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Abstract

Obesity and hypertension are major risk factors for cardiovascular diseases, and their growing
coexistence accounts for an increase in adverse cardiac events, but the mechanisms are yet to be
determined. We hypothesized that obesity exacerbates mitochondrial dysregulation imposed by
hypertension and augments left ventricular dysfunction. Obesity-prone Ossabaw pigs were
randomized to lean (standard diet) and obese (high-fat diet), without (Lean-sham, Obese-sham) or
with renovascular hypertension (Lean-Hypertension, Obese-Hypertension), induced after 12
weeks of diet (n=7 each). Cardiac function, myocardial perfusion and oxygenation, and
microvascular remodeling were assessed 4 weeks later. Mitochondrial biogenesis signals and
structural proteins, respiratory chain complex activities, and mitochondrial self-degradation were
examined, as was fibrosis. Obesity alone exerted no apparent effect on mitochondrial dynamics,
but aggravated in hypertensive hearts the reduction of mitochondrial proteins, deoxyribonucleic
acid content, and respiratory chain complex IV subunits activity, and amplified mitochondrial self-
degradation. Synergistic interaction of obesity with hypertension also exacerbated myocardial
fibrosis and left ventricular diastolic dysfunction. Mitochondrial content, respiratory chain
complex IV subunits activity, and mitophagy were correlated with myocardial fibrosis. These
findings suggest that obesity aggravates in renovascular hypertension cardiac mitochondrial
aberrations. Mitochondrial function may regulate the progression of cardiac injury and functional
deterioration in hypertension concomitant with obesity.
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Introduction

Methods

Obesity remains prominent among public health concerns. According to recent national
estimates, 16.9% of youth and 34.9% of adults are obese. Obesity has been shown to have
adverse effects on the cardiovascular system, promote atherosclerotic plagues,? and worsen
outcomes in patients with coronary artery disease.3 Obesity can also induce cardiac
remodeling,* particularly left ventricular (LV) hypertrophy and diastolic dysfunction,®
which is directly related to mortality.®

The mechanisms by which obesity induces cardiac injury are yet to be fully determined.
Inflammation and oxidative stress due to increased fatty acid substrates have been regarded
as common pathogenic factors. Recent studies have also linked cardiac metabolism to
obesity-related cardiac alterations. As a result of increases in circulating fatty acids and
insulin resistance that commonly accompany obesity, the myocardium is exposed to
excessive nutrient substrates. Nevertheless, energy production becomes less efficient, as
overloaded mitochondria undergo stress and develop dysfunction.”- 8 High-fat diet has been
shown to decrease mitochondrial biogenesis, reduce mitochondrial coupling efficiency, and
impair ATP synthesis.®-11 These findings suggest that mitochondrial homeostasis can be
modulated by energy supply and potentially impact cardiac health and function.

Hypertension (HT) is one of the most common causes of LV hypertrophy, and more
prevalent in obese individuals than in the lean population.1? Particularly, renovascular
hypertension (RVH), a common cause of secondary HT due to renal artery stenosis,
accelerates LV remodeling,!2 driven by the activated inflammation and renin-angiotensin
system in response to decreased renal blood supply distal to the stenosis.1# We have recently
shown that the renovascular hypertensive heart is characterized by attenuated myocardial
mitochondrial biogenesis and by enhanced mitophagy.1® However, whether concurrent
obesity affects mitochondria integrity in the hypertensive heart remains unclear. We
hypothesized that co-existence of obesity would exacerbate myocardial mitochondrial
dysregulation and fibrosis, and magnify LV diastolic dysfunction in renovascular
hypertensive pigs.

Littermate Ossabaw pigs were randomized to lean (standard chow) and obese (high-fat diet),
without (Lean-sham, Obese-sham) or with renovascular HT secondary to unilateral renal
artery stenosis (Lean-HT, Obese-HT), induced after 12 weeks of diet (n=7 each). Cardiac
structure, function and oxygenation were studied with multi-detector computed-tomography
and blood-oxygenation-level-dependent-magnetic resonance imaging. The myocardium was
examined ex-vivo for indices of mitochondrial biogenesis and function, and tissue damage
(Detailed descriptions of all experimental methods are included in the Online-only Data
Supplement http://hyper.ahajournals.org).
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Results

