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Abstract

Percutaneous transluminal renal angioplasty (PTRA) may improve cardiac function in
renovascular hypertension (RVH), but its effect on the biological mechanisms implicated in
cardiac damage remains unknown. We hypothesized that restoration of kidney function by
PTRA ameliorates myocardial mitochondrial damage and preserves cardiac function in pigs
with metabolic syndrome (MetS) and RVH. Pigs were studied after 16 weeks of MetS+RVH,
MetS+RVH treated 4 weeks earlier with PTRA, and Lean and MetS Sham controls (7=6

each). Cardiac function was assessed by multi-detector CT, whereas cardiac mitochondrial
morphology and function, microvascular remodeling, and injury pathways were assessed ex
vivo. PTRA attenuated myocardial mitochondrial damage, improved capillary and microvascular
maturity, and ameliorated oxidative stress and fibrosis, in association with attenuation of left
ventricular remodeling and diastolic dysfunction. Myocardial mitochondrial damage correlated
with myocardial injury and renal dysfunction. Preservation of myocardial mitochondria with
PTRA can enhance cardiac recovery, underscoring its therapeutic potential in experimental
MetS+RVH.
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1. Introduction

Renovascular hypertension (RVH), defined as high blood pressure caused by partial or
complete occlusion of one or both renal arteries, accelerates tissue injury in the post-stenotic
kidney and may lead to end-stage renal disease [1]. Importantly, RVH imposes a greater

risk of cardiovascular complications and may lead to abnormalities in cardiac structure

and function [2]. Patients with RVH often manifest with metabolic syndrome (MetS),

which fosters an increased risk for heart failure [3], increasing cardiovascular morbidity

and mortality.

Percutaneous transluminal renal angioplasty (PTRA) is a procedure that restores renal
artery patency and blood flow beyond a stenotic lesion. In patients with RVH, renal

artery revascularization has been shown to improve cardiac function and reduce hear failure
hospitalizations [4]. Yet, uncertainty remains regarding the effect of PTRA on the primary
biological mechanisms implicated in cardiac damage in RVH.

Mitochondria are cardiomyocyte powerhouses that produce adenosine triphosphate (ATP)
through oxidative phosphorylation to sustain the high-energy demand of the heart. Cardiac
mitochondria are arranged in packed strands located between the myofibrils (interfibrillar
mitochondria) or situated underneath the sarcolemmal membrane (subsarcolemmal
mitochondria) [5]. In addition to produce energy, these organelles regulate other important
cellular process, such as generation of reactive oxygen species (ROS), cellular proliferation,
calcium signaling, and apoptosis [6]. We have previously shown that early MetS in

swine induces cardiomyocyte mitochondrial disorganization, associated with myocardial
vascular impairment, oxidative stress, and apoptosis [7, 8]. Likewise, RVH in swine induces
important mitochondrial structural abnormalities and dysfunction, associated with cardiac
remodeling and impaired left ventricular (LV) relaxation [9], whereas the combination

of MetS and RVH in swine is associated with myocardial mitochondrial morphological
abnormalities, increased production of ROS, and impaired energy production [10].

Our recent study in a well-established swine model of coexisting MetS and RVH [11-13]
has shown that PTRA attenuates renal mitochondrial injury and preserves post-stenotic
kidney function without affecting systemic hypertension [14]. However, the potential of
PTRA to ameliorate myocardial mitochondrial damage and preserve cardiac structure and
function despite sustained RVH remains unclear. This study tested the hypothesis that
restoration of ischemic kidney function by PTRA attenuates myocardial mitochondrial
damage and preserves cardiac structure and function in swine MetS+RVH.
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2. Materials and Methods

All animal studies were approved by our Institutional Animal Care and Use Committee.

We studied 24 female domestic pigs after 16 weeks of observation (Figure S1). At baseline
pigs were randomized into two groups: Lean group (/7=6) and MetS group (/7=18). Lean

pigs were fed standard pig chow, whereas MetS pigs were fed a high-cholesterol/high-
carbohydrate diet consisting of 17% protein, 20% complex carbohydrates, 20% fructose, and
43% fat, supplemented with 2% cholesterol and 0.7% sodium cholate by weight [15] for

the duration of the study. We have shown that pigs fed with a MetS diet for 12—-16 weeks
developed progressive increases in blood pressure and MetS [15].

