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BACKGROUND

Dietary administration of 0.30% indole-3-carbinol (13C) to Cyp1al-Ren2
transgenic rats (TGRs) generates angiotensin Il (ANG Il)-dependent
malignant hypertension (HTN) and increased renal vascular resistance.
However, TGRs with HTN maintain a normal or slightly reduced glomer-
ular filtration rate. We tested the hypothesis that maintenance of renal
function in hypertensive Cyplal-Ren2 TGRs is due to preservation of
the intrarenal nitric oxide (NO) and antioxidant systems.

METHODS

Kidney cortex, kidney medulla, aortic endothelial (e) and neuronal
(n) nitric oxide synthase (NOS), superoxide dismutases (SODs), and
p22phox (nicotinamide adenine dinucleotide phosphate-oxidase
subunit) protein abundances were measured along with kidney cor-
tex total antioxidant capacity (TAC) and NOx. TGRs were fed a normal
diet that contained 0.3% I3C or 0.3% I3C + candesartan (AT, receptor
antagonist; 25 mg/L in drinking water) (n = 5-6 per group) for 10 days.

RESULTS
Blood pressure increased and body weight decreased in 13C-induced
TGRs, while candesartan blunted these responses. Abundances of

Angiotensin II (ANG II)-dependent hypertension (HTN)
and renal vasoconstriction are induced in Cyplal-Ren2
(strain name: TGR (CyplalRen2)) transgenic rats (TGR) by
dietary administration of indole-3-carbinol (I3C).! Some of
the damaging cardiovascular actions of ANG II are medi-
ated by reactive oxygen species.>* Studies have shown that
administration of the superoxide dismutase mimetic, tem-
pol, reduces ANG II-dependent HTN and protects tissues
from oxidative stress.>>-7 When ANG II-dependent malig-
nant HTN is induced in Cyplal-Ren2 TGRs, acute systemic
administration of tempol decreases the elevated blood pres-
sure (BP) and renal vascular resistance (RVR) but produces
no effect in normotensive rats.® Chronic administration of
the angiotensin type 1 (AT,) receptor blocker (ARB), can-
desartan, normalizes BP and restores the elevated urinary

NOS, SOD, and p22phox as well as TAC were maintained in the kid-
ney cortex of 13C-induced TGRs with and without candesartan, while
kidney cortex NOx production increased in both groups. Kidney
medulla eNOS and extracellular (EC) SOD decreased and nNOS
were unchanged in both groups of 13C-induced TGRs. In addition,
a compensatory increase occurred in kidney medulla Mn SOD in
I13C-induced TGRs + candesartan. Aortic eNOS and nNOS« fell and
p22phox and Mn SOD increased in hypertensive I3C-induced TGRs; all
changes were reversed with candesartan.

CONCLUSIONS

The preservation of renal cortical NO and antioxidant capacity is
associated with preserved renal function in Cyplal-Ren2 TGRs with
ANG lI-dependent malignant HTN.
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excretion of 8-isoprostane to normal, supporting a role for
AT,-stimulated production of superoxide anion in contrib-
uting to the malignant HTN in Cyplal-Ren?2 rats.?
Increased levels of the superoxide anion also reduce the
bioavailability of nitric oxide (NO), which further con-
tributes to elevations in BP and RVR.*"!! In hypertensive
Cyplal-Ren2 TGRs treated with tempol, acute NO synthase
(NOS) inhibition with nitro-L-arginine (NLA) attenuates
the tempol-induced fall in BP, thus BP increases; this also
occurs in the normotensive rat.® In addition, NLA admin-
istration increases RVR in both normotensive and hyper-
tensive Cyplal-Ren2 TGRs treated with tempol and also
elicits decreases in glomerular filtration rate (GFR) and renal
plasma flow (RPF) in hypertensive rats.® Collectively, this
suggests that a superoxide anion-mediated decrease in NO
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bioavailability does not fully contribute to the increased RVR
in hypertensive Cyplal-Ren2 TGRs and that maintained
intrarenal actions of NO preserve renal hemodynamics.®

