOVA revealed a
significant main effect of diet on renal GSH, indicating that
VDD rats displayed lower levels of renal GSH compared with
rats fed SD. The effect of CM was significant and post hoc
analysis demonstrated that IC did not affect renal GSH,
whereas Gd increased it compared with either with IC or 0.9%
saline infusion. Interaction between diet and CM factors on
renal GSH was not significant.

The oxidative stress index was analyzed by the TBARS-to-
GSH ratio. As shown in Fig. 2C, a two-way ANOVA revealed
a significant main effect of diet, CM, and diet X CM interac-
tion. Simple main effects analysis showed that Sham-VDD3
rats exhibited significantly higher TBARS-to-GSH ratio com-
pared with Sham-SD rats. After IC or Gd infusion, significant
increases of TBARS-to-GSH ratio were observed in rats fed

D: ++++
[ Standard diet CM: ++
250+ 3 Vvitamin D-free diet , I: ns
200 T T
£o b
S D 1504 b
< E b b
=g
= & 1004
EHS
50
0 T T T
Sham IC Gd

vitamin D-free diet, whereas this ratio did not change in rats
fed SD. These results indicate that CM interacts with VDD,
aggravating renal oxidative stress.

As depicted in Fig. 3, a two-way ANOVA revealed a
significant main effect of diet on renal AGT protein expression,
indicating that rats fed vitamin D-free diet display higher renal
AGT protein expression than rats fed SD. Besides, a significant
main effect of CM was observed and post hoc analysis revealed
that IC or Gd infusion significantly increased renal AGT levels
compared with rats that received 0.9% saline. The combination
of VDD and CM independent effects gave a rise to a signifi-
cantly more pronounced increase in AGT renal expression, as
observed in VDD3¢+IC and VDD3y+Gd groups, but there was
no diet X CM interaction. Given that it has been previously
demonstrated that vitamin D receptor represses renin mRNA
transcription (54) and that renin is the first and rate-limiting
step in intrarenal RAS activation, an additional experiment was
performed to analyze the effect of 30-day vitamin D-free diet
on renal renin expression. As shown in Fig. 4, Sham-VDD3,
rats displayed higher levels of renal renin expression compared
with Sham-SD rats (154 = 10 vs. 100 £ 8%, P < 0.01).

-_— e - e w w w ww AGT

--------Acﬁn

Sham-SD  SD+IC  Sham-VDD,, VDD,+C

- o EEe PSS Acthn

Sham-SD  SD+Gd  Sham-VDD,, VDD,+Gd

Fig. 3. Renal protein expression of angiotensinogen (AGT) in rats fed standard or vitamin D-free diet subjected to infusion of 0.9% saline (Sham), IC, or Gd
contrast media. Immunoblotting and graphical representation of the relative rat renal expression levels of AGT in rats fed standard or vitamin D-free diet for 30
days infused with 0.9% saline (Sham), IC, or Gd contrast media. Equal amounts of kidney homogenates (100 g for AGT and 5 pg for actin) were subjected
to SDS-PAGE and transferred to a PVDF membrane. Blots were then incubated overnight with primary antibodies against AGT (1:1,000). Actin was used as
loading control (1:50,000). Data are expressed as means * SE. n = 6 rats/group. ++++P < 0.0001, ++P < 0.01, and ns (not significant) for the probability
based on a two-way ANOVA. Bars with different lowercase letters are significantly different (P < 0.05) for the probability based on a SNK multiple comparisons
test.
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Fig. 4. Vitamin D deficiency increases rat renal renin expression. Immuno-
blotting and graphical representation of the relative expression levels of renin
in kidney homogenates of rats fed standard (Sham-SD) or a vitamin-D free diet
for 30 days (Sham-VDD3). Equal amounts of kidney homogenates (150 g
for renin and 5 g for actin) were subjected to SDS-PAGE and transferred to
a PVDF membrane. Blots were then incubated overnight with primary anti-
bodies against renin (1:1,000) or actin (1:50,000). Values are expressed as
means = SE. n = 4 rats/group. *P < 0.01 vs. Sham-SD.

