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Aims The mechanisms responsible for renal injury in atherosclerotic renovascular disease (ARVD) are incompletely under-
stood, and few therapeutic options are available to reverse it. We hypothesized that chronic renal damage involves mito-
chondrial injury, and that mitochondrial protection would reduce renal fibrosis and dysfunction in ARVD pigs.

Methods
and results

Domestic pigs were studied after 10 weeks of ARVD or sham, treated for the last 4 weeks with daily subcutaneous injec-
tions (5 days/week) of vehicle or Bendavia (0.1 mg/kg), a tetrapeptide that preserves cardiolipin content in the mitochon-
drial inner membrane. Single-kidney haemodynamics and function were studied using fast-computer tomography,
oxygenation using blood oxygen level-dependent magnetic resonance imaging, microvascular architecture, oxidative
stress, and fibrosis ex vivo. Cardiolipin content was assessed using mass spectrometry and staining. Renal endothelial func-
tion was studied in vivo and ex vivo. In addition, swine renal artery endothelial cells incubated with tert-butyl hydroperoxide
werealso treated with Bendavia. Stenotic-kidney renal bloodflow (RBF) and glomerularfiltration rate (GFR) decreased in
ARVD + Vehicle compared with normal (318.8+61.0 vs. 553.8+82.8 mL/min and 48.0+4.0 vs. 84.0+ 3.8 mL/min,
respectively) associated with loss of cardiolipin, intra-renal microvascular rarefaction, and hypoxia. Bendavia restored
cardiolipin content in ARVD and improved vascular density, oxygenation, RBF (535.1+ 24.9 mL/min), and GFR
(86.6+11.2 mL/min). Oxidative stress and fibrosis were ameliorated, and renovascular endothelial function normalized
both in vivo and in vitro.

Conclusion Preservation of mitochondrial cardiolipin attenuated swine stenotic-kidney microvascular loss and injury, and improved
renal oxygenation, haemodynamics, and function. These observations implicate mitochondrial damage in renal deterior-
ation in chronic experimental ARVD, and position the mitochondria as a central therapeutic target.
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1. Introduction
Atherosclerotic renovascular disease (ARVD), a frequent cause of sec-
ondary hypertension in elderly individuals, conveys a significant risk for
cardiovascular disease, as well as progression to chronic renal failure. Im-
portantly, patients with ARVD exhibit considerable cardiovascular mor-
tality, warranting the development of therapeutic interventions capable
of protecting the kidney in this population.1 The mechanisms respon-
sible for irreversible kidney damage distal to a stenosis have not been
fully elucidated, but seem to continue relentlessly even upon removal
of the instigating injury. Hence, the negative clinical trials that show
little benefit of revascularization alone in a growing population of

patients with ARVD create a cohort of patients with few therapeutic
options to arrest kidney injury.2

Mitochondria produce 90% of cellular energy, sense levels of oxygen
in the blood, and modulate the vasodilatory responsemediated byendo-
thelial nitric oxide.3 Moreover, increased mitochondrial production of
intracellular reactive oxygen species (ROS) leads to vasoconstriction,
compromising the renal microvasculature.4 Cardiolipin is a bisphospha-
tidyl glycerol lipid exclusively distributed in the inner mitochondrial
membrane that regulates multiple mitochondrial activities, including
electron transport chain (ETC) assembly and function, ATP biosyn-
thesis, and apoptosis.5 –7 Peroxidation and consequent loss of cardioli-
pin in ischaemia destabilizes the ETC, and triggers mitochondrial ROS
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production,8 opening of the mitochondrial permeability transition pore
(mPTP), and release of cytochrome-c, thereby instigating apoptosis and
oxidative damage.9,10 Thus, treatment strategies aimed to stabilize car-
diolipin and protect mitochondria might attenuate progression to
microvascular damage and dysfunction in the post-stenotic kidney.

Bendavia is a novel tetrapeptide that selectively and transiently con-
centrates in the inner mitochondrial membrane, where it binds to and
stabilizes cardiolipin, facilitating efficient electron transport and prevent-
ing apoptosis.11 Experimental studies have shown that Bendavia attenu-
ates apoptosis and reperfusion injury associated with cardiovascular
insults, and improves cardiac function and performance in several
chronic models of heart failure.12 –14 Furthermore, this strategy
decreased renal fibrosis and oxidative stress in rats with unilateral ur-
eteral obstruction15 and in mice with acute ischaemia–reperfusion
injury,16 suggesting an important potential in ameliorating kidney
injury in rodents.

