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Hypercholesterolemia Impairs Nonstenotic Kidney
Outcomes After Reversal of Experimental Renovascular

Hypertension

Dong Sun,’? Zhi Chen," Alfonso Eirin," Xiang-Yang Zhu," Amir Lerman,® Stephen C. Textor," and

Lilach O. Lerman'?3

BACKGROUND

Revascularization of a stenotic renal artery improves kidney function
only in select patients with renovascular hypertension (HT) secondary
to atherosclerosis. However, the effects of reversal of renovascular HT
(RRHT) on the nonstenotic kidney are unclear. We hypothesized that
concurrent hypercholesterolemia (HC) attenuates nonstenotic kidney
recovery.

METHODS

Female domestic pigs were randomized as Normal, renovascular HT,
HT+RRHT, HTC (renovascular HT and HC), and HTC+RHT (n = 7 each).
RRHT or sham was performed after 6 weeks of HT. Nonstenotic renal
blood flow, glomerular filtration rate, and injurious pathways were
studied 4 weeks later.

RESULTS
Mean arterial pressure increased similarly in HT and HTC and decreased
after RRHT. Oxidative stress increased in HT and HTC kidneys, and

Renovascular disease is the major cause of secondary hyper-
tension (HT),' which is most commonly caused by athero-
sclerosis. The prevalence of renovascular HT as an underlying
cause for end-stage renal disease is on the rise, especially in
the elderly population.?~* Hypercholesterolemia (HC), a sur-
rogate for early atherosclerosis, is a risk factor for renal func-
tional abnormalities.’ In both animal models and humans,
HT® and HC? may induce renal vascular dysfunction, glo-
merulosclerosis,*> and tubular damage,® largely increasing
production of oxygen radical species (ROS),* which may
in turn decrease bioavailability of nitric oxide (NO) and
increase activity of vasoconstrictors like endothelin (ET)-1
or thromboxane-A2. Furthermore, similar to patients with
chronic kidney disease, in whom comorbidities are impor-
tant independent drivers of the adverse outcomes,” concur-
rent HT and HC (HTC) modulate deterioration of renal
function in pigs.>8

decreased in HT+RRHT, but remained elevated in HTC+RRHT. Renal
interstitial fibrosis, glomerulosclerosis, and tubular injury were all
attenuated in HT+RRHT, but not HTC+RRHT. Endothelin-1 signal-
ing and PGF2a isoprostane levels were elevated in both HTC and
HTC+RRHT pigs.

CONCLUSIONS

RRHT reverses nonstenotic kidney injury in experimental renovascular
HT, but concurrent HC blunts regression of kidney injury, possibly due
to predominant vasoconstrictors and oxidative stress. These findings
reinforce the contribution of the nonstenotic kidney and of prevailing
cardiovascular risk factors to irreversibility of kidney dysfunction after
revascularization.
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tension; oxidative stress; renovascular hypertension.

doi:10.1093/ajh/hpv222

Both clinical trials and experimental studies have shown
that revascularization of a stenotic renal artery is often
unsuccessful in restoring renal function,’ particularly when
associated with atherosclerosis,'®!! which is often attrib-
uted to persistent damage in the stenotic kidney. For exam-
ple, reversal of renovascular HT (RRHT) partially restored
renal blood flow (RBF) and tissue oxygenation within the
poststenotic human kidneys, but not total glomerular filtra-
tion rate (GFR) or systemic inflammation.!? Yet, inadequate
regression of damage in the nonstenotic contralateral kidney
(CLK) may also contribute to incomplete restoration of renal
function after RRHT.

In particular, persistent exposure to enduring cardio-
vascular risk factors like HC after resolution of HT may
continue fueling intrarenal damage. Furthermore, a fall in
CLK GFR due to RRHT, without corresponding elevation of
stenotic-kidney GFR, might blunt improvement in GFR of
total renal mass. However, the fate of the nonstenotic HTC
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kidney after RRHT remains unclear, partly because of the
challenge in assessing single-kidney function. The present
study was designed to test the hypothesis that swine CLK
damage, exacerbated by HTC compared with HT, persists
after RRHT.