The activity of renal endothelial (e)NOS and neuronal (n)
NOS plays a critical role in regulating normal renal hemo-
dynamics and sodium excretion. While eNOS is abundant
throughout the renal vasculature and controls blood flow,
nNOS is abundant in the macula densa and regulates blood
flow via tubuloglomerular feedback.!>""> Tubular NO derived
from both eNOS (mainly thick ascending limb) and nNOS
(predominantly collecting duct) inhibits sodium reabsorp-
tion.’>! In renal injury, nNOSa decreases and nNOSP
increases; although the locations and significance of these
changes remain to be determined.!»1420:

In this study, we hypothesized that the maintenance of
renal hemodynamic function in hypertensive Cyplal-Ren2
TGRs is due to the preservation of the intrarenal NO and
antioxidant systems in this form of severe ANG II-depend-
ent HTN. To test this, we investigated the intrarenal NOS
and antioxidant/oxidant systems in the kidney and aorta
of Cyplal-Ren2 TGRs with ANG II-dependent malignant
HTN. The aorta was chosen as a comparison tissue to the
kidney to reflect systemic vascular vs. intrarenal alterations
in the NOS and antioxidant/oxidant systems in Cyplal-
Ren2 TGRs with elevated BP.

METHODS

The experimental procedures in this study conform
to the National Institutes of Health Guide for the Care
and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committee of Tulane
University Health Sciences Center. Experiments were per-
formed on adult (aged 12-20 weeks) male Cyplal-Ren2
TGRs (TGR(Cyplal-Ren2)) with inducible expression of
the mouse Ren2 renin gene.! All transgenic rats were bred at
Tulane University from stock animals (Harlan UK, Bicester,
United Kingdom). The experimental animals were divided
into three groups. Group 1 (noninduced; n = 6) control
Cyplal-Ren2 rats were maintained on a normal rat diet
(diet TD 99414; Harlan-Teklad, Madison, WI). Group 2
(0.3% I3C; n = 5) rats were fed a normal diet containing I3C
(0.3% wt/wt; diet TD 05381; Harlan-Teklad) for 10 days to
induce ANG II-dependent malignant HTN. Group 3 (0.3%
I3C + ARB; n = 6) rats were fed a normal diet containing I3C
(0.3%) for 10 days and simultaneously treated chronically
with the AT, receptor antagonist, candesartan (AstraZeneca
R&D, Molndal, Sweden). Candesartan was administered
chronically in the drinking water (25mg/L) in a dose that
prevents development of ANG II-dependent malignant
HTN in Cyplal-Ren2 TGRs.?!

Systolic blood pressure (SBP) was measured in conscious
rats using tail-cuff plethysmography (model 6R22931; IITC
Life Science, Woodland Hills, CA). All rats were trained for
2 weeks before beginning the experiment to habituate them
to this procedure. Blood pressures were measured every day
throughout the study beginning 4 days prior to initiating
dietary administration of I3C. Body weight was also meas-
ured every day throughout the study. At the completion of

the experimental protocol, the rats were sacrificed, and sec-
tions of the thoracic aorta and left kidney were removed.
The left kidney was separated into cortex and medulla. All
tissues were shipped to the University of Florida College of
Medicine for analysis.