Six weeks later, all Lean and MetS pigs were anesthetized with 0.25g of 1M tiletamine
hydrochloride/zolazepam hydrochloride (Telazol®, Fort Dodge Animal Health, New York)
and 0.5g of xylazine, and anesthesia maintained with 0.2mg/kg/min of IV ketamine and
0.03mg/kg/min of 1V xylazine. RVH was induced in 12 MetS pigs by placing an irritant
coil in the main renal artery using fluoroscopy, as previously described [16], whereas

a Sham procedure was performed in the remaining 6 MetS and 6 Lean pigs. We have
previously shown that placing an irritant coil in the main renal artery leads to development
of hypertension within 1-2 weeks [17-20].

Six weeks after the induction of RVH or Sham, all animals were similarly anesthetized,

and the degree of stenosis was determined by angiography. PTRA was performed in 6 RVH
pigs, as previously described [18]. Under fluoroscopic guidance, a balloon catheter with a
mounted tantalum stent was engaged in the proximal-middle section of the renal artery and
inflated to a high pressure. This resulted in expansion of the stent to full balloon diameter
and restoration of the luminal opening. The balloon was kept inflated for 5-10 min and then
deflated and removed, leaving the stent embedded in the vascular wall. Technical success
was judged by repeating angiography 10-15 min (and 4 weeks) later. Lean, MetS, and the
remaining MetS+RVH pigs underwent a Sham procedure.

Four weeks after PTRA or Sham, all pigs were again similarly anesthetized and systemic
blood samples collected to measure plasma renin activity (PRA, GammaCoat kit; DiaSorin),
serum creatinine (spectrophotometry) [21], monocyte chemoattractant protein (MCP)-1,
interleukin (IL)-6 (ELISA), 8-isoprostane (enzyme immunoassay kit), and N-terminal pro-
brain natriuretic peptide (NT-proBNP, ELISA, Abclonal Cat#: RK03083) levels. Cardiac
function was assessed using multi-detector computed tomography (MDCT), and blood
pressure was measured with an intra-arterial catheter during MDCT studies.

Three days after completion of MDCT studies, pigs were euthanized with an i.v. bolus of
100mg/kg of sodium pentobarbital (Fatal-Plus, Vortech Pharmaceuticals, Dearborn). Hearts
were harvested and LV tissue sections frozen in liquid nitrogen (and maintained at -80°C) or
preserved in formalin or Trump’s fixative for ex vivo studies. In addition, a segment of the
LV was prepared for micro-CT studies.
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In Vivo Studies

2.1.1. Cardiac and Renal Function—Cardiac function was assessed using an MDCT
scanner (Somatom Sensation-128, Siemens Medical Solution, Forchheim, Germany) [22].
The entire LV was scanned 20 times throughout the cardiac cycle to measure ejection
fraction, whereas LV endocardial and epicardial borders were traced to calculate LV
muscle mass (LVMM) [23]. Images were analyzed with the Analyze™ software package
(Biomedical Imaging Resource, Mayo Clinic, MN). Early (E) and late (A) ventricular
filling rates were calculated from the positive slopes of volume/time curves and E/A ratio
calculated using MATLAB® (Math-Work, Natick, MA, USA) [24]. The left atrium (LA)
was traced at end-diastole for volumetric quantification. Single-kidney volume, renal blood
flow (RBF), and glomerular filtration rate (GFR) were determined using an MDCT scanner
(Flash 128 MDCT scanner, Somatom Definition Flash, Siemens Healthcare) [20, 25]. Scans
were performed following a bolus of iopamidol (0.5cc/kg over 2 s). Single-kidney volume,
RBF, and GFR were calculated, as previously described (Analyze, Biomedical Imaging
Resource, Mayo Clinic, Rochester, MN) [26, 27].

Ex Vivo Studies

2.2.1. Cardiac Mitochondrial Structure—We assessed myocardial mitochondrial
morphology using a transmission electron microscope (Philips CM10). LV samples (2—-
3mm3) were fixed with Trump’s fixative (4% formaldehyde and 0.1% glutaraldehyde

in 0.1M phosphate buffer) overnight at room temperature, mounted on mesh grids,

stained with aqueous uranyl acetate and lead citrate, and processed at the Mayo Clinic’s
electron microscopy core facility. For analysis, 10 representative cardiomyocytes were
randomly selected, and only mitochondria fully contained within the borders of the
transmission electron microscopy images were analyzed [7]. Interfibrillar, subsarcolemmal,
and endothelial cell mitochondrial density (number of mitochondria/field), area (nm#), and
matrix density (1/mean gray values in arbitrary units) were determined using the “freehand
tool” of the National Institutes of Health software ImageJ (version 1.5).