We have recently shown that mitochondrial protection during revas-
cularization by adjunct infusion of Bendavia preserved renal haemo-
dynamics and function, and attenuated tissue injury in a swine model
of ARVD, possibly by decreasing acute ischaemia–reperfusion
injury.17 However, whether mitochondrial dysfunction contributes to
chronic renal remodelling and dysfunction in ARVD remains to be elu-
cidated. This study tested the hypothesis that cardiolipin stabilization
and protecting mitochondrial function would reduce stenotic-kidney
fibrosis and improve renal and vascular function in chronic non-
revascularized experimental ARVD.

2. Methods
Twenty-eight female domestic pigs were studied after 16 weeks of observa-
tion (see Supplementary material online, Figure S1) after approval of the
Mayo Clinic Institutional Animal Care and Use Committee.

At baseline, pigs were randomized in two groups of ARVD and normal
controls (n ¼ 14 each). While normal pigs were fed regular pig chow,
ARVD pigs started a high cholesterol diet (see Supplementary material
online, Table S1) in order to simulate the clinical situation in which diffuse
early atherosclerosis precedes the stenosis.

Six weeks later, pigs were anaesthetized with 0.25 g of intramuscular tile-
tamine hydrochloride/zolazepam hydrochloride and 0.5 g of xylazine, and
anaesthesia was maintained with intravenous ketamine (0.2 mg/kg/min)
and xylazine (0.03 mg/kg/min). Renal artery stenosis was induced in ARVD
pigs by placing a local-irritant coil in the main right renal artery, which
leads to its gradual narrowing, as previously described.17 Normal pigs under-
went a sham procedure.

Six weeks later, animals were similarly anaesthetized and the degree of
stenosis determined by angiography (see Supplementary material online,
Figure S2). A sham procedure was performed in all pigs. In addition, seven
ARVD and seven normal pigs started treatment with chronic subcutaneous
injection of Bendavia (MTP-131, SS-31, Stealth Peptides, Newton Centre,
MA, USA), 0.1 mg/kg in 1 mL of phosphate-buffered saline (PBS) once
daily 5 days/week. A PBS vehicle was injected in the remaining seven
ARVD and seven normal pigs.

Four weeks later, the pigs were again similarly anaesthetized. The degree
of stenosis was determined by angiography, and both systemic and renal
venous blood samples collected for plasma renin activity (PRA), serum cre-
atinine (both DiaSorin, Stillwater, MN, USA), and isoprostanes (enzyme im-
munoassay) measurements. Renal haemodynamics and function in each
kidney were assessed using multi-detector computer tomography
(MDCT), and renal oxygenation by blood oxygen level-dependent magnetic
resonance imaging (BOLD-MRI).

After completion of all in vivo studies and 30–60 min after the last dose of
Bendavia, pigs were euthanized with a lethal intravenous dose of sodium
pentobarbital (100 mg/kg). The kidneys were dissected, and sections
frozen in liquid nitrogen (and maintained at 2808C), prepared for micro-
computer tomography (CT), or preserved in formalin for in vitro studies.
Distal branches of the stenotic renal artery were dissected and placed in
control solution for in vitro endothelial function studies.

2.1 In vivo studies
After 4 weeks of treatment, BOLD-MRI was performed at 3 T to measure
the medullary and cortical relaxivity index R2*.

One to two days later, stenotic-kidney cortical and medullary perfusions,
renal blood flow (RBF), and glomerular filtration rate (GFR) were assessed
using MDCT, which provide reliable and reproducible single-kidney mea-
surements.18 Baseline measurements were repeated after 15 min towards
the end of a 10-min suprarenal intra-aortic infusion of acetylcholine (Ach,
5 mg/kg/min) to test endothelium-dependent microvascular reactivity.

2.2 In vitro studies
2.2.1 Mitochondrial remodelling
Cardiolipin content was assessed by both mass spectrometry and staining, as
well as mRNA expression of the cardiolipin regulators tafazzin (Taz)-1 and
acyl-CoA:lysocardiolipin acyltransferase (ALCAT)-1.

2.2.2 Kidney injury mechanisms
Apoptosis was evaluated in stenotic-kidney sections by the terminal
deoxynucleotidyl transferase-mediated dUTP nick end labelling (TUNEL)
and activated caspase-3 staining, as well as renal protein expression of
B-cell lymphoma-extra large (Bcl-xl) and Bcl2-associated X protein (Bax).