Animal systemic characteristics

Diet increased body weight, total cholesterol, and low-density lipoprotein in Obese pigs
compared to Lean (Table 1), as well as intra-abdominal and pericardial fat deposition
(Figure S1A-D). Basal homeostasis model assessment-insulin resistance index was also
increased in both obese groups, indicating insulin resistance (Table 1). Renal artery stenosis
was similarly established in hypertensive Lean and Obese pigs (87.9+£4.9% vs. 85.6+4.7%,
p>0.10), increasing mean arterial pressure, which was further elevated in Obese-HT. HT
tended to increase and obesity increased plasma renin activity (PRA), which resulted in
elevation of PRA only in Obese-HT (Table 1), suggesting additive effects by coexistence of
obesity and HT. HT elevated plasma tumor necrosis factor-a level in both groups, and
interacted with diet to markedly increase sE-selectin levels only in Obese-HT (Table 1).

Cardiac function and hemodynamics

HT raised left ventricular muscle mass (LVMM), but the increase reached statistical
significance only in Obese-HT (Table 1). Obese-HT also suppressed E/A ratio, indicating
exacerbating impact of early obesity on HT to induce LV diastolic dysfunction. HT
increased heart rate in both groups compared to their sham groups, and elevated cardiac
output in Obese-HT compared to Obese-sham. HT also increased rate-pressure-product in
both groups and to a greater extent in Obese-HT (Table 1), indicating increased LV
workload, while myocardial oxygenation was similarly decreased in both HT groups
(elevated R2*, Figure 1A,D). Stroke volume and ejection fraction remained unchanged.
Although basal myocardial perfusion was unaltered, its response to adenosine was blunted
by diet and HT, and synergistically further suppressed in Obese-HT (Figure 1E-F). Diet also
interacted with HT to increase media/lumen ratio and downregulate endothelial nitric-oxide-
synthase expression only in Obese-HT (Figure S2A,C,D,F). These results suggest that co-
existence of obesity and HT precipitates diastolic LV dysfunction, accompanied by
microvascular remodeling and dysfunction, which were subtle in HT or diet alone.

Mitochondrial dynamics

The mitochondrial phospholipid cardiolipin decreased in all experimental groups,
particularly by the synergistic interaction of diet and HT (Figure 1B,G). Obese-HT alone
also reduced mitochondrial DNA-encoded NADH dehydrogenase (ND)2 gene copy humber
in the myocardium (Figure 1H), and markedly blunted mitochondrial transcription factor-A
(TFAM) immunoreactivity (Figure 1C,1), indicating decreased mitochondrial DNA content.
In addition, Obese-HT inhibited the activities of mitochondrial respiratory chain complex 1V
(COX) subunits 1 and 4, suggesting compromised mitochondrial function, whereas Lean-HT
only suppressed COX4 activity (Figure 2A-B). In concert, HT decreased the expression of
the mitochondrial biogenesis regulator peroxisome proliferator-activated receptor-gamma
coactivator (PGC)1-a in both groups, but its cofactor nuclear respiratory factor (NRF)-1
only in Obese-HT (Figure 2C-E). Further, HT increased circulating plasma levels of the
mitochondrial DNA-encoded ND1 and COX3, and diet increased COX3 and ND2,
consistent with release of mitochondrial components into the circulation due to cellular
mitochondrial injury. Notably, Obese-HT elevated all three markers (Figure 2F-H),
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suggesting more severe mitochondrial damage than obesity or hypertension alone, possibly
mediated by their additive effects. Furthermore, Obese-HT stimulated myocardial
mitophagy, reflected by translocation of parkin to the mitochondrial outer membrane
indicated by its marker Tom20, and upregulated expression of dynamin related protein-1
(Figure S2B,C,E,G). Collectively, Obese-HT amplified dysregulation of mitochondrial
turnover and function compared to HT alone.

Oxidative stress and fibrosis

Systemic level of the oxidative stress marker 8-epi-isoprostane did not differ among the
groups (Table 1), whereas myocardial oxidative stress (dihydroethidium staining) was
enhanced only in Obese-HT (Figure S3A). The interaction of diet and HT also aggravated
myocardial fibrosis in Obese-HT compared to either alone (Figure S3B). Notably,
myocardial fibrosis was inversely associated with the content of mitochondrial cardiolipin
and COX activity, and directly with the extent of mitophagy (Figure S3C-F).