METHODS
Experimental design

All procedures were approved by the Institutional Animal
Care and Use Committee. Thirty-five juvenile female domes-
tic pigs (initially 3 months old and weighing 25-35kg) were
randomized as Normal (n = 7), renovascular HT (n = 14),
and HTC (n = 14). Normal and HT animals were fed normal
pig chow, and HTC pigs a high-cholesterol diet (2% choles-
terol and 15% lard, TD-93926, Harlan-Teklad).!?

Six weeks after initiation of diet (Figure 1), unilateral renal
artery stenosis was induced in HT and HTC pigs by placing
a local-irritant coil in the main renal artery, whereas normal
animals underwent sham angiography without coil place-
ment. Mean arterial pressure was subsequently measured by
a PhysioTel telemetry system (Data Sciences International,
St. Paul, MN) implanted at baseline in the left femoral
artery and averaged over the last few days before study
completion.!*

Six weeks after induction of renal artery stenosis, ani-
mals were anesthetized, the degree of stenosis determined
by angiography, and half the pigs in the HT and HTC
groups randomly selected for RRHT or sham. This protocol
resulted in 5 experimental groups (n = 7 each): Normal, HT,
HT+RRHT, HTC, and HTC+RRHT (Figure 1).

Four weeks later, CLK function was determined using
multidetector computed tomography. Prior to each in vivo
study, animals were anesthetized with intramuscular Telazol
(Fort Dodge Animal Health, New York, NY) (5mg/kg) and
xylazine (2mg/kg), intubated, and anesthesia maintained
with intravenous ketamine (0.2mg/kg/min) and xylazine
(0.03 mg/kg/min).

In vitro studies were subsequently performed to meas-
ure total and low-density lipoprotein cholesterol in plasma
(Roche), plasma renin activity (Radioimmunoassay;
DiaSorin, Stillwater, MN), serum creatinine (Arbor Assays,
Ann Arbor, MI), ET-1 (ELISA; R&D Systems), PGF2a iso-
prostane (ELISA; Cayman, Ann Arbor, MI), and circulat-
ing thromboxane-A2 levels (ELISA; R&D Systems, Cat#
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KGEO011). After completion of all studies, the pigs were
euthanized with sodium pentobarbital (100 mg/kg IV, Fort
Dodge Laboratories). Kidneys were sectioned and immedi-
ately shock-frozen in liquid nitrogen and stored at 80 °C, or
preserved in formalin.

Multidetector computed tomography studies

In anesthetized animals, the femoral artery was cath-
eterized, followed by a heparin bolus (5,000U). Under
fluoroscopic guidance, local-irritant coils were implanted
in the proximal-middle right renal artery, as previously
described.!!5 Using contrast-enhanced multidetector com-
puted tomography, nonstenotic regional RBF and GFR were
evaluated from time-intensity curves generated consequent to
a bolus of contrast media (iopamidol, 0.5 cc/kg, Omnipaque;
Novalplus, Princeton, NJ). Multidetector computed tomog-
raphy images were analyzed with ANALYZE (Biomedical
Imaging Resource, Mayo Clinic, MN). In each region of the
kidney, the parameters obtained from the vascular curve sec-
ondary to transit of a contrast bolus were used to calculate
cortical and medullary perfusion. RBF was calculated as the
sum of cortical and medullary blood flows (product of corti-
cal and medullary perfusion and volumes), and GFR from the
cortical proximal-tubular curve.!® The degree of stenosis was
calculated as the decrease in renal arterial luminal area.!”