Renal redox status was evaluated by the in situ production of superoxide
anion, detected by fluorescence microscopy using dihydroethidium (DHE),
and by the expression of the radical-forming enzyme nicotinamide adenine
dinucleotide phosphate hydrogen (NAD(P)H)-oxidase subunits p47 and
p67.19

Tubular injury was scored (0–5) in renal tissue sections as described.17.
Trichrome and collagen IV staining were semi-automatically quantified.

Glomerular scorewasalsoquantified.20 Renal expression ofplasminogen ac-
tivator inhibitor (PAI)-1, tissue inhibitor of metalloproteinase (TIMP)-1, and
transforming growth factor (TGF)-b was determined by western blot.21

2.2.3 Microvascular architecture
Microvascular architecture was assessed using a micro-CT scanner. The
spatial density, size, and tortuosity of microvessels in the inner, middle,
and outer thirds of the renal cortex were calculated using AnalyzeTM. In add-
ition, renal expression of vascular endothelial growth factor (VEGF) and
angiopoietin-1 was measured by western blot.17

2.2.4 Vascular endothelial function ex vivo
Dissected stenotic-kidney renal artery sections (n ¼ 8/pig, 7 pigs/group)
were progressively contracted with endothelin-1 (1027 M) and increasing
concentrations of Ach (1029–1024 M) were administered to evaluate
endothelium-dependent relaxation, or endothelium-independent vasodila-
tion with sodium nitroprusside (SNP, 1029–1024 M). Cardiolipin staining,
apoptosis (TUNEL), production of superoxide anion (DHE), and endothelial
nitric oxide synthase (eNOS) expression were assessed in these sections.

2.2.5 Endothelial cell studies
In vitroexperiments wereperformed inprimary culturesof swine renal artery
endothelial cells (RAECs). RAECs were isolated from a normal animal, pas-
saged several times, and used for different experiments at different times.
First, cells were characterized by the expression of the endothelial
markers CD31 and Von Willebrand factor (see Supplementary material
online, Figure S3) and then RAECs were cultured and maintained at 378C
in endothelial culture media. Then, RAECs were divided into four groups
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(six wells per group), which were grown in 24-well plates untreated or
treated with either Bendavia 1 nM, tert-butyl hydroperoxide (tBHP)
30 mM that causes lipid peroxidation and mitochondrial dysfunction,11,22

or tBHP + Bendavia for 6 h. Expression of caspase-3, nitrotyrosine, and
phosphorylated eNOS was measured by western blot (six wells per group).

In addition, a different batch of RAECs from a similar passage were grown
in staining chamber slides, untreated or treated with either Bendavia, tBHP,
or tBHP + Bendavia at the same concentration and incubation time. These
cells were subsequently stained for cardiolipin, caspase-3, DHE, and eNOS.
The viability of RAEC was studied by trypan blue staining.

2.3 Statistical methods
Statistical analysis utilized the JMP software package. Results were expressed
as mean+ standard deviation. All studies included seven pigs/group, except
for immunoblots (n ¼ 6 pigs/group). Comparisons among and between the
groups were performed by parametric (ANOVA and unpaired Student’s
t-test) and non-parametric (Wilcoxon and Kruskal–Wallis) tests when ap-
propriate. A P-value of ≤0.05 was considered statistically significant.

For detailed Methods, see Supplementary material online.

3. Results
All ARVD animals achieved significant degrees of stenosis and renovas-
cular hypertension (Table 1, all P ≤ 0.05 vs. normal). Serum creatinine
was higher in ARVD + Vehicle compared with normal, but improved
in Bendavia-treated pigs. Systemic isoprostane levels remained elevated
in both ARVD groups. Total, high-density lipoprotein, and low-density
lipoprotein cholesterol levels were elevated in both ARVD + Vehicle
and ARVD + Bendavia compared with normal. Stenotic-kidney volume,
perfusion,RBF, andGFRwerereduced inARVD + Vehicle, but restored
to normal levels in ARVD + Bendavia pigs (Table 1). Furthermore, RBF
and GFR responses to Ach were both attenuated in ARVD + Vehicle
compared with normal (P ¼ 0.034 and 0.002, respectively, vs. normal),

but not in ARVD + Bendavia (P ¼ 0.22 and 0.13, respectively, vs.
normal). Cortical and medullary R2* values were elevated in ARVD +
Vehicle compared with normal (P ¼ 0.014 and 0.007, respectively), sug-
gesting hypoxia, which was normalized in Bendavia-treated ARVD
(Figure 1).