As shown in Fig. 5, a two-way ANOVA for eNOS protein
expression revealed a significant main effect of diet, no signif-
icant main effect of CM, and a significant diet X CM interac-
tion. Simple main effects analysis showed that Sham-VDD3,
rats exhibited significant higher levels of renal eNOS protein
expression compared with Sham-SD. Nevertheless, after IC or
Gd administration, rats fed vitamin D-free diet significantly
decreased renal eNOS protein expression. Conversely, rats fed
SD increased renal eNOS after infusion of both CM. These
results showed an opposite response to CM over renal eNOS in
rats fed vitamin D-free diet compared with healthy animals.
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The additional set of inulin clearance experiments, to ana-
lyze the impact of high osmolarity of CM on GFR in VDD rats,
revealed that mannitol solution infusion did not alter GFR on
VDD rats (0.83 + 0.05 vs. 0.84 = 0.01 ml-min~'-100 g body
wt~ ! in Sham-VDDjs, group, P = 0.83).

As illustrated in Fig. 6A and taken from two-way ANOVA
analysis, the percentage of tubular damage was low in all
groups (<5% of tubular damage, i.e., score 0), and there was
no significant main effect of diet and CM and no significant
diet X CM interaction. Additionally, the number of EDI-
positive cells was not affected by diet factor and CM factor and
there was no significant diet X CM interaction (Fig. 6B).

DISCUSSION

In this study, we demonstrated for the first time that VDD is
a risk factor for IC and Gd nephrotoxicity in rats. Our results
indicate that reduction of GFR in VDD rats after CM infusion
is associated with an intricate interplay among renal RAS,
eNOS, and oxidative stress. These results have great relevance
for clinical practice considering the frequent use of radiologic
examinations employing CM, the current high prevalence of
VDD in general population, and the safety attributed to Gd-
based contrast.

The pathophysiology of CIN is not fully understood and it is
speculated that the mechanisms underlying this injury involve
an imbalance between vasodilator and vasoconstrictor factors,
hypoxia, and generation of reactive oxygen species (ROS) in
the medullary microcirculation, associated or not with direct
cytotoxic effects on tubular cells (18). The outer medulla is a
particularly vulnerable region to CIN since it is maintained at
the verge of hypoxia due to relative high oxygen requirements
for upholding the countercurrent mechanism. Contrast media
increase oxygen demand and decrease oxygen supply in this
nephron region. Higher oxygen consumption appears to be
related to the activation of NKCC2 cotransporter, whereas
lower oxygen supply may be attributed to reduction of med-
ullary blood flow by descending vasa recta vasoconstriction.
These alterations in CIN seem to be induced by endothelin,
intrarenal RAS activation, nitric oxide synthase inhibition, and
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Fig. 5. Renal protein expression of endothelial NO synthase (eNOS) in rats fed standard or vitamin D-free diet. Effect subjected to infusion of 0.9% saline (Sham),
IC, or Gd contrast media. Immunoblotting and graphical representation of the relative rat renal expression levels of eNOS in rats fed standard or vitamin D-free
diet for 30 days infused with 0.9% saline, IC, or Gd. Equal amounts of kidney homogenates (150 pg for eNOS and 5 pg for actin) were subjected to SDS-PAGE
and transferred to a PVDF membrane. Blots were then incubated overnight with primary antibodies against eNOS (1:500). Actin was used as loading control
(1:50,000). Data are expressed as means * SE. n = 6 rats/group. ++++P < 0.0001, ++P < 0.01, and ns (nonsignificant) for the probability based on a

two-way ANOVA.
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oxidative stress. Thus endothelium dysfunction associated with
changes in renal microcirculation is key to CIN (8, 10, 18, 22,
31, 37). In this scenario, for clinical or experimental CIN
development will be necessary the presence of predispose
conditions capable of aggravating the insult on medullary
microcirculation triggered for CM, disrupting the compensa-
tory mechanism that preserves GFR. Likewise, healthy exper-
imental animals do not develop CIN unless preconditioning is
undertaken, i.e., uninephrectomy, salt-depletion, and/or admin-
istration of drugs that induce renal vasoconstriction or inhibit
vasodilation(3, 18, 51). VDD has never been described as a
risk factor for CIN before. In the present study, preconditioning
was not carried out, underscoring the potential role of VDD as
a risk factor for CIN in rats.