Kidney tissue studies

Renal morphology in each pig was examined in representa-
tive 5-um-thick formalin-embedded sections stained with
trichrome. Interstitial and perivascular fibrosis were assessed
by a computer-aided image analysis program (AxioVision
4.8.2; Carl Zeiss Microscopy, Thornwood, NY). In each slide,
trichrome staining was semiautomatically quantified in 6-10
fields, expressed as fraction of kidney surface area, and the
results from all fields averaged. Tubular injury and glomerular
scores were measured as described previously.!*181? Oxidative
stress indicated by in situ production of superoxide anion was
quantified in 30-um dihydroethidium-stained slides.!®

Western blotting

Standard western blotting protocols were followed
using specific antibodies against total endothelial NO
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Figure 1. Schematic of the experimental design. Abbreviations: HT: hypertension; RRHT, reversal of renovascular HT; HTC, HT and hypercholesterolemia.
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synthase (eNOS; 1:1,000, Abcam), phosphorylated eNOS
(peNOS; 1:1,000, Cell Signaling), ET-1 (1:200, Santa Cruz),
Endothelin-1 ET, (Abcam, 1:5,000 ab117521) and ETjy
(Abcam, 1:5,000 ab117529) receptors, and caveolin-1 (CAV-
1; 1:1,000, Cell Signaling Technology). Protein expression
was determined in each animal, and the intensities of the
protein bands quantified and normalized for a GAPDH
(1:5,000, Abcam) loading control (except for peNOS/total
eNOS).

Statistical methods

Statistical analysis was performed using JMP soft-
ware package version 9.0 (SAS Institute, Cary, NC).
The Shapiro-Wilk test was used to test for deviation
from normality. Normally distributed variables were
expressed as mean + SD. Comparisons within groups
were performed using the paired Students t-test and
among groups using analysis of variance and unpaired
t-test with Tukey’s post hoc. For data that did not show a
Gaussian distribution, results were expressed as median
(range) and comparisons within and among the groups
performed using nonparametric tests (Wilcoxon and
Kruskal-Wallis, respectively) with Steel-Dwass post hoc.
All tests were 2-tailed, and P values < 0.05 were consid-
ered statistically significant.

RESULTS

Mean arterial pressure increased similarly in the HT and
HTC groups (Table 1, P < 0.05 both), but decreased in both
groups after RRHT, and was no longer significantly different
from Normal. Body weight and plasma renin activity levels
in the 5 groups were not significantly different, and serum
cholesterol and low-density lipoprotein levels were elevated
only in HTC and HTC+RRHT pigs (P < 0.05 each). Serum
creatinine levels did not differ among the groups (P = 0.131,
analysis of variance). ET-1 levels increased only in HTC
and HTC+RRHT pigs (P < 0.05 each). Circulating PGF2a
isoprostane levels increased in HT and HTC (both P < 0.05
vs. Normal), were not different than normal in HT+RRHT,
but remained elevated in HTC+RRHT (P = 0.04), whereas
circulating thromboxane-A2 levels increased only in HTC
(Figure 2C, P = 0.002).

Renal hemodynamics and function

The degree of renal artery stenosis in HT and HTC was
comparable (Table 1), and CLK RBF and GFR were ele-
vated in both (P < 0.05 each). After successful revasculari-
zation of the stenotic renal artery, RBF and GFR decreased
to normal levels in both HT+RRHT and HTC+RRHT (P
< 0.05 each). Cortical and medullary perfusion were not
significantly different among the 5 groups. Renal cortical
volume was elevated in HT and HTC (P < 0.05 vs. Normal,
both) and decreased in both groups after RRHT (P < 0.05
each). Differences among and between the groups per-
sisted after adjusting by body weight (see Supplementary
Table 1).