Western blot

Kidney cortex, medulla, and thoracic aorta protein
abundances were detected using Western blotting. Tissues
were homogenized, and the protein concentrations
were determined using the DC protein Assay (Bio-Rad
Laboratories, Hercules, CA). Homogenate samples (200 pg
of kidney cortex, 100 pg of medulla, and 200 ug of thoracic
aorta) were loaded on 7.5% or 12% polyacrylamide gels and
separated by electrophoresis. Membranes were incubated
overnight with specific antibodies: mouse anti-eNOS
antibody (1:250 dilution; BD Transduction Lab, San Jose, CA;
Cat No: 610297), mouse anti-nNOSa antibody (1:50 dilution;
Santa Cruz Biotechnology, Santa Cruz, CA; Cat No: sc-5302),
rabbit anti-nNOSP antibody (1:500 dilution; Thermo
Scientific Pierce, Rockford, IL; Cat No: PA1-033), goat anti-
p22°hox antibody (1:50 dilution; Santa Cruz Biotechnology;
Cat No: sc-11712), rabbit anti-ecSOD (1:250 dilution;
Abcam, Cambridge, MA; Cat No: ab21974), rabbit anti-
mnSOD (1:2000 dilution; Stressgen/Assay Designs, Plymouth
Meeting, PA; Cat No: SOD-110), and rabbit anti-Cu/Zn SOD
(1:2000 dilution; Stressgen/Assay Designs; Cat No: SOD-101).
The membranes were then incubated with corresponding
secondary antibodies: goat anti-mouse (1:2,000 and 1:3,000
dilution Bio-Rad; Cat No: 170-6515), donkey anti-goat
antibody (1:2,000 dilution; Santa Cruz Biotechnology;
Cat No: sc-2020), and goat anti-rabbit antibody (1:3,000
dilution; Bio-Rad; Cat No: sc-2004). Bands of interest were
visualized using the enhanced chemiluminescence reagent
and quantified by densitometry (VersaDoc imaging system
and Quantity One Analysis software, Bio-Rad) as integrated
optical density (IOD) after subtraction of background. IOD
was factored for Ponceau (PON) Red staining (Sigma) to
correct for any variations in total protein loading. Protein
abundance is represented as IOD/PON. The antibody used
to probe for the splice variant nNOS is a C-terminus specific
antibody for mouse, rat, and human nNOS. This antibody will
probe for several different splice variants of nNOS, including
nNOSP. A proteomics approach was taken in previous studies
to identify the correct band probing for nNOSp, which is
~140kDa.?? Antibodies probing for eNOS and nNOSa have
no cross reactivity; a single band appears on the membrane,
reflecting the molecular weights of ~140kDa and ~160kDa,
respectively. The nNOSa antibody probes against a unique
amino acid N-terminus sequence of mouse, rat, and human
nNOS that is only present in the nNOSa variant on nNOS.

Tissue NOx and total antioxidant capacity

Tissue NOx levels were measured by the Griess assay.?
Total antioxidant capacity (TAC) was measured using the
Antioxidant Assay Kit (Cayman Chemical Company, Ann
Arbor, MI), according to the manufacturer’s instructions.
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This kit measures the ability of all aqueous and lipid-soluble
antioxidants to inhibit the oxidation of 2,2’-azino-di-(3-
ethylbenzthiazoline sulphonate) (ABTS) to ABTS* by
metmyoglobin by reading absorbance at 750 nm. Five micro-
grams of protein from the kidney cortex was pipetted into
96-well plates. Sample antioxidant capacity was compared
to trolox (a water-soluble tocopherol analogue) standards at
0, 0.045, 0.09, 0.135, 0.18, 0.225, and 0.330 mM trolox. The
TAC was quantified as millimolar trolox equivalents (mM
Trolox/mg) at 750-nm wavelength.

Statistical analysis

Statistical analysis was performed using 1-way analysis
of variance (ANOVA) followed by the Bonferoni post hoc
test. If the analysis between groups failed the normality test,
the Kruskal-Wallis 1-way ANOVA multiple comparison test
was used followed by the Dunn post hoc test. All statisti-
cal analyses were performed using SigmaPlot for Windows
(version 11, System Software Inc., San Jose, CA). Statistical
significance was defined as P < 0.05. All data are expressed
as mean + SE.

RESULTS

Chronic dietary administration of 0.3% I3C for 10 days
resulted in the development of severe HTN (Figure 1A)
in association with a marked decrease in body weight
(Figure 1B). SBP remained unaltered in noninduced Cyplal-
Ren2 rats and Cyplal-Ren2 rats induced with I3C and
treated chronically with the ARB, candesartan (Figure 1A).
Body weight increased over the 10-day observation period in
both the noninduced rats and the Cyplal-Ren2 rats induced
with I3C and treated chronically with the ARB (Figure 1B).