Several studies report a linkage between VDD and upregu-
lation of RAS, oxidative stress, and endothelial dysfunction (4,
12, 24, 43). By means of flow-mediated dilation and serum
TBARS in asymptomatic subjects, Tarcin et al. (42) have
shown that VDD is associated with endothelial dysfunction and
increased lipid peroxidation. In cultured endothelial cells, 1,25-
dihydroxycholecalciferol induces NO production by increasing
eNOS activity and mRNA expression (28, 40). Likewise,
experimental studies have demonstrated that vitamin D reduces
the expression of the NADPH oxidase subunit p22phox and
decreases oxidative stress (12, 20). Moreover, vitamin D up-
regulates the expression of enzymes involved in GSH metab-
olism, namely glutamate cysteine ligase and gluthatione reduc-
tase, and stimulates the thioredoxin system, therefore catalyz-
ing the biosynthesis of a major endogenous antioxidant (4, 21).

Our data show that VDD leads to changes in the health status
of the animals. VDD rats display higher blood pressure, renal
vascular resistance, and greater renal renin and AGT protein
expression compared with rats fed SD. Plasma levels of cal-
cium and phosphorus are similar between rats fed both diets,
strengthening the notion that activation of intrarenal RAS by
VDD is independent of calcium levels (55). Also, VDD rats
have lower kidney and serum GSH, in line with the well-
documented antioxidant effects of vitamin D. In the Sham-
VDDj3 group, elevation of eNOS protein expression probably
represents a compensatory mechanism that is observed in
endothelial dysfunction induced by hypertension and oxidative
stress, to counterbalance the reduction in NO bioavailability
(46). It is important to emphasize that under these conditions,
oxidation of the eNOS cofactor BH4 by peroxynitrite may
uncouple oxygen reduction from NO synthesis and convert
eNOS to a superoxide-producing enzyme, the so-called “eNOS
uncoupling,” then, increasing superoxide (13, 46).

We have found that healthy rats exposed to IC or Gd do not
display an imbalance in renal redox status, have an increase on
eNOS expression in the kidney, and unaltered inulin clearance.
These data strongly suggest that an additional insult or risk
factor is necessary to induce CIN. As opposed to healthy
animals, VDD rats develop AKI after infusion of both CM. IC
and Gd increased renal AGT expression and the interaction of
VDD with CM significantly reduced renal eNOS expression in
VDD3op+IC and VDD3p+Gd rats. In this context, Goodman et
al. (14) have demonstrated that eNOS expression is reduced in
experimental AKI in uninephrectomized rats exposed to so-
dium iothalamate. Noteworthy, hypoxia is a known mechanism
of inhibition of eNOS expression (27). Thereby, the reduction
of renal eNOS expression supports the hypothesis of medullary
hypoxia and renal injury generated by CM in a vitamin D
deficiency state.

Renal generation of ROS favors vasoconstriction of outer
medullary vasa recta by stimulating RAS and decreasing NO
and may alter directly and/or indirectly glomerular and tubu-
loglomerular feedback functions (6, 26, 29, 50). Indeed, VDD
rats showed lower levels of renal and systemic GSH and higher
renal and urinary TBARS compared with rats with normal
25(OH)D levels. Conversely, to rats fed SD, VDD rats aggra-
vated redox status imbalance after interaction with IC or Gd,
demonstrated by remarkable increased of renal TBARS-to-
GSH ratio in VDD3¢+IC and VDD3p+Gd groups, an index of
oxidative stress.

We have found that the reduction in GFR of rats with VDD
infused with IC or Gd was not accompanied by changes on
total RBF. Of note, experimental studies have inconsistently
found either transient increases or decreases in total RBF that
return to baseline levels after few minutes (38, 41). Addition-
ally, IC infusion in high-risk patients, undergoing coronary
angiography, was not associated with a fall in total RBF and
there appears to be no relationship between any changes in
total RBF and CIN (48). Indeed, cumulative evidence indicate
that rather than changes in total RBF, it is the corticomedullary
redistribution of RBF that may mostly contribute to the genesis
of CIN and AKI induced by others causes (17, 19, 25, 30, 34,
39). Several patterns of rerouting of blood flow in the renal
cortex and medulla have been demonstrated in healthy animals,
depending on the type, volume, and route of administration of
the CM (18). Interestingly, Agmon et al. (2) and Palm et al.
(32) have shown an increase in outer medullary flow in healthy
animals exposed to CM, which is paradoxically reduced after
induction of endothelial dysfunction or diabetes. All together,
these studies strongly suggest that reduction of the outer
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medullary blood flow plays a crucial role in the development of
CIN. Therefore, one may speculate that the dissociation be-
tween the total RBF and the reduction in GFR observed in our
study may be attributed, at least in part, to renal microcircula-
tory hemodynamic changes associated with endothelial dys-
function in VDD rats.