Renal tissue injury

Trichrome staining showed increased interstitial fibro-
sis in HT compared with Normal pigs (Figure 2, P < 0.01),
which was more severe in HTC kidneys (P = 0.01 vs. HT).
After RRHT, interstitial fibrosis in HT+RRHT kidneys
was no longer significantly different from Normal but
remained elevated in HTC+RRHT kidneys (P = 0.002 vs.
Normal; P = 0.001 vs. HT+RRHT). Contrarily, perivascu-
lar fibrosis was similarly elevated in HT, HT+RRHT, HTC,
and HTC+RRHT (P < 0.05 vs. Normal, each). Glomerular
score increased in HT and HTC kidneys (both P < 0.001 vs.
Normal), and decreased after RRHT in HT+RRHT (P = 0.02
vs. HT), but not in HTC+RRHT (P = 0.57 vs. HTC). Tubular
injury observed in HT and HTC (Figure 2, both P < 0.001
vs. Normal) decreased in HT+RRHT (P < 0.001 vs. HT), but
not in HTC+RRHT, which was significantly higher than in
HT+RRHT (P < 0.001). Similarly, dihydroethidium staining
was elevated in HT, HTC, and HTC+RRHT (P < 0.04 each)
but was restored in HT+RRHT (P = 0.04 vs. HT).

Compared with Normal, renal activation of eNOS
(expression of peNOS/eNOS) increased in only HT kidneys
(Figure 3A,B, P = 0.02 vs. Normal). Tissue expression of ET-1
increased in HTC and HTC+RRHT pigs (P = 0.05and P=0.03
vs. Normal, respectively). Expression of ET, was similar
among the groups, whereas ETy, expression decreased in HT
and HTC+RRHT compared to Normal (Figure 2A,D, P < 0.05
each). Consequently, ET,/ETj ratio increased in HT, HTC, and
HTC+RRHT pigs (all P < 0.05). Renal protein expression of
CAV-1 showed no differences among the 5 groups.

DISCUSSION

This study demonstrates that concurrent HC attenu-
ates the regression of nonstenotic kidney injury following
revascularization and reversal of swine renovascular HT.
Although CLK RBF and GFR were not different from nor-
mal in the HTC+RRHT kidney 1 month after RRHT, oxi-
dative stress, ET-1 expression, and ET,/ET}, expression ratio
remained upregulated, and persistence of tissue damage may
contribute to progression of renal injury.

Unilateral renal artery stenosis leads to ischemia and
excretory dysfunction in the poststenotic kidney.®® In the
nonstenotic kidney, long-standing HT induces vascular
and glomerular damage, including arteriolosclerosis and
glomerulosclerosis,® vascular injury, and tubular dysfunc-
tion,'*?! with a progressive decline in renal function. Indeed,
comorbid cardiovascular risk factors like diabetes and HC
increase CLK injury.?

HT and HTC are both characterized by increased oxida-
tive stress, and their coexistence augments ROS production
and renal dysfunction.!* Renal failure is less common in HT
than in HTC, suggesting that atherogenic factors contribute
to renal injury in HTC.?* In our HT and HTC models, both
systemic and nonstenotic kidney oxidative stress increased
(PGF2a isoprostane and dihydroethidium). However, after
RRHT, oxidative stress decreased in HT+RRHT pigs but
remained elevated in HTC+RRHT. Many forms of kidney
diseases are aggravated by increased oxidative stress,>*%
and its persistence in the HTC+RRHT kidney likely reflects
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Figure 2.

Renal tissue remodeling. (A) Representative renal trichrome, periodic acid Schiff (PAS), and dihydroethidium (DHE) staining (all x20). Renal

interstitial fibrosis, glomerulosclerosis, and tubular injury increased in renovascular hypertension (HT), and HT and hypercholesterolemia (HTC) kidneys.
After reversal of renovascular HT (RRHT), interstitial fibrosis and tubular injury decreased in HT, but not in HTC+RRHT (B, C, and E). Perivascular fibrosis
was similarly increased in the HT, HT+RRHT, HTC, and HTC+RRHT groups (D). DHE staining was elevated in HT, HTC, and HTC+RRHT, suggesting increased
oxidative stress, which decreased in HT+RRHT (F). *P < 0.05 vs. Normal; *P < 0.05 vs. HT; P < 0.05 vs. HT+RRHT. Scale bar = 50 pm.

ongoing tissue injury. In addition, HT and HTC kidneys
showed pronounced interstitial and perivascular fibrosis, as
well as glomerulosclerosis and tubular injury. After success-
ful RRHT, kidney injury declined in HT, but was again unre-
solved in HTC+RRHT pigs, possibly due to sustained HC,
oxidative stress, and vasoconstriction.