3.1 Mitochondrial remodelling
Renal total cardiolipin content was decreased in ARVD + Vehicle but
restored to normal levels in ARVD + Bendavia (Figure 2A) as were car-
diolipin expression and staining intensity (Figure 2B). The most promin-
ent molecular species affected were the tetra-linoleoyl (C18:2) followed
by tetra-oleoyl (C18:1) cardiolipin, both normalized in ARVD + Bend-
avia (see Supplementary material online, Table S2 and Figure S4). Expres-
sion of taz-1 mRNA did not differ among the groups, whereas ALCAT-1
was down-regulated in ARVD + Bendavia animals (Figure 2C, P ¼ 0.003
vs. normal, P ¼ 0.006 vs. ARVD + Vehicle).

3.2 Kidney injury mechanisms
The numbers of cells positive for TUNEL and caspase-3 were elevated in
ARVD + Vehicle compared with normal, yet normalized in ARVD +
Bendavia (Figure 2D). Renal expression of Bax was similarly elevated in
all ARVD pigs compared with normal, but Bendavia up-regulated the ex-
pression of Bcl-xl in ARVD (Figure 2E), and thus normalized Bax/Bcl-xl
ratio in ARVD + Bendavia pigs (P ¼ 0.79 vs. Normal + Vehicle).

In situ production of superoxide anion that increased in the post-
stenotic ARVD kidney was normalized in ARVD + Bendavia (Figure 3A).
Renal p47 (but not p67) expression was also restored in ARVD +
Bendavia (Figure 3B).

Tubular injury scorewas elevated in bothARVD groups, yet improved
in ARVD + Bendavia (Figure 3C). Immunostaining of collagen IV was
elevated in ARVD, but normalized in ARVD + Bendavia (Figure 3D),
and both tubulointerstitial fibrosis and glomerular score improved
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Table 1 Systemic characteristics, single-kidney haemodynamics, and function in study groups (n 5 7 each) at 16 weeks

Parameter Normal 1 Vehicle NORMAL 1 Bendavia ARVD 1 Vehicle ARVD 1 Bendavia

Degree of stenosis (%) 0 0 89.8+5.2* 81.0+5.3*

Body weight (kg) 51.8+3.6 49.8+8.2 55.8+1.8 58.4+6.3

Mean blood pressure (mmHg) 82.2+41.6 84.4+23.7 122.7+8.9* 123.4+4.4*

Serum creatinine (mg/dL) 1.5+0.2 1.5+0.1 1.9+0.3* 1.7+0.3

Plasma renin activity (ng/mL/h) 0.16+0.08 0.13+0.11 0.16+0.11 0.19+0.08

Isoprostane (pg/mL) 120.4+12.3 112.7+14.9 201.2+40.6* 194.4+30.2*

Total cholesterol (mg/dL) 92.5+20.6 84.8+6.9 487.3+53.9* 563.0+97.0*

HDL cholesterol (mg/dL) 42.8+16.3 48.2+6.4 180.4+58.6* 196.8+47.1*

LDL cholesterol (mg/dL) 48.2+11.0 34.8+6.3 305.2+77.9* 384.5+142.1*

Triglycerides (mg/dL) 8.0+2.4 9.2+3.8 9.6+8.5 5.8+2.8

Renal volume (cm3) 102.9+4.0 96.1+6.3 66.4+6.3*,† 104.9+3.3

Cortical perfusion (mL/min/cm3) 4.5+0.5 4.0+0.3 3.1+0.2*,† 4.4+0.2

Medullary perfusion (mL/min/cm3) 3.0+0.3 2.5+0.6 1.3+0.3*,† 2.9+0.4

RBF (mL/min) 553.8+82.8 589.7+71.8 318.8+61.0*,† 535.1+24.9

GFR (mL/min) 84.0+3.8 75.8+6.8 48.0+4.0*,† 86.6+11.2

DRBF acetylcholine (mL/min) 178.4+63.2 184.5+60.7 33.1+11.2*,† 92.0+14.0

DGFR acetylcholine (mL/min) 20.7+2.3 17.1+2.2 5.4+2.6*,† 13.7+3.5

ARVD, atherosclerotic renovascular disease; HDL, high-density lipoprotein; LDL, low-density lipoprotein; RBF, renal blood flow; GFR, glomerular filtration rate.
*P ≤ 0.05 vs. Normal + Vehicle.
†P ≤ 0.05 vs. ARVD + Bendavia.
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(Figure 4A). TGF-b remained up-regulated, but renal expression of PAI-1
and TIMP-1 was normalized in ARVD + Bendavia (Figure 4B).