It is important to emphasize that reduction of the GFR was
observed in rats with VDD that received Gd, a CM that is
originally thought to be safe in terms of nephrotoxicity. In this
regard, Gd-based contrast agents have been reported to induce
a decrease of the GFR in a high-risk population group, espe-
cially in patients with altered baseline renal function (9). These
findings are in line with a previous study from our laboratory,
in which we have demonstrated that five of six nephrectomized
rats develop CIN after Gd contrast infusion (33). The results of
the present study suggest that VDD might be a novel risk factor
for Gd nephrotoxicity.

The existence of abnormalities on kidney morphology in
CIN is variable and controversial. Most investigators have not
found changes in renal morphology, whereas others only en-
countered vacuolization of the proximal tubular cells that were
not correlated with kidney dysfunction (7, 18, 23, 45). Our
experimental models exhibit low tubular injury score after IC
or Gd contrast infusion, underscoring that intrarenal hemody-
namics is the primary alteration that leads to GFR fall. Addi-
tionally, macrophage infiltration was similar in all groups,
suggesting that inflammation does not contribute to renal
impairment under these experimental conditions.

It is worth mentioning that the effect of CM on GFR in VDD
rats occurred independently of the osmotic load of these
agents, since no difference in inulin clearance was observed in
response to a mannitol infusion, suggesting the chemotoxicity
effects of CM, as observed in other studies (15, 35, 53).
Furthermore, a more pronounced reduction of inulin clearance
was detected in VDDgo+IC and VDDgo+Gd groups. These
data suggest that the longer the period of the VDD is, the worst
the impact of CM is on inulin clearance.

Perspectives and Significance

In summary, this study demonstrates for the first time that
VDD is a potential condition that predisposes to both IC and
Gd nephrotoxicity in rats. Lower GFR in VDD rats subjected
to CM infusion was linked with an imbalance of intrarenal
vasoactive substances and oxidative stress, suggesting that
these mechanisms may partially account for the CIN associated
with VDD. Of note, a recent longitudinal study has shown that
low vitamin D levels measured before iodinated contrast agents
exposure were independently associated with a high incidence
of CIN development in patients undergoing coronary angiog-
raphy (36). From these results, it would be advisable to
maintain adequate levels of vitamin D in patients who will
undergo radiologic examinations employing CM, inclusive
Gd-based contrast.

GRANTS

This work was suported by grants from Conselho Nacional de Desenvol-
vimento Cientifico e Tecnoldgico (Grant 306148/2013-7) to A. C. Seguro and
Fundacdo de Amparo a Pesquisa do Estado de Sdao Paulo (FAPESP 2012/
10146-0) to A. C. C. Girardi.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

R221

AUTHOR CONTRIBUTIONS

Author contributions: W.M.L. and A.C.S. conception and design of re-
search; W.M.L.,, M.HM.S., D.C.,, PHF.G., A.C.d.B., R AV, and A.C.C.G.
performed experiments; W.M.L., M.H.M.S., D.C., PHF.G., A.C.C.G., and
A.C.S. analyzed data; W.M.L., P.H.F.G., A.C.C.G., and A.C.S. interpreted
results of experiments; W.M.L., D.C., and A.C.C.G. prepared figures; W.M.L.
and A.C.C.G. drafted manuscript; W.M.L., PH.F.G., A.C.C.G., and A.C.S.
edited and revised manuscript; W.M.L., M.H.M.S., D.C,, PH.F.G., A.C.C.G.,
and A.C.S. approved final version of manuscript.

REFERENCES

1. Adams JS, Hewison M. Update in vitamin D. J Clin Endocrinol Metab
95: 471-478, 2010.

2. Agmon Y, Peleg H, Greenfeld Z, Rosen S, Brezis M. Nitric oxide and
prostanoids protect the renal outer medulla from radiocontrast toxicity in
the rat. J Clin Invest 94: 1069-1075, 1994.

3. Andrade L, Campos SB, Seguro AC. Hypercholesterolemia aggravates
radiocontrast nephrotoxicity: protective role of L-arginine. Kidney Int 53:
1736-1742, 1998.

4. Argacha JF, Egrise D, Pochet S, Fontaine D, Lefort A, Libert F,
Goldman S, van de Borne P, Berkenboom G, Moreno-Reyes R.
Vitamin D deficiency-induced hypertension is associated with vascular
oxidative stress and altered heart gene expression. J Cardiovasc Pharma-
col 58: 65-71, 2011.