2.2.2. Cardiac Mitochondrial Function—Mitochondrial oxidative stress and
bioenergetics were assessed in isolated cardiac mitochondria (MITO-1SO kit, Catalog
#8268, ScienCell, Carlsbad, California), as previously shown [28]. Frozen LV tissue (10mg)
was resuspended in 10ul of assay buffer and homogenized (10-15 passes). Samples were
subsequently centrifuged (microcentrifuge 132269 for 5min), and the supernatant was
collected and deproteinized. Deproteinized samples (50ul) were then added into a plate and
read (OD570nm). Mitochondrial hydrogen peroxide (H,O5) production was measured by
colorimetric quantitative methods (OxisResearch, BIOXYTECH® H202-560™ Assay, Cat#
21024) [28], whereas ATP generation (ATP/ADP ratio) and cytochrome-c oxidase (COX-
IV) activity (absorbance units/mg protein) were assessed by colorimetric and fluorometric
methods (Abcam Cat# ab83355 and Abnova Cat# KA3950, respectively).

2.2.3. Cardiac Injury—Myocardial in situ production of superoxide anion was detected
by dihydroethidium (DHE) staining (20uM/I; Sigma) [7], and myocardial capillary density
was determined by CD31 staining (Bio-Rad, Oxford, UK). In addition, myocyte cross-
sectional area and myocardial fibrosis were calculated in wheat germ agglutinin (WGA)-
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and trichrome-stained slides, respectively. All staining images were semi-automatically
quantified in 15-20 fields and the results from all fields averaged [29]. Myocardial
microvascular structure was assessed by micro-CT, as previously described [24]. The

LV wall was perfused under physiological pressure with an intravascular contrast agent
(MV-122; Flow Tech, Carver, MA) through a branch of the left circumflex coronary
artery. A transmural portion (2 cm3) of the LV was scanned, and images were analyzed
with Analyze™. Spatial density of microvessels (20-500um) in the subepicardium and
subendocardium and vessel tortuosity (an index of vessel immaturity) were calculated, as
previously described [24].

2.3. Statistical Analysis

JMP Pro version 14 (SAS) software was used to perform all statistical analyses. Results
were expressed as mean + SD. Comparison between and among the groups was performed
using parametric (ANOVA and 2-tailed Student’s #test) and nonparametric (Wilcoxon

and Kruskal-Wallis) methods when appropriate. Regressions were calculated by the least-
squares fit to compare myocardial mitochondrial damage and cardiac injury after PTRA. p
values<0.05 were considered statistically significant.

3. Results

Six weeks after induction of RVH and immediately before PTRA, all MetS+RVH pigs
developed hemodynamically significant stenosis (79.6%+3.6% vs. 72.5%+5.4%, £=0.30
ANOVA), and their blood pressure was similarly elevated (p<0.05 vs. Lean+Sham in all).

Table 1 summarizes the baseline characteristics and cardiac function of Lean+Sham,
MetS+Sham, MetS+RVH, and MetS+RVH+PTRA groups at 16 weeks and 4 weeks

after PTRA or Sham. Body weight was equally higher in MetS+Sham, MetS+RVH,

and MetS+RVH+PTRA compared to Lean+Sham. The degree of stenosis was higher in
MetS+RVH compared to Sham groups, but PTRA completely restored renal artery patency.
Heart rate did not differ among the groups, whereas systolic, diastolic, and mean arterial
pressure were similarly elevated in MetS+Sham and MetS+RVH groups compared to
Lean+Sham and remained elevated in MetS+RVH+PTRA. Single-kidney volume, RBF,

and GFR were higher in MetS compared to Lean pigs, decreased in MetS+RAS, but
increased in PTRA-treated pigs, whereas PRA levels were similar among the groups.
Circulating MCP-1 and IL-6 levels were higher in MetS+RVH compared to Lean+Sham and
MetS+Sham but decreased in PTRA-treated pigs. Contrarily, circulating isoprostane levels
were higher in MetS+Sham compared to Lean+Sham and further and similarly increased in
MetS+RVH and MetS+RVH+PTRA groups. Contrarily, serum creatinine levels were higher
in MetS+RVH compared to Sham groups but decreased in MetS+RVH+PTRA, as did LA
end-diastolic volume (EDV), and LVMM. Ejection fraction was similar among the groups,
whereas E/A (early and late ventricular filling) ratio that decreased in MetS+RVH versus
Lean+Sham and MetS+Sham groups increased in MetS+RVH+PTRA pigs. Circulating NT-
proBNP levels were higher in MetS+RVH compared to Lean+Sham and MetS+Sham but
decreased in PTRA-treated pigs.
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3.1. PTRA Attenuated Myocardial Mitochondrial Structural Damage