Kidney cortex eNOS, nNOSa, and nNOSP protein abun-
dances were similar in noninduced (control) rats and rats
induced with an I3C diet with and without candesartan
(Figure 2A,D). Kidney cortex NOx content increased in
both groups of rats fed the I3C diet, with and without
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candesartan and irrespective of BP (Figure 3A). In con-
trast, medulla eNOS protein abundance was lower in both
induced groups vs. controls, while the nNOS isoforms were
unchanged (Figure 2B,E). In aorta, both eNOS and nNOSa
were reduced in the I3C-induced malignant hypertensives
and were normalized by candesartan (Figure 2C,F). Lack of
available tissue prevented measurement of renal medullary
or aortic NOX.

Kidney cortex abundance of the nicotinamide ade-
nine dinucleotide phosphate (NADPH)-oxidase subunit,
p22phox, was similar in noninduced controls and in both
groups of rats fed the I3C diet, with and without cande-
sartan (data shown in Supplementary Figure 1). There
were no differences in the relative protein abundances of
EC SOD, Manganese (Mn) SOD, or Copper Zinc (CuZn)
SOD in renal cortex of any of the 3 groups (Figure 4A,D).
Furthermore, the TAC in the kidney cortex was not dif-
ferent among the 3 groups of rats (Figure 3B). In medulla,
p22phox abundance was also similar among the 3 groups of
Cyplal-Ren2 rats (data shown in Supplementary Figure 1),
while EC SOD was reduced in medulla in I3C-fed rats with
and without candesartan (Figure 5E). The CuZn SOD was
similar in medulla in all 3 groups, while the Mn SOD was
unchanged in the I3C-fed rats with malignant HTN and
was elevated above control in the group receiving cande-
sartan (Figure 4B,E). Hypertensive rats displayed a 45% *
11% increase in aortic p22phox over noninduced control
rats (Supplementary Figure 1). Aortic Mn SOD abundance
(Figure 4C,F) was significantly higher in the hypertensive
rats than in the noninduced controls rats. The lack of tissue
prevented measurement of medullary and aortic TAC.

DISCUSSION

The major novel findings in the present study are that the
renal cortex NOS protein abundance is maintained, while
NO production is enhanced in I3C-induced Cyplal-Ren2
rats with ANG II-dependent malignant HTN. This effect is
independent of BP since all indices of renal cortex NO are
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Effects of 0.3% indole-3-carbinol (13C) diet and 0.3% I3C diet + candesartan (CAND) treatment on (A) systolic blood pressure and (B) body

weight in Cyp1a1-Ren2 transgenic rats. *P < 0.05 vs. noninduced and P < 0.05 vs. 0.3% I3C diet + CAND.
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Figure 2.
oxide synthase (eNOS), nNOSa, and nNOSB in the (

Effects of 0.3% indole-3-carbinol (13C) diet and 0.3% I3C diet + candesartan (CAND) treatment on the protein abundance of endothelial nitric
A) kidney cortex, (B) kidney medulla, and the (C) aorta of Cyp1a1-Ren2 transgenic rats. Each membrane

blot contains molecular weight markers and an arrow pointing to the band of interest along with its molecular weight. Densitometric analysis of Western
blots for these proteins in the kidney cortex, kidney medulla, and aorta are on panels (D), (E), and (F), respectively. The group order on the membrane
image is different from the group order on the densitometric analysis from left to right. *P < 0.05 vs. noninduced and 1P< 0 .05 vs. 0.3% I3C diet + CAND.

similar between the malignant hypertensives and the nor-
motensive ARB-treated I3C-induced Cyplal-Ren2 rats. The
enhanced renal cortical NO production is likely to be asso-
ciated with maintenance of renal antioxidant mechanisms
since abundance of all superoxide dismutases as well as TAC
were similar in all three groups. This contrasts with the evi-
dence of increased systemic oxidative stress from our earlier
studies.®

As reported in an earlier study,® SBP increased rapidly and
progressively starting on day 1 on the I3C diet in association
with a progressive loss of body weight, reflecting the develop-
ment of malignant HTN. Co-administration of candesartan
along with the I3C diet normalized both BP and body weight

to noninduced levels in TGRs, reinforcing the importance
of AT, receptor activation in the pathogenesis of Cyplal-
Ren2-induced ANG II-dependent malignant HTN.?*