5. Assaad HI, Hou Y, Zhou L, Carroll RJ, Wu G. Rapid publication-ready
MS-Word tables for two-way ANOVA. Springerplus 4: 33, 2015.

6. Bakris GL, Lass N, Gaber AQO, Jones JD, Burnett JC. Radiocontrast
medium-induced declines in renal function: a role for oxygen free radicals.
Am J Physiol Renal Fluid Electrolyte Physiol 258: F115-F120, 1990.

7. Barrett BJ. Contrast nephrotoxicity. J Am Soc Nephrol 5: 125-137, 1994.

8. Beierwaltes WH. Endothelial dysfunction in the outer medullary vasa
recta as a key to contrast media-induced nephropathy. Am J Physiol Renal
Physiol 304: F31-F32, 2013.

9. Buhaescu I, Izzedine H. Gadolinium-induced nephrotoxicity. Int J Clin
Pract 62: 1113-1118, 2008.

10. Cao C, Edwards A, Sendeski M, Lee-Kwon W, Cui L, Cai CY, Patzak
A, Pallone TL. Intrinsic nitric oxide and superoxide production regulates
descending vasa recta contraction. Am J Physiol Renal Physiol 299:
F1056-F1064, 2010.

11. Center for Drug Evaluation Research. Pharmacology and Toxicology,
Guidance for Industry. Estimating the Maximum Safe Dose in Initial
Clinical Trials for Therapeutics in Adult Healthy Volunteers, p. 7, 2005.
http://www .fda.gov/downloads/Drugs/Guidances/UCMO078932.pdf.

12. Dong J, Wong SL, Lau CW, Lee HK, Ng CF, Zhang L, Yao X, Chen
7Y, Vanhoutte PM, Huang Y. Calcitriol protects renovascular function
in hypertension by down-regulating angiotensin II type 1 receptors and
reducing oxidative stress. Eur Heart J 33: 2980-2990, 2012.

13. Forstermann U. Nitric oxide and oxidative stress in vascular disease.
Pfliigers Arch 459: 923-939, 2010.

14. Goodman Al, Olszanecki R, Yang LM, Quan S, Li M, Omura S, Stec
DE, Abraham NG. Heme oxygenase-1 protects against radiocontrast-
induced acute kidney injury by regulating anti-apoptotic proteins. Kidney
Int 72: 945-953, 2007.

15. Hardiek K, Katholi RE, Ramkumar V, Deitrick C. Proximal tubule cell
response to radiographic contrast media. Am J Physiol Renal Physiol 280:
F61-F70, 2001.

16. Haylor J, Dencausse A, Vickers M, Nutter F, Jestin G, Slater D, Idee
JM, Morcos S. Nephrogenic gadolinium biodistribution and skin cellu-
larity following a single injection of Omniscan in the rat. Invest Radiol 45:
507-512, 2010.

17. Heyman SN, Goldfarb M, Carmeli F, Shina A, Rahmilewitz D, Brezis
M. Effect of radiocontrast agents on intrarenal nitric oxide (NO) and NO
synthase activity. Exp Nephrol 6: 557-562, 1998.

18. Heyman SN, Rosen S, Rosenberger C. Renal parenchymal hypoxia,
hypoxia adaptation, and the pathogenesis of radiocontrast nephropathy.
Clin J Am Soc Nephrol 3: 288-296, 2008.

19. Heyman SN, Rosenberger C, Rosen S. Regional alterations in renal
haemodynamics and oxygenation: a role in contrast medium-induced
nephropathy. Nephrol Dial Transplant 20, Suppl 1: 16—i11, 2005.

20. Hirata M, Serizawa K, Aizawa K, Yogo K, Tashiro Y, Takeda S,
Moriguchi Y, Endo K, Fukagawa M. 22-Oxacalcitriol prevents progres-
sion of endothelial dysfunction through antioxidative effects in rats with

AJP-Regul Integr Comp Physiol « doi:10.1152/ajpregu.00526.2014 - www.ajpregu.org

/T0Z ‘2T Arenuer uo #'££°022 0T Aq /Blo ABojoisAyd-nbBaidles/:dny wouy papeojumoq



http://www.fda.gov/downloads/Drugs/Guidances/UCM078932.pdf
http://ajpregu.physiology.org/

R222

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

type 2 diabetes and early-stage nephropathy. Nephrol Dial Transplant 28:
1166-1174, 2013.