PRA was similar among the groups, as typical to chronic untreated
ARVD.23

3.3 Microvascular remodelling
The spatial density of small (0.02 mm) microvessels in the inner cortex
was similarly low in ARVD + Vehicle and ARVD + Bendavia animals.
However, the number of small outer cortical microvessels slightly
improved in Bendavia-treated pigs (Figure 5A) and microvascular tortu-
osity was normalized (Figure 5B). Renal expression of VEGF was
blunted in ARVD, but markedly up-regulated by Bendavia, as was the
expression of angiopoietin-1 (Figure 5C).

3.4 Vascular endothelial function ex vivo
The vasorelaxation response to Ach in renal vessels of ARVD + Vehicle
pigs was attenuated, but normalized in ARVD + Bendavia (Figure 6A),
whereas the response to SNP was unaltered.

Cardiolipin expression was decreased in ARVD renal artery rings, but
improved in ARVD + Bendavia (Figure 6B, P ¼ 0.001 vs. ARVD +
Vehicle). The number of TUNEL+ cells was elevated in renal artery
segments from ARVD + Vehicle animals, but normalized in ARVD +
Bendavia (P ¼ 0.81 vs. normal), while superoxide production
decreased, although not normalized. Furthermore, eNOS immunoreac-
tivity thatwasdown-regulated in the stenotic renal artery from ARVD +
Vehicle pigs was preserved in pigs treated with Bendavia (Figure 6B).

3.5 RAEC studies
Incubation with tBHP decreased RAEC cardiolipin expression, which
returned to normal levels upon co-incubation with Bendavia (Figure 7A).
Incubation with tBHP decreased the viability of RAEC (RAEC +
tBHP¼ 68.4%) compared with untreated RAEC (94.0%), while concur-
rent treatment with Bendavia protected against tBHP-induced cytotox-
icity (RAEC + tBHP + Bendavia¼ 89.7%). The number of caspase-3+
cells and its expression rose in RAEC + tBHP, but normalized in
RAEC + tBHP + Bendavia (Figure 7A and B, P ≤ 0.001 vs. RAEC +
tBHP). Similarly, the elevated in situ production of superoxide anion and
nitrotyrosine expression in RAEC + tBHP declined in RAEC +
tBHP + Bendavia cells (Figure 7A and B). Finally, eNOS immunoreactivity

and phosphorylated eNOS expression improved in cells co-incubated
with Bendavia (Figure 7A and B).

3.6 Contralateral kidney
Cardiolipin expression and staining intensity in the contralateral kidney
remained unchanged (see Supplementary material online, Figure S5A).
Renal volume was similarly increased in the non-stenotic kidney of
both ARVD groups compared with normal (see Supplementary material
online, Table S3). GFR was comparably decreased in the contralateral
kidney of ARVD + Vehicle and ARVD + Bendavia pigs, and cortical
and medullary R2* values similarly elevated (see Supplementary material
online, Figure S5B). Tubular injury and tubulointerstitial fibrosis in the
contralateral kidney were similar among the groups (see Supplementary
material online, Figure S5C and D). Finally, contralateral kidney (CLK)
responses to Ach both in vivo (DRBF) and in vitro (renal artery rings)
were similar among the groups (see Supplementary material online,
Table S3 and Figure S5E).

4. Discussion
Our study demonstrates that, in ARVD, the post-stenotic kidney exhi-
bits loss of mitochondrial inner membrane cardiolipin that contributes
to kidney injury and dysfunction. Indeed, despite sustained renal artery
stenosis and renovascular hypertension, mitochondrial protection and
restoration of cardiolipin content decreased apoptosis and oxidative
stress andattenuatedmicrovascular loss in thepost-stenotic kidney. Fur-
thermore, this strategy normalized renal and endothelial function in vivo
and ex vivo, improved renal oxygenation, and attenuated tubular damage
and fibrosis. These results underscore the direct contribution of mito-
chondrial dysfunction to the pathogenesis of ARVD, and reveal a
unique potential of mitochondrial-targeted therapies for preserving
the ischaemic kidney in chronic experimental ARVD.