Plasma, urinary excretion, and intraadrenal and intrare-
nal aldosterone levels are elevated in Cyplal-Ren2 TGRs
with malignant HTN.?> Administration of spironolactone,
a mineralocorticoid receptor inhibitor that inhibits aldoster-
one actions, decreased proteinuria after 10 days of malignant
HTN in Cyplal-Ren2 TGRs.” However, spironolactone
does not prevent the increase in SBP or the decrease in body
weight due to malignant HTN, suggesting that the down-
stream activation of elevated aldosterone is not critical for
the pathogenesis of malignant HTN.?
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Figure 3. Effects of 0.3% indole-3-carbinol (13C) diet and 0.3% I3C diet + candesartan (CAND) treatment on kidney cortex (A) tissue NOx content and
(B) total antioxidant capacity in Cyp1al-Ren2 transgenic rats. *P < 0.05 vs. noninduced.
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Figure 4. Effects of 0.3% indole-3-carbinol (13C) diet and 0.3% I3C diet + candesartan (CAND) treatment on the protein abundance of EC superoxide
dismutases extracellular SOD, Mn SOD, and Cu/Zn SOD in the (A) kidney cortex, (B) kidney medulla, and the (C) aorta of Cyp1al-Ren2 transgenic rats. Each
membrane blot contains molecular weight markers and an arrow pointing to the band of interest along with its molecular weight. Densitometric analysis of
Western blots for these proteins in the kidney cortex, kidney medulla, and aorta are on panels (D), (E), and (F), respectively. The group order on the membrane
image is different from the group order on the densitometric analysis from left to right. *P < 0.05 vs. noninduced and 1P < 0.05 vs. 0.3% I3C diet +CAND.
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Renal cortex NO production was enhanced in I3C-induced
Cyplal-Ren?2 rats with ANG II-dependent malignant HTN
and in normotensive I3C-induced Cyplal-Ren2 rats given
candesartan treatment. The exact mechanism of increased
NOx production in candesartan-treated normotensive
rats is not clear. One possible explanation is an increase in
expression, abundance, and/or activation of the angiotensin
II type 2 receptors (AT,), which stimulate NO release.?
A study by Savoia et al. showed that chronic AT, receptor
blockade in the diabetic man led to increases in arterial
AT, expression and activity in humans independent of
blood pressure.”” Therefore, the increase in renal cortex
NOx production in normotensive Cyplal-Ren2 rats may
result from increased AT, receptor activation caused
by candesartan-treated AT, receptor blockade. Studies
examining the AT, receptor expression, protein abundance,
and activity in the renal cortex of Cyplal-Ren2 rats given
candesartan treatment will need to be conducted to test this
possibility.

Functional studies with the nonselective NOS inhibitor
NLA suggest that maintenance of renal NO contributes
to the protection of renal function in hypertensive Cyplal-
Ren2 TGRs.® Subsequent studies using the nNOS selective
inhibitor s-methyl thiocitrulline suggest that renal nNOS-
derived NO contributes to the control of renal hemody-
namics in this strain.?® Our present observations support a
functional role for NOS-derived NO in the control of renal
hemodynamics in Cyplal-Ren2 TGRs with malignant HTN
due to the preservation of both nNOS and eNOS protein
abundances in the renal cortex and enhanced renal cortex
tissue NOx production, along with maintenance of the GFR.
Although we did not conduct renal function studies, previ-
ous studies by our group have demonstrated relative maint-
ance of GFR in the presence of malignant HTN.%2!

A number of studies have implicated increased oxida-
tive stress in the pathogenesis of ANG II infusion-induced
HTN in the rat and mouse.”” We previously reported that
oxidative stress plays a role in the genesis of malignant
HTN in the I3C-induced Cyplal-Ren2 TGR since tempol
blunts the increased BP.# We should point out, however, that
in heterozygous TGR(mRen2)27 rats, where HTN develops
spontaneously and early in development, the severe HTN
seen in the young and adult rats is not tempol respon-
sive,? although end-organ injury and inflammation were
protected.?*?