HC is considered a surrogate for early atherosclerosis,
and with coexisting HT magnifies tissue injury and fibrosis.
Interestingly, eNOS was activated in the HT kidney, pos-
sibly due to increased shear stress, but failed to increase
in HTC, possibly because HC reduces eNOS activation.?
Consequent deficiency in the protective effects of NO may
lead to inflammation, thrombogenesis, vasoconstriction,
and elevated prevalence of ROS. Increased generation of
ROS can in turn result in predominance of renal vaso-
constrictors, enhanced renal vascular tone, and premature

senescence.”’ Furthermore, HC upregulates the expression
of ET-1,%?° a potent vasoconstrictor and mitogenic pep-
tide that contributes to the pathogenesis and maintenance
of HT, oxidative stress, and inflammation. In this study,
systemic and nonstenotic kidney ET-1 increased in HTC
and remained elevated in HTC+RRHT, which might have
aggravated kidney fibrosis and tubular injury. The physio-
logical actions of the ET peptides may be mediated through
changes in the ratio of the ET, and ETjy receptor sub-
types.’® While the expression of ET, was unchanged, ET}
expression decreased in HT and HTC+RRHT compared
to Normal. Consequently, ET,/ET} ratio increased in HT,
HTC, and HTC+RRHT pigs, suggesting that ET, remained
the dominating receptor subtype.’! These data implicate
ET-1 signaling in kidney injury after RRHT. On the other
hand, thromboxane-A2 enhances ROS, ET-1, microvascular
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Figure 3. Western blotting and ELISA results. (A) Western bands in the experimental groups (5 bands per group) normalized to GAPDH or to total
endothelial nitric oxide synthase (eNOS) (phosphorylated eNOS, peNOS). (B) Renal activation of eNOS increased only in HT kidneys. Endothelin-1 (ET-1)
expression increased in HTC and HTC+RRHT pigs, while caveolin-1 (CAV-1) protein expression showed no differences among the 5 groups. (C) Expression of
ET, was similar among the groups, whereas ET; expression decreased in HT and HTC+RRHT compared to Normal. Consequently, ET,/ETj ratio increased in
HT, HTC, and HTC+RRHT pigs. *P < 0.05 vs. Normal. Abbreviations: HT, hypertension; HTC, HT and hypercholesterolemia; RRHT, reversal of renovascular HT.

remodeling, and contractility in mice with chronic kidney
disease,*? but its systemic levels that were elevated in HTC
fell after revascularization, linking it primarily to the HT
that was resolved.

Limitations

We used young animals with short duration of disease
and no additional comorbidities. This might limit the clini-
cal translation power of our observations. Nevertheless, this
study has a number of strengths. Our swine model repro-
duces the effects of early HT and HTC, and allows studying
single-kidney function and structure using clinically applica-
ble tools, offering the opportunity to assess the difference of
RRHT to HT and HTC. Our tomographic imaging allowed
quantification of individual kidney hemodynamics and func-
tion and demonstrated the blunted efficacy of RRHT in HTC.

In conclusion, this study demonstrates that HT'C induces
systemic and renal oxidative stress and elicits renal injury
and dysfunction. RRHT alone can attenuate the nonsten-
otic kidney injury in experimental renovascular HT, but
fails to reverse it in HTC, possibly due to enduring HC and

858 American Journal of Hypertension 29(7) July 2016

persistent oxidative stress and activation of ET-1 signaling.
RRHT leads to a decrease in compensatory hypertrophy and
hyperfiltration in the nonstenotic HTC kidney but fails to
achieve complete regression of tissue injury. Possibly, drugs
like HMG CO-A inhibitors might not only lower cholesterol
levels but also improve kidney outcomes by their pleiotropic
effects.® Taken together, these observations suggest a need
for multipronged approach to blunt underlying mechanisms
in order to halt progressive loss of renal function in athero-
sclerotic renovascular disease.

SUPPLEMENTARY MATERIAL

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