Atherosclerotic occlusion of the renal artery remains an important
cause of chronic kidney failure in elderly patients and is frequently asso-
ciated with serious cardiovascular complications.1 Despite advances in
diagnostic and interventional therapies, the underlying mechanisms
and management regimens for ARVD patients remain controversial.
Furthermore, the multi-factorial pathogenic mechanisms responsible

Figure 1 Stenotic-kidney BOLD-MRIs showing hypoxic regions (red), and quantification of R2* in the cortex and medulla (n ¼ 7/group).
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Figure 2 (A) Stenotic-kidney cardiolipin content decreased in ARVD, but was restored in ARVD + Bendavia (n ¼ 7/group). (B) Fluorescent staining for
cardiolipin (red) and cytokeratin (green) confirmed decreased renal expression and staining intensity in ARVD,which wasnormalized in ARVD + Bendavia
(n ¼ 7/group). (C) Expression of Taz-1 mRNA was unaltered, whereas ALCAT-1 was down-regulated in ARVD + Bendavia (n ¼ 7/group). (D) The
numbers of TUNEL+ and caspase-3+ cells were elevated in ARVD, yet normalized in ARVD + Bendavia (n ¼ 7/group). (E) Renal protein expression
and ratio of Bax and Bcl-xl (n ¼ 6/group).

Mitochondria in renovascular disease 465



for disease progression challenge the development of effective interven-
tions to treat these patients.24

4.1 Bendavia: cellular targets and
mechanisms of protection
The kidney is highly dependent on adequate function of the mitochon-
dria that play a key role in cellular energy supply, particularly to renal
tubular cells due to their transport activity.25 Cardiolipin is a phospho-
lipid uniquely located in the inner mitochondrial membrane, where it
interacts with multiple mitochondrial proteins and enzymes involved
in ETC assembly and function, ATP synthesis, and apoptosis.5 –7

Furthermore, cardiolipin modulates the stability and function of respira-
tory chain supercomplexes, higher-order structures that facilitate elec-
tron transfer, optimizing bioenergetic efficiency.26 Therefore, strategies
aimed to preserve cardiolipin might have an impact on cell function and
survival.

Bendavia (MTP-131, an analogue of SS-31) is a novel cell-permeable
tetrapeptide that selectively concentrates in the inner mitochondrial
membrane, where it stabilizes cardiolipin and prevents its peroxida-
tion.11,27 This manoeuvre sustains mitochondrial bioenergetics, and
attenuates apoptosis and oxidative stress in numerousmodels of cardio-
vascular disease and acute kidney injury.12,13 We have recently shown

Figure 3 (A) Renal production of superoxide anion (DHE) was increased in ARVD and attenuated by Bendavia (n ¼ 7/group). (B) Renal expression of
p47 was restored in Bendavia-treated ARVD (n ¼ 6/group). Tubular injury score (C, H&E) and collagen IV immunostaining of (D) were elevated in both
ARVD groups, yet improved in ARVD + Bendavia (n ¼ 7/group).
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that infusion of Bendavia during revascularization of the stenotic renal
artery in swine ARVD reduced acute kidney injury and subsequent
microvascular rarefaction and renal remodelling, thereby improving
revascularization outcomes.17 The current study extends our previous
observations by revealing the capacity of mitoprotection to attenuate
chronic renal injury and dysfunction in non-revascularized ARVD pigs.

Mitochondrial protection in our model is illustrated by normalization
of cardiolipin content. Cardiolipin synthesized in the mitochondria
undergoes continuous remodelling, governed by taz-1 and ALCAT-1
in the inner and outer mitochondrial membranes, respectively. Taz-1,
an enzyme that mediates the late steps in the cardiolipin biosynthesis
pathway, maintains optimal cardiolipin content and acyl-chain compos-
ition.28 In contrast,ALCAT-1 is amajor regulatorof abnormal cardiolipin
remodelling, leading to oxidative stress and mitochondrial dysfunc-
tion.29 This study demonstrates that despite unchanged mRNA

expression of taz-1, Bendavia decreased mRNA expression of
ALCAT-1, suggesting that Bendavia attenuates primarily pathological re-
modelling of cardiolipin.

Cardiolipin regulates apoptotic cell death by interacting with pro-
teins involved in the permeabilization of the mitochondrial mem-
branes. In addition to supporting the recruitment, oligomerization,
and processing of caspase-8, cardiolipin binds Bid and t-Bid, inducing
Bax activation and the subsequent outer mitochondrial membrane per-
meabilization.30 Under normal conditions, cardiolipin interacts with
cytochrome-c in the inner mitochondrial membrane, regulating its
peroxidase capabilities. Oxidative damage of cardiolipin sensitizes
mitochondria to calcium inducing the formation of the mPTP and
the release of cytochrome-c to the cytosol. In the current study,
Bendavia-induced restoration of cardiolipin decreased apoptosis, dis-
closed by the decreased number of TUNEL- and caspase-3-positive

Figure 4 (A) Tubulointerstitial fibrosis and glomerular score (trichrome) improved in ARVD + Bendavia (n ¼ 7/group). (B) Renal expression of TGF-b
remained up-regulated, but expression of PAI-1 and TIMP-1 was normalized in Bendavia-treated ARVD pigs (n ¼ 6/group).
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cells and Bax/Bcl-xl, possibly by preventing mPTP opening and release
of cytochrome-c.