Despite playing an important role in the increased total
peripheral vascular resistance and BP of I3C-induced
Cyplal-Ren2 TGRs, increased superoxide anion activity
does not seem to contribute to renal vasoconstriction. As we
reported earlier, nonselective NOS inhibition during tempol
administration to I3C-induced Cyplal-Ren2 TGRs elicits
decreases in GFR and RPE suggesting that the intrarenal
NO system is independent of superoxide.® The data in the
present study are consistent with this view since we observed
no loss of renal cortical SODs or TAC, nor any increase in
the NADPH-oxidase subunit, p22phox, in these malignant
hypertensives. Together, preservation of the renal cortex NOS
and antioxidant systems in early malignant HTN in I3C-
induced Cyplal-Ren2 TGRs supports a role for intrarenal

NO in preventing excessive decreases in renal hemodynamic
function in ANG II-dependent malignant HTN.

In contrast to the stability of the renal cortical NOS and
antioxidant systems in this model of malignant HTN, we
observed significant reductions in renal medullary and aor-
tic NOS protein abundance, a fall in medullary EC SOD, and
an increased p22phox abundance in the aorta. The protein
profiles observed in the renal medulla and aorta suggest a
decrease in NO bioavailability, which puts these tissues at
greater risk of oxidative stress damage. NO in the kidney
medulla plays a key role in the regulation of blood flow and,
most importantly, sodium excretion by inhibiting sodium
uptake in the thick ascending limb of the loop of Henle and
collecting duct of the nephron.'> A lack of NO bioavailability
in the medulla can lead to long-term alterations in fluid and
electrolyte homeostasis, resulting in net sodium retention
and increased BP.!6183132 The regulation of NO is complex
and can involve posttranslational modifications of the NOS
and antioxidant enzymes. The lack of aortic and renal med-
ullary tissue availability prevented measurements of NOx
content and the TAC in these tissues. However, data regard-
ing the renal cortex reflect enhanced or maintained NO bio-
availability, despite elevated systemic oxidative stress, ANG
I1, and intrarenal ANG II1.%*

Earlier work by Kantachuvesiri et al. showed that the
kidney was protected from structural damage at 7 days
after I3C-induced malignant HTN in Cyplal-Ren2 TGRs.!
In contrast, the heart and mesenteric arteries displayed
fibrinoid necrosis and endarteritis. At day 14, the kidneys
displayed small amounts of damage (such as endarteritis)
with no fibrinoid necrosis, while both heart and mesenteric
arteries displayed marked injury with fibrinoid necrosis,
endarteritis, microinfarcts, inflammatory infiltration, and
fibroblast proliferation.! Together with the maintained
kidney function, the protection from end-organ damage
may be derived from the preserved NO bioavailability.

Maintenance of NO production and protein abundance
in the kidney cortex of rats with malignant HTN in our
study are consistent with observations by Zuckerman et al.
who examined regional NO production in Wistar Kyoto rats
(WKY) and stroke-prone spontaneously hypertensive rats
(SHRSP).** They observed no difference in NO production
and NOS protein abundance in the cortex between WKY
and SHRSP on a regular diet despite a higher mean arte-
rial pressure (MAP) in the SHRSP.* In the SHRSP given a
high salt/stroke-prone diet, there was no further increase in
MAP vs. those on a regular diet after 16 weeks.>* However,
they showed a marked increase in NO production in all
regions of the kidney. Results from this study along with
our study results suggest that renal NO deficiency is not
associated with elevated BP in these two models of HTN.
Rather, renal NO production is elevated and may protect
both renal function (i.e., GFR in our studies) and renal
structure (i.e., malignant nephrosclerosis in Zuckerman
et al’s studies).

The major and novel conclusions that are derived
from this study are that preservation of antioxidant- and
NO-generating capacity in the renal cortex of Cyplal-Ren2
rats with ANG II-dependent malignant HTN are consistent
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with an important role of renal NO in preventing the ele-
vated ANG II levels from eliciting excessive reductions in
renal hemodynamic function in Cyplal-Ren2 TGRs with
ANG II-dependent malignant HTN.

SUPPLEMENTARY MATERIAL

Supplementary materials are available at American Journal
of Hypertension (http://ajh.oxfordjournals.org).
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