Interfibrillar mitochondrial density was similar among the groups (Figure 1), but
mitochondrial area was higher and matrix density lower in MetS+RVH compared to
Lean+Sham and MetS+Sham groups. Yet, treatment with PTRA decreased interfibrillar
mitochondrial area and increased matrix density. Subsarcolemmal mitochondrial density
that decreased in MetS+Sham compared to Lean+Sham further decreased in MetS+RVH,
but slightly improved in MetS+RVH+PTRA (Figure S2). Contrarily, subsarcolemmal
mitochondrial area and matrix density were similar among the groups. Cardiac endothelial
cell mitochondrial density that decreased in MetS+Sham and further decreased in
MetS+RVH increased to MetS+Sham levels in PTRA-treated pigs (Figure S3). Although
endothelial cell mitochondrial area did not differ among the groups, matrix density that
decreased in MetS+RVH compared to Sham was restored in MetS+RVH+PTRA pigs.

3.2. PTRA Improved Cardiac Mitochondrial Function

Production of H,05, in isolated cardiac mitochondria was higher in MetS+Sham versus
Lean+Sham and further increased in MetS+RVH but was restored to Lean+Sham levels

in MetS+RVH+PTRA-treated pigs (Figure 2A). Mitochondrial COX-IV activity and ATP
generation that decreased in MetS+Sham compared to Lean+Sham and further decreased in
MetS+RVH improved in PTRA-treated pigs (Figure 2B).

3.3. PTRA Ameliorated Cardiac Injury

Myocardial superoxide production increased in MetS+Sham compared to Lean+Sham,
further increased in MetS+RVH, but decreased in MetS+RVH+PTRA pigs (Figure 3).
Myocardial capillary density (CD31+ staining) that slightly decreased in MetS+Sham and
further decreased in MetS+RVH improved in MetS+RVH+PTRA pigs. Spatial density of
larger subepicardial microvessels as determined by micro-CT was comparable between
Lean+Sham and MetS+Sham pigs but similarly decreased in RVH groups (Figure 4A-
B). However, vessel tortuosity that increased in MetS+Sham compared to Lean+Sham
and further increased in MetS+RVH decreased in MetS+RVH+PTRA pigs, suggesting
improvement of vessel maturity (Figure 4A—C). Myocyte cross-sectional area was higher
in MetS+RVH versus Sham groups but was restored in MetS+RVH+PTRA pigs, whereas
myocardial fibrosis that increased in MetS+Sham compared to Lean+Sham and further
increased in MetS+RVH decreased in PTRA-treated pigs (Figure 5).

3.4. Cardiac Mitochondrial Damage Correlated with Myocardial Injury

Myocardial mitochondrial matrix density correlated inversely with myocardial fibrosis
(Figure 6A), whereas endothelial cell mitochondrial density correlated directly with
myocardial capillary density (Figure 6B). A direct correlation was also found between
subsarcolemmal mitochondrial density and mitochondrial ATP generation (Figure 6C).
Moreover, mitochondrial production of H,0, correlated directly with myocardial superoxide
generation (Figure 6D). Myocardial mitochondrial matrix density and ATP generation
correlated directly with stenotic kidney GFR (Figure 6E-F).

J Cardiovasc Transl Res. Author manuscript; available in PMC 2023 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Farahani et al. Page 7

4. Discussion

The current study shows that despite sustained RVH, improvement of ischemic kidney
function by PTRA ameliorated myocardial mitochondrial damage and diastolic dysfunction
in pigs with coexisting MetS and RVH. We found that 4 weeks after technically successful
renal revascularization, cardiomyocyte mitochondrial structure and function, which were
impaired in MetS+RVH pigs, improved in PTRA-treated pigs, associated with attenuation of
myocardial oxidative stress, and improved capillary density and microvascular maturity.
PTRA also attenuated MetS+RVH-induced LV remodeling and fibrosis and improved
diastolic function. Importantly, myocardial mitochondrial damage correlated with stenotic
kidney GFR, suggesting that improvement of renal function might be an important
mechanism by which PTRA preserves myocardial mitochondria and attenuates cardiac
injury in experimental MetS+RVH.