Jain SK, Micinski D. Vitamin D upregulates glutamate cysteine ligase
and glutathione reductase, and GSH formation, and decreases ROS and
MCP-1 and IL-8 secretion in high-glucose exposed U937 monocytes.
Biochem Biophys Res Commun 437: 7-11, 2013.

Juncos R, Garvin JL. Superoxide enhances Na-K-2Cl cotransporter
activity in the thick ascending limb. Am J Physiol Renal Physiol 288:
F982-F987, 2005.

Katzberg RW, Pabico RC, Morris TW, Hayakawa K, McKenna BA,
Panner BJ, Ventura JA, Fischer HW. Effects of contrast media on renal
function and subcellular morphology in the dog. Invest Radiol 21: 6470,
1986.

Li YC, Kong J, Wei M, Chen ZF, Liu SQ, Cao LP. 1,25-Dihydroxyvi-
tamin D(3) is a negative endocrine regulator of the renin-angiotensin
system. J Clin Invest 110: 229-238, 2002.

Liss P, Hansell P, Carlsson PO, Fasching A, Palm F. Iodinated contrast
media decrease renomedullary blood flow. A possible cause of contrast
media-induced nephropathy. Adv Exp Med Biol 645: 213-218, 2009.
Liu ZZ, Viegas VU, Perlewitz A, Lai EY, Persson PB, Patzak A,
Sendeski MM. Iodinated contrast media differentially affect afferent and
efferent arteriolar tone and reactivity in mice: a possible explanation for
reduced glomerular filtration rate. Radiology 265: 762-771, 2012.
McQuillan LP, Leung GK, Marsden PA, Kostyk SK, Kourembanas S.
Hypoxia inhibits expression of eNOS via transcriptional and posttranscrip-
tional mechanisms. Am J Physiol Heart Circ Physiol 267: H1921-H1927,
1994.

Molinari C, Uberti F, Grossini E, Vacca G, Carda S, Invernizzi M,
Cisari C. 1a,25-dihydroxycholecalciferol induces nitric oxide production
in cultured endothelial cells. Cell Physiol Biochem 27: 661-668, 2011.
Navar LG. Intrarenal renin-angiotensin system in regulation of glomer-
ular function. Curr Opin Nephrol Hypertens 23: 3845, 2014.

Nygren A, Ulfendahl HR, Hansell P, Erikson U. Effects of intravenous
contrast media on cortical and medullary blood flow in the rat kidney.
Invest Radiol 23: 753-761, 1988.

Pallone TL, Zhang Z, Rhinehart K. Physiology of the renal medullary
microcirculation. Am J Physiol Renal Physiol 284: F253-F266, 2003.
Palm F, Carlsson PO, Fasching A, Hellberg O, Nygren A, Hansell P,
Liss P. Effects of the contrast medium iopromide on renal hemodynamics
and oxygen tension in the diabetic rat kidney. Adv Exp Med Biol 530:
653-659, 2003.

Pereira LV, Shimizu MH, Rodrigues LP, Leite CC, Andrade L,
Seguro AC. N-acetylcysteine protects rats with chronic renal failure from
gadolinium-chelate nephrotoxicity. PLos One 7: €39528, 2012.

Prowle J, Bagshaw SM, Bellomo R. Renal blood flow, fractional excre-
tion of sodium and acute kidney injury: time for a new paradigm? Curr
Opin Crit Care 18: 585-592, 2012.

Romano G, Briguori C, Quintavalle C, Zanca C, Rivera NV, Colombo
A, Condorelli G. Contrast agents and renal cell apoptosis. Eur Heart J 29:
2569-2576, 2008.

Sahin I, Gungor B, Can MM, Avci II, Guler GB, Okuyan E, Biter H,
Yildiz SS, Ayca B, Satilmis S, Dinckal MH. Lower blood vitamin D
levels are associated with an increased incidence of contrast-induced
nephropathy in patients undergoing coronary angiography. Can J Cardiol
30: 428433, 2014.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

VITAMIN D DEFICIENCY AND CONTRAST-INDUCED NEPHROPATHY

Sendeski M, Patzak A, Pallone TL, Cao C, Persson AE, Persson PB.
Todixanol, constriction of medullary descending vasa recta, and risk for
contrast medium-induced nephropathy. Radiology 251: 697-704, 2009.
Sherwood T, Lavender JP. Does renal blood flow rise or fall in response
to diatrizoate? Invest Radiol 4: 327-328, 1969.