Mitochondria are major sites of superoxide production, which is cat-
alysed primarily by NAD(P)H oxidase, a multi-subunit enzyme system
that transfers electrons from NADPH and couples them to molecular
oxygen.31 Both the p47 and p67 subunits, located in the cytosol, are
required to activate the membrane-bound NAD(P)H oxidase. Bendavia
decreases oxidative stress and renal damage in rats with unilateral ur-
eteral obstruction15 or with contrast media-induced acute kidney
injury.32 This study corroborates these findings by showing that mito-
chondrial protection blunted renaloxidative stress, reflected by normal-
ized production of superoxide anion. Interestingly, Bendavia normalized
p47 (albeit not p67) expression, implicating it in modulating the assembly

of NADPH oxidase regulatory subunits. Notably, circulating levels of
isoprostanes remained elevated, possibly secondary to sustained hyper-
cholesterolaemia, arguing against major contribution of mitochondrial
dysfunction to systemic oxidative stress under these conditions.

Our group has previously demonstrated that increased oxidative
stress in the swine stenotic kidney is associated with downregulated
VEGF expression, cortical microvascular loss, and fibrosis.4 Chade and
Kelsen have shown that infusion of VEGF into the stenotic kidney of
non-atherosclerotic RVD pigs improved renal function by stimulating
microvascular proliferation and repair.33,34 In the current study, mito-
protection slightly improvedmicrovascular spatial densityandangiogenic
activity (VEGF), implying improvement in the renal microvasculature.
Furthermore, Bendavia improved vessel maturity, disclosed by

Figure5 (A)Representative3Dmicro-computed tomography images of thepig kidneyandquantificationof spatial densityof size-specificmicrovessels in
the inner and outer cortex (n ¼ 7/group). (B) Tomographically isolated vessels and quantification of their tortuosity (n ¼ 7/group). (C) Renal protein
expression of VEGF and angiopoietin-1 was up-regulated in ARVD + Bendavia pigs (n ¼ 6/group).
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decreased tortuosity, and up-regulated renal expression of
angiopoietin-1. Angiopoietin-1 acts in concert with VEGF to boost neo-
vascularization, by promoting the formation of mature and functional
microvessels.35 Importantly, spatial density of microvessels in the
outer cortex correlates directly with single-kidney GFR, suggesting
that microvascular remodelling in this region is a critical determinant
of renal dysfunction in ARVD.20 Furthermore, Bendavia decreases
renal fibrosis by normalizing collagen IV deposition, and the expression
of PAI-1 and TIMP-1, major contributors to renal disease progression in
ARVD.24 Remarkably, mitoprotection also normalized cortical and me-
dullary oxygenation, possibly secondary to improved microvascular
density and endothelial function and thereby the integrity of the renal
tubules. Renal hypoxia leads to fibrosis and capillary rarefaction, creating
a vicious cycle that reduces oxygen delivery.19 These data are consistent
with previous studies showing that Bendavia reduces cardiac micro-
vascular injury associated with the no-reflow phenomenon,13 as well
as renal tubulointerstitial injury and fibrosis, uncovering its potential to
attenuate downstream scarring.15,32

Renal volume, perfusion, RBF, GFR, and serum creatinine were also
all normalized in ARVD + Bendavia compared to ARVD + Vehicle,
despite similar blood pressure. The lack of effect on hypertension in
ARVD + Bendavia suggests the recruitment of additional pressor

mechanisms,36 like systemic oxidative stress (circulating isoprostanes)
that remained elevated, possibly secondary to sustained systemic hyper-
cholesterolaemia. In addition, the unchanged degree of stenosis (trigger-
ing a fall in perfusion pressure) might have activated the local renin–
angiotensin system. Contrarily, ameliorated intra-renal apoptosis,
oxidative stress, and fibrosis, which promote kidney disease,24 might
have improved function in the ARVD kidney.24 Additionally, microvas-
cular proliferation might have attenuated renal vascular resistance
distal to the stenosis, improving RBF and GFR. Moreover, preserved
stenotic-kidney RBF responses to Ach indicated improved renal micro-
vascular endothelial function, confirmed ex vivo in macrovascular seg-
ments. Improved endothelial function may be attributed to augmented
availability of nitric oxide (normalized eNOS immunoreactivity) in
ARVD + Bendavia, possibly secondary to mitoprotection that reduced
apoptosis and oxidative stress, denoted by up-regulated cardiolipin
expression.