RVH is a common cause of heart failure strongly associated with increased cardiovascular
morbidity and mortality [30]. A cross-sectional study of 79 patients with RVH revealed

that they exhibit a high prevalence of cardiac morphologic and functional abnormalities,
such as LV hypertrophy and diastolic dysfunction, and only 5% of them had normal

cardiac structure and function [31]. Although PTRA does not confer additional benefit over
conventional medical therapy with respect to prevention of clinical cardiovascular events
[32], prospective studies suggest that restoration of renal artery patency may have important
clinical and potential mortality benefits in high-risk patients [33]. Similarly, Kane and
colleagues studied patients with RVH and heart failure and found that renal revascularization
was associated with a significant decrease in the New York Heart Association Functional
Class and a 5-fold reduction in the number of hospitalizations [4], underscoring the
therapeutic potential of PTRA to preserve cardiac structure and function in patients with
RVH.

In this study, we investigated the effect of PTRA on myocardial mitochondria, which
maintain cellular respiration and modulate several important cellular functions, such as
generation of reactive oxygen species [6]. Our previous studies in swine models of

MetS [7, 8] and RVH [9] revealed that cardiomyocyte mitochondria exhibit important
structural abnormalities and dysfunction, associated with cardiac remodeling and impaired
LV relaxation [9]. More recently, we have shown in swine MetS+RVH that PTRA
attenuates renal mitochondrial injury and preserves post-stenotic kidney function without
affecting systemic hypertension [14]. This study extends our previous observations and
demonstrates that despite similar blood pressure levels, PTRA also protects myocardial
mitochondrial structure, disclosed by decreased interfibrillar mitochondrial swelling
(increased mitochondrial area) and cristae remodeling (decreased matrix density). In
addition, PTRA increased the number of subsarcolemmal mitochondria, which are tightly
joined beneath the cardiomyocyte plasma membrane to provide energy for electrolyte and
protein transport across the sarcolemma [34]. This suggests increased deficiency for energy
production and is consistent with our observation that subsarcolemmal mitochondrial density
correlated directly with cardiac mitochondrial ATP generation.
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Preservation of cardiomyocyte mitochondrial structure could have potentially attenuated
electron leakage and ROS production and sustained energy production. Indeed, the rate

of generation of H,0,, produced by leaks of electrons from donor redox centers of

the mitochondrial electron transport chain [35], decreased in MetS+RVH+PTRA pigs.
Furthermore, PTRA increased the activity of COX-IV, a major regulation site for oxidative
phosphorylation [36], as did generation of ATP. Excessive production of H,0, damages
mitochondrial proteins, lipids, and DNA and compromises ATP synthesis [37]. Therefore,
attenuation of mitochondrial ROS production by PTRA could have contributed to preserve
cardiomyocyte mitochondrial structure and bioenergetics.

Interestingly, we found that PTRA increased endothelial cell mitochondrial number and
matrix density. Although the number of mitochondria is significantly lower in endothelial
cells compared to cardiomyocytes, these organelles modulate several important factors
that regulate vascular function [38]. We have previously shown that diet-induced MetS in
swine decreased coronary endothelial cell mitochondrial density, associated with vascular
remodeling and dysfunction [8]. Likewise, RVH in swine decreased the content of the
mitochondrial phospholipid cardiolipin, contributing to microvascular remodeling and
dysfunction [9]. In line with this, we found that the combination of MetS and RVH
decreased myocardial capillary density (CD31 staining), which increased in MetS+RVH
pigs treated with PTRA. Importantly, endothelial cell mitochondrial density correlated
with myocardial capillary density, suggesting that endothelial cell mitochondria protection
might be an important mechanism by which PTRA preserves myocardial capillary
density. However, PTRA-induced improvements in endothelial cell mitochondria were not
accompanied by increments in larger myocardial microvessels, which may take longer

to restore. Notably, the resolution of the micro-CT scanner used in this study is unable

to capture capillaries and very small arterioles. Yet, myocardial microvascular tortuosity
decreased in PTRA-treated pigs, suggesting improved microvascular maturity. In patients
with heart failure with preserved ejection fraction, cardiac microvascular function is
inversely associated with intracardiac filling pressures [39]. Therefore, our observations
have important implications and demonstrate a potential role of PTRA for preserving cardiac
microvascular maturity in MetS+RVH.