Tadavarthy SM, Castaneda W, Amplatz K. Redistribution of renal
blood flow caused by contrast media. Radiology 122: 343-348, 1977.
Talmor Y, Golan E, Benchetrit S, Bernheim J, Klein O, Green J,
Rashid G. Calcitriol blunts the deleterious impact of advanced glycation
end products on endothelial cells. Am J Physiol Renal Physiol 294:
F1059-F1064, 2008.

Talner LB, Davidson AJ. Renal hemodynamic effects of contrast media
1968. Invest Radiol 25: 365-372, 1990.

Tarcin O, Yavuz DG, Ozben B, Telli A, Ogunc AV, Yuksel M, Toprak
A, Yazici D, Sancak S, Deyneli O, Akalin S. Effect of vitamin D
deficiency and replacement on endothelial function in asymptomatic
subjects. J Clin Endocrinol Metab 94: 4023-4030, 2009.

Tare M, Emmett SJ, Coleman HA, Skordilis C, Eyles DW, Morley R,
Parkington HC. Vitamin D insufficiency is associated with impaired
vascular endothelial and smooth muscle function and hypertension in
young rats. J Physiol 589: 4777-4786, 2011.

Unger MD, Cuppari L, Titan SM, Magalhides MC, Sassaki AL, dos
Reis LM, Jorgetti V, Moysés RM. Vitamin D status in a sunny country:
where has the sun gone? Clin Nutr 29: 784788, 2010.

Vari RC, Natarajan LA, Whitescarver SA, Jackson BA, Ott CE.
Induction, prevention and mechanisms of contrast media-induced acute
renal failure. Kidney Int 33: 699-707, 1988.

Vaziri ND, Ni Z, Oveisi F, Trnavsky-Hobbs DL. Effect of antioxidant
therapy on blood pressure and NO synthase expression in hypertensive
rats. Hypertension 36: 957-964, 2000.

Wang C. Role of vitamin d in cardiometabolic diseases. J Diabetes Res
2013: 243934, 2013.

Weisberg LS, Kurnik PB, Kurnik BR. Radiocontrast-induced nephrop-
athy in humans: role of renal vasoconstriction. Kidney Int 41: 14081415,
1992.

Whiter P, Samson FE. Determination of inulin in plasma and urine by
use of anthrone. J Lab Clin Med 43: 475478, 1954.

Wilcox CS. Redox regulation of the afferent arteriole and tubuloglomeru-
lar feedback. Acta Physiol Scand 179: 217-223, 2003.

Wong PC, Li Z, Guo J, Zhang A. Pathophysiology of contrast-induced
nephropathy. Int J Cardiol 158: 186-192, 2012.

Xiang W, Kong J, Chen S, Cao LP, Qiao G, Zheng W, Liu W, Li X,
Gardner DG, Li YC. Cardiac hypertrophy in vitamin D receptor knock-
out mice: role of the systemic and cardiac renin-angiotensin systems. Am
J Physiol Endocrinol Metab 288: E125-E132, 2005.

Yao K, Heyne N, Erley CM, Risler T, Osswald H. The selective
adenosine A1 receptor antagonist KW-3902 prevents radiocontrast media-
induced nephropathy in rats with chronic nitric oxide deficiency. Eur J
Pharmacol 414: 99-104, 2001.

Yuan W, Pan W, Kong J, Zheng W, Szeto FL, Wong KE, Cohen R,
Klopot A, Zhang Z, Li YC. 1,25-dihydroxyvitamin D3 suppresses renin
gene transcription by blocking the activity of the cyclic AMP response
element in the renin gene promoter. J Biol Chem 282: 29821-29830, 2007.
Zhou C, Lu F, Cao K, Xu D, Goltzman D, Miao D. Calcium-indepen-
dent and 1,25(OH)2D3-dependent regulation of the renin-angiotensin
system in lalpha-hydroxylase knockout mice. Kidney Int 74: 170-179,
2008.

AJP-Regul Integr Comp Physiol « doi:10.1152/ajpregu.00526.2014 - www.ajpregu.org

/T0Z ‘2T Arenuer uo #'££°022 0T Aq /Blo ABojoisAyd-nbBaidles/:dny wouy papeojumoq



http://ajpregu.physiology.org/