Indeed, studies in endothelial cells incubated with tBHP (that causes
lipid peroxidation and mitochondrial dysfunction22) confirmed that res-
toration of cardiolipin content decreased apoptosis and oxidative stress.
Finally, cells treated with Bendavia showed increased expression of
eNOS, supporting a direct effect of mitochondrial protection to
improve bioavailability of nitric oxide.

Figure 6 (A) Endothelial-dependent (left) and independent (right) relaxation responses of renal arterial segments from normal and ARVD pigs (chron-
ically treated with Bendavia or Vehicle) to Ach and SNP (n ¼ 7/group). (B) Quantification of cardiolipin expression (10N-nonyl acridine orange), apoptosis
(TUNEL), DHE (n ¼ 7/group), and eNOS immunoreactivity (n ¼ 6/group) in stenotic-kidney artery sections. *P ≤ 0.05 vs. Normal + Vehicle, †P ≤ 0.05
vs. ARVD + Bendavia.
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Figure 7 (A) Cardiolipin expression decreased in RAECs isolated from a normal animal and treated with tBHP, but was preserved in cells co-incubated
with Bendavia, and the number of caspase-3-positive cells decreased DHE staining and eNOS immunoreactivity was normalized. (B) Expression of
caspase-3, nitrotyrosine, and phosphorylated eNOS (peNOS) in untreated RAEC, RAEC + Bendavia, RAEC + tBHP, and RAEC + tBHP + Bendavia
normalized by glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
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4.2 ARVD model: advantages and
limitations
These experiments were performed in a swine model of ARVD that our
group developed and characterized. The short duration of the disease,
young age of the animals, and lack of additional comorbid conditions
limit the applicability of this model, yet renal structural alterations re-
semble those observed in humans. We have shown that similar to obser-
vations in humans, atherosclerosis synergistically accelerates renal
functional compromise, intra-renal inflammation, and fibrosis in the
stenotic kidney.37–39 Furthermore, novel physiological imaging techni-
ques that allow studying the single-kidney function and structure pro-
vided a unique opportunity to identify and assess the potential effects
of Bendavia for improving renal function, reducing apoptosis and the
progression to fibrosis in the ARVD kidney. Owing to a moderate eleva-
tion in blood pressure, CLK injury in our model is relatively modest,
yet its oxygenation and GFR are blunted. These were not fully corrected
by Bendavia, possibly because of continued hypertensive and dyslipidae-
mic injury, as well as relentlessly elevated levels of prostaglandin-F2a-
isoprostanes. In contrast to the stenotic kidney, cardiolipin expression in
the CLK was unaltered, suggesting that in chronic ARVD mitochondrial
injury (at least cardiolipin remodelling) does not play a central role in
CLK injury, on which indeed Bendavia had little effect.

Interestingly, the decrease in cardiolipin staining observed in ARVD
appears more dramatic than that in cardiolipin mass measured by mass
spectrometry, possibly because of effects of mitochondrial membrane
potential and respiration rate on the nonyl acridine orange signal.40

Despite modest effect on microvascular density, vessel maturity was
normalized in ARVD + Bendavia pigs, which might have preserved
microvascular function and attenuated renal dysfunction distal to the
stenosis. Hypercholesterolaemia alone that triggers mitochondrial
damage and dysfunction41 might be an important modifier in our
model, and thepotentialofBendavia toamelioraterenal injury inhyperch-
olesterolaemic or non-atherosclerotic RVD pigs needs further investiga-
tion. Nevertheless, the relatively minor effect of Bendavia on the CLK,
which was exposed to similar levels of hypercholesterolaemia, suggests
that its interaction with renal ischaemia specifically provoked mito-
chondrial damage. Future studies are needed to explore the effects of
Bendavia on components of the renin–angiotensin system and to estab-
lish its renoprotective properties in human renovascular disease.

5. Conclusions
The post-stenotic kidney in ARVD is characterized by loss of mitochon-
drial cardiolipin content and composition. Mitochondrial protection
improved porcine stenotic kidney haemodynamics and function, and
normalized vascular endothelial function in vivo and ex vivo, implying a
pivotal detrimental role of mitochondrial damage in ARVD. Mitoprotec-
tion achievedby restoring cardiolipin attenuatedmicrovascular loss, oxi-
dative stress, and fibrosis, uncovering a unique therapeutic potential for
mitochondrial protection in restoring renal function in chronic experi-
mental ARVD.
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