Myocardial oxidative stress, assessed by in situ production of superoxide anion, increased
in MetS+RVH, possibly partly due to increased mitochondrial ROS production. Indeed,
myocardial mitochondrial production of H,O, correlated directly with DHE staining.
However, MetS+RVH-induced myocardial oxidative stress decreased in pigs treated with
PTRA, highlighting the potential of this intervention to modulate myocardial redox status.

Oxidative stress is an important contributor to cardiac structural remodeling and promotes
the development of cardiac fibrosis [40]. In agreement, we found that myocyte cross-
sectional area, LVMM, and myocardial fibrosis increased in MetS+RVH compared to Sham
groups but were attenuated by renal revascularization that also blunted myocardial oxidative
stress. Interestingly, we found that interfibrillar and endothelial cell mitochondrial damage
correlated with cardiac injury. Thus, preservation of myocardial mitochondria could have
been an important mechanism by which PTRA attenuated cardiac injury in experimental
MetS+RVH.
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Unlike our previous studies in swine models of atherosclerotic and non-atherosclerotic

RVH [17-20, 41], PTRA failed to restore blood pressure in MetS+RVH pigs. Possibly,
recruitment of additional pressure mechanisms, such as circulating isoprostanes, could have
contributed to sustain RVH in these pigs [42]. Systemic isoprostanes are reliable biomarkers
of oxidative stress that may directly induce abnormal vascular responses in vivo and in
vitro. Indeed, their infusion in hypercholesterolemic pigs is associated with hypertension
and oxidative stress [43]. Renal revascularization failed to decrease circulating isoprostane
levels, which could have partly accounted to sustain hypertension in PTRA-treated pigs.

Although systolic function remained similar among the groups, PTRA normalized LV
relaxation (E/A ratio) and decreased LA EDV, and NT-proBNP levels, suggesting
attenuation of diastolic dysfunction. Serum creatinine levels were also restored to normal
levels in MetS+RVH+PTRA pigs. Therefore, some of the beneficial effects of PTRA on

the heart were likely partly achieved indirectly by the improvement of renal function, in
agreement with our previous observations in swine RVH that intra-renal delivery of stem
cell-derived extracellular vesicles [44] or chronic administration of mitoprotective drugs [9]
preserve cardiac structure and function without altering systemic blood pressure. In line with
this, we found that stenotic kidney GFR correlates directly with interfibrillar matrix density
and ATP generation, suggesting that improvement of ischemic kidney function by PTRA
might contribute to preserve myocardial mitochondria and confer cardioprotection in pigs
with coexisting MetS+RVH, independent of its effects on RVH and of continuous MetS.

The mechanisms by which improvement of ischemic kidney function by PTRA could

have contribute to preserve cardiac structure and function are multifactorial and may
include reductions in renal and systemic inflammation, oxidative stress, fibrotic mediators,
uremic toxins, or vasoactive substances. We have shown that both human [45] and pig

[20] stenotic kidneys release several inflammatory cytokines to the systemic circulation,
and their reduction ameliorates cardiac injury and dysfunction [46]. In line with this, we
found that circulating MCP-1 and IL-6 levels decreased in PTRA-treated pigs, suggesting
that preservation of renal function by PTRA might have partly contributed to ameliorate
cardiac injury and dysfunction by modulating an inflammatory crosstalk between the kidney
and the heart. Alternatively, the high beneficial effect of PTRA in the heart could have
been secondary to remote ischemic preconditioning effects, in which renal ischemia and
subsequent reperfusion might lead to better cardiac outcomes by sending metabolic signals
[47]. Although this mechanism could have partly contributed to ameliorate mitochondrial
and myocardial oxidative stress, circulating 8-isoprstane levels did not improved in
PTRA-treated pigs, arguing against remote ischemic preconditioning effects as a primary
mechanism of cardioprotection in our model. Further studies are needed to explore the
mechanisms by which PTRA modulates the release of circulating mediators from the
ischemic kidney and contributes to preserve the remote myocardial damage in MetS+RVH.