Discussion

The present study demonstrates that despite subtle cardiac alterations in obesity and HT
alone, their coexistence markedly dysregulated mitochondrial turnover and function,
including suppressed mitochondrial biogenesis and respiratory chain complex activities, and
enhanced mitochondrial self-degradation. This might subserve myocardial fibrosis, and is
associated with LV diastolic dysfunction. Therefore, co-existing obesity may facilitate the
progression of myocardial injury in early RVH by enhancing mitochondrial dysregulation.
We have previously observed mitochondrial damage in the post-stenotic kidney in RVH.16
The present study extends our previous observations and shows that in the heart,
superimposition of obesity on RVH leads to decreased levels of mitochondrial mtDNA,
mitochondrial biogenesis regulators, and respiratory chain complex activities, and bolsters
mitochondrial degradation and spillover. These novel findings significantly suggest a wide-
range of mitochondrial damage involving their quantity, quality and dynamics in the RVH
heart with co-existing obesity.

Studies have suggested impaired mitochondrial biogenesis in obesity.”- 9 In the present
study, although preexisting obesity alone had a minor impact on mitochondrial biogenesis, it
was predominant in Obese-HT, where HT suppressed mitochondrial function most
prominently, underscoring the detrimental interaction of obesity with HT. While systemic
oxidative stress remained unchanged, local oxidative stress (myocardial dihydroethidium)
evoked by the co-existence of diet and HT can increase nitric oxide degradationl’ or
decrease its production,® and in turn reduce mitochondrial biogenesis.1® PGC-1a,
downregulated by HT also decreased mitochondrial turn-over by its effector NRF-1.20 By
binding to and coactivating the transcriptional function of its downstream NRF-1 on the
promoter for TFAM, PGC-1a increases the activity of TFAM, a direct regulator of
replication/transcription of mitochondrial DNA,2! which encodes subunits of NADH
dehydrogenase and complex 1V, such as ND2 and COX1,22 respectively. NRF-1 also
regulates nucleus-encoded COX4.23 As a result, a decrease in these mitochondrial biogenic
regulators impaired mitochondrial function. Importantly, spillover of circulating mtDNA
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markers and mitochondrial proteins due to cellular injury,24 as we observed, may also
contribute to depletion of functional tissue mitochondria. Further, in addition to the
excessive nutrient abundance that stresses the mitochondria by increasing their work-
load,”: 8 activated renin-angiotensin system involved in adiposity and pressure overload in
Obese-HT might suppress mitochondrial biogenesis and magnify mitophagy.%: 25 Increased
mitochondrial degradation in Obese-HT could in turn magnify depletion of mitochondria.
Consequently, dysregulated mitochondrial turnover and function ensue in Obese-HT, where
the nutrient overload, cell injury, and pressure overload in concert magnify a fall in
mitochondrial quantity and quality compared to either factor alone.

Interestingly, despite mitochondrial dysfunction and associated myocardial fibrosis (Figure
S3), Obese-HT exhibited preserved cardiac systolic function (cardiac output, stroke
volume). Tissue injury like fibrosis often precedes and accompanies development of LVH.26
Similarly, we have observed that their co-existence amplified kidney injury and fibrosis,
whereas renal function was relatively preserved.2” Possibly, increased insulin levels and
extracellular volume may sustain or enhance renal and cardiac function in the early stages of
obesity. Furthermore, mitochondrial dysfunction contributes to early stages of hypertensive
heart remodeling, preceding systolic dysfunction.28: 2% Decreased ATP production
contributes to isolated LV diastolic dysfunction,3° and a fall in TFAM impairs myocyte
relaxation.3! Notably, the severity of mitochondrial dysfunction is important in the transition
from hypertrophy to systolic dysfunction,?8: 32 as does its duration,33 and interventions that
confer mitochondrial protection may ameliorate or reverse cardiac hypertrophy.2% 34 Indeed,
we have shown previously that stabilization of mitochondrial cardiolipin normalized LV
E/A ratio in RVH.2? Collectively, these findings signify the adverse impact of mitochondrial
dysfunction on diastolic function at the early stages of hypertensive heart disease.
Nevertheless, more severe and prolonged mitochondrial damage might eventually lead to
cardiac systolic dysfunction.