5. Limitations

Our study has some limitations including the short duration of the MetS and RVH, as
well as the use of relatively young animals. Yet, our MetS animals developed obesity
and hypertension, and our RVH pigs achieved significant stenosis and increased systolic,
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diastolic, and mean arterial pressure, which in combination with MetS imparted important
changes on the structure and function of the heart. This model cannot discriminate

the effects of MetS and RVH on cardiac mitochondria. However, our previous studies

in swine demonstrated that diet-induced MetS [7, 8] and surgically induced RVH [9]

can independently induce myocardial mitochondrial damage. Furthermore, we found that
coexisting MetS and RVH in swine is associated with significant myocardial mitochondrial
damage [10]. Although MDCT provides an accurate and detailed evaluation of cardiac
structure and function, it has several limitations compared to commonly used imaging
modalities such as echocardiography [48]. Although blood pressure was similarly elevated
in MetS+Sham and MetS+RVH groups compared to Lean+Sham, PRA levels were similar
among the group, as typical to the chronic phase of untreated RVH [49]. Our observations
suggest that improvement of renal function by PTRA might confer cardioprotection in
MetS+RVH pigs, independent of its effects on blood pressure. Yet, it is important to note
that in patients with RVH, PTRA may not improve renal function and may even worsen it
[50], limiting the cardioprotective effects of this intervention. Additional studies are needed
to assess whether MetS+RVH-induced changes in myocardial mitochondrial structure and
function persist for longer periods of time and to validate the clinical efficacy of PTRA in
individuals with coexisting MetS and RVH.

6. Conclusions

In summary, our study suggests a novel therapeutic role for renal revascularization

in preserving myocardial mitochondrial structure and function in swine MetS+RVH.
Importantly, amelioration of cardiac mitochondrial abnormalities and dysfunction was
associated with improved myocardial microvascular maturity and attenuation of capillary
loss, oxidative stress, and fibrosis, which might have contributed to decrease cardiac
remodeling and diastolic dysfunction. Therefore, our observations have important clinical
implications by uncovering a novel mechanism by which PTRA improves cardiac outcomes
in chronic experimental MetS+RVH. Prospective clinical studies are needed to confirm our
findings and define the degree to which myocardial mitochondrial protection by PTRA
preserves cardiac structure and function in patients with MetS and RVH.
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Figure 1.

PTRA attenuated myocardial mitochondrial structural damage. Representative transmission
electron microscopy images of interfibrillar mitochondria (arrows) and quantification of
mitochondrial density, area, and matrix density in study groups (n#=6/group each). *p<0.05

vs. Lean+Sham; tp<0.05 vs. MetS+Sham; $0<0.05 vs. MetS+RVH.
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Figure 2.
Renal revascularization improved cardiac mitochondrial function. Quantification of

myocardial mitochondrial hydrogen peroxide (H,0,) production (A), cytochrome-c oxidase
(COX)-1V activity (B), and ATP/ADP ratio (C) in study groups (/#=6/group each). *p<0.05
vs. Lean+Sham; Tp<0.05 vs. MetS+Sham; 1p<0.05 vs. MetS+RVH.
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Figure 3.

PTRA attenuated cardiac oxidative stress and improved capillary density. Representative
myocardial dihydroethidium (DHE, red) and immunofluorescence staining of CD31, and
quantification of myocardial production of superoxide anion (DHE area %) and myocardial
capillary density (CD31 area %) (/7=6/group each). *p<0.05 vs. Lean+Sham; tp<0.05 vs.
MetS+Sham; 10<0.05 vs. MetS+RVH.
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Figure 4.

Renal revascularization improved myocardial microvascular maturity. A Representative

3D micro-computed tomography images of the left ventricle in study groups. B
Quantification of spatial density of microvessels in the subepicardium and subendocardium.
C Quantification of microvascular tortuosity in study groups. *p<0.05 vs. Lean+Sham;
tp<0.05 vs. MetS+Sham; $p<0.05 vs. MetS+RVH.
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Figure 5.
Renal revascularization ameliorated LV remodeling and fibrosis. Representative LV sections

stained with wheat germ agglutinin (WGA) and trichrome, and quantification of myocyte
cross-sectional area and myocardial fibrosis in Lean+Sham, MetS+Sham, MetS+RVH,
and MetS+RVH+PTRA. *p<0.05 v Lean+Sham; tp<0.05 vs. MetS+Sham; $p<0.05 vs.

MetS+RVH.

MetS+Sham

%

+

Sham RVH

+PTRA

30

25

20

15

Page 18

MetS+RVH MetS+RVH+PTRA

(area %)

i+
R

—T—
2=

Lean+ MetS+ MetS+ MetS+RVH
Sham Sham RVH +PTRA

J Cardjovasc Transl Res. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Farahani et al.

Page 19

A B C
30 1 R?=0.601 4 R?=0.6707 c 3 R*=0.8318
" p<0.0001 p<0.0001 o
2 : e 2 p<0.0001
P o 3 S
S 3 ® (7]
2 — oo c 5
= R —_ o 2 2
= =5 o B
eEP o 2 =
o O - 2
Q. 10 — £,
= 1 2 I
5 o =
£
)
0 0 £ 0
0.005 0010 0015 0020 10 20 30 40 50= 0 20 40 60
Interfibrillar matrix density Endothelial cell mitochondrial Subsarcolemal mitochondrial
(arbitrary units) density (mitochondria/field) density (mitochondria/field)
D E F
s . R2=0.5471 120 | R?=0.3086 120 1 R2-0.2982
= =0.0066, . @
p<0.0001 & 100 p=0.0032 o% o 100 P *°% e
4 G} ] [
. T =80 g =% S—Q o
e S E S E * .
T g 2 = 60 2 <60 ohe e
© 52 2 £ * 2 £ ¢
e o] 40 o 40
o o 5
L °% ho 20 » 20
0 0 0
30 40 S0 60 70 0.000 0005 0010 0015 0020 0.0 1.0 2.0 3.0

Mitochondrial ATP generation
(ATP/ADP ratio)

Interfibrillar matrix density
(arbitrary units)

H,0, production
(UM/mg protein)

Figure 6.
Cardiac mitochondrial damage correlated with myocardial injury. A Myocardial

mitochondrial matrix density correlated inversely with myocardial fibrosis. B Endothelial
cell mitochondrial density correlated directly with myocardial capillary density (CD31 area
%). C Subsarcolemmal mitochondrial density correlated directly with cardiac mitochondrial
ATP generation. D Myocardial mitochondrial H,0, production ATP generation correlated
directly with myocardial production of superoxide anion (DHE area %). E Myocardial
mitochondrial matrix density correlated directly with stenotic kidney GFR. F Myocardial
mitochondrial ATP generation correlated directly with stenotic kidney GFR.
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Systemic characteristics and cardiac function in study groups at 16 weeks (/=6 each).

Table 1.

Lean+Sham  MetS+Sham MetS+RVH MetS+RVH+PTRA
Body weight (kg) 711+18 93.9+1.0% 90.9+28% 90.9£3.3"
Heart rate (bpm) 823+7.1 752 +57 86.3+6.2 821+73
SBP (mmHg) 1298+42  1488+41° 1671807 166.1+85™
DBP (mmHg) 92227  1128+447  1208+6.7" 11114357
MAP (mmHg) 104720  1248+43" 1362+7.17 129.4+34%
Degree of stenosis (%) 0.0+0.0 0.0+0.0 86.3+4.7%T 0.0+00%
PRA (ng/ml/h) 013£0.09  0.15+0.06 0.15+0.13 0.14£0.15
MCP-1 (pg/ml) 1209+46.7 1359+463 262.1+68.1°7 178.3 +37.6 1%
IL-6 (pg/ml) 2721 36+24 85.0+53.3%7 19.2+184°1#
8-Isoprostane (pg/ml) 87.5+100 1389+375° 3215+97.3"7  3385+1195"7
Serum creatinine (mg/dl)  1.22+0.01  1.27+0.05  1.93+0.02*" 1.62 +0.13°7%
Renal volume (ml) 1429+42  1882+41° 151421377 169.3+9.1°7#
RBF (ml/min) 649.2+314 8313+362° 549.0+238°7  649.2+29377F
GFR (ml/min) 794427  988+21"  584%2177 68.4 3577
LA EDV (ml) 555+4.9 64.0+£45 751+717 65.8 +8.7
LVMM (g) 1238+7.3 127.4+45 177.2+35°7 153.2 + 10.3 7%
Ejection fraction (%) 50.8+2.4 49.1+£15 54.7+23 53.2+1.3
E/A ratio 13+0.1 13+0.1 07+01%" 12+01%
NT-proBNP (pg/ml) 195+47 330+64  941+12177 544+937F

MetS metabolic syndrome, RVH renovascular hypertension, SBP systolic blood pressure, DBPdiastolic blood pressure, MAP mean arterial

Page 20

pressure, PRA plasma renin activity, A/CP monocyte chemoattractant protein, /L interleukin, RBF renal blood flow, GFR glomerular filtration
rate, LA left atrium, £DV end-diastolic volume, LVMM left ventricular muscle mass, £/A early (E) and late (A) ventricular filling, N7-proBNP
N-terminal pro-brain natriuretic peptide

*
p<0.05 vs. Lean+Sham

fp<0.05 vs. MetS+Sham

¢p<0.05 vs. MetS+RVH
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