In the present study, obesity alone did not increase blood pressure, but magnified its
increment in HT (Table 1), underscoring their significant interaction. It has been shown that
obese subjects have higher circulating angiotensinogen, renin and aldosterone. Body weight
control by 5% leads to a reduction of renin-angiotensin-aldosterone not only in the adipose
tissue, but also in the plasma, which correlates with the waist circumference decline3.
These observations link obesity with increased circulating renin-angiotensin levels, which
possibly contributes to greater MAP in Obese-HT compared to Lean-HT. Yet, while PRA
was increased in Obese-HT compared to Lean-sham, it was not higher than Lean-HT,
implicating additional factors in the higher MAP in Obese-HT compared to Lean-HT. For
example, increased renal sodium reabsorption due to renal artery stenosis can be enhanced
in obesity as proximal tubules cells may undergo hypertrophy,3¢ leading to volume
expansion. Adipokines released from adipose tissue in obesity are related to increased
sympathetic nerve activity,3” and insulin resistance (reflected by homeostasis model
assessment-insulin resistance index) may also promote hypertension.38 These factors
working in concert might increase MAP in Obese-HT compared to Lean-HT. Due to
increased pressure load, cardiac oxygen demand (rate-pressure-product) rises. Alas,
proliferating microvascular smooth muscle cells and decreased endothelial nitric oxide
bioavailability in Obese-HT, resulting in diminished perfusion reserve, may restrict oxygen
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supply and lead to myocardial hypoxia. Interestingly, however, BOLD R2* in Obese-HT
was comparable to that in Lean-HT and Obese-sham, suggesting relatively preserved
oxygenation. Possibly, blunted mitochondrial COX1 and 4 activities and loss of
mitochondrial genome may decrease oxygen utilization capacity and reduce oxygen
consumption, leading to a paradoxical hypoxic-to-normoxic shift in the tissue.3°

This study is limited by our relatively young animals, which may show greater resistance to
insults exerted by obesity and HT, yet this relatively short-term exposure provided with an
opportunity to capture the initial pathophysiological changes that they induce. Our findings
underlie the adverse effects of renovascular disease with coexisting obesity on myocardial
mitochondrial quantity, quality and dynamics. Further studies need to examine the potential
alterations in myocardial ATP levels in obesity and pressure-overload, and the causal link
between mitochondrial dynamics and cardiac outcomes. The potential protective effects of
obesity management integrated with antihypertensive measures on mitochondrial
homeostasis in individuals with obesity and HT also need to be investigated.

Perspectives

Our study demonstrates that coexistence of obesity and renovascular HT impairs
mitochondrial biogenesis and function, and enhances mitochondrial self-degradation. This is
associated with magnified tissue remodeling and LV diastolic dysfunction. As the
concurrence of HT and obesity is becoming increasingly prevalent, greater understanding of
cardiac mitochondrial metabolic dynamics and their potential roles as therapeutic targets in
cardiac remodeling and dysfunction are in growing need.
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Refer to Web version on PubMed Central for supplementary material.
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A,D: Representative blood-oxygen level-dependent (BOLD) images from the left ventricle
and derived R2* values. B-C, G, I: Myocardial expression of mitochondrial cardiolipin and
mitochondrial transcription factor A (TFAM). E-F: Myocardial perfusion and its response to
adenosine measured by multi-detector computed tomography. H: Copy number of
mitochondrial DNA-encoded NADH dehydrogenase (ND)2. # Diet: significant effect of
diet. & HT: significant effect of HT. # DietxHT: significant interaction (Two-way
ANOVA). *p<0.05 vs. Lean-sham, $p<0.05 vs. Obese-sham, tp<0.05 vs. Lean-HT, #p<0.05
vs. baseline.
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Figure 2.
A-B: Mitochondrial respiratory chain complex IV (COX) subunits 1 and 4 activities,

respectively. C-E: Myocardial expression of peroxisome proliferator-activated receptor-
gamma coactivator (PGC)-1a and nuclear respiratory factor (NRF)-1. F—H: Circulating
plasma levels of mitochondrial DNA-encoded NADH dehydrogenase (ND)1, ND2, and
COXa3. ct: threshold cycle. # Diet: significant effect of diet. # HT: significant effect of HT.

4 Di

etxHT: significant interaction (Two-way ANOVA). *p<0.05 vs. Lean-sham, $p<0.05

vs. Obese-sham, Tp<0.05 vs. Lean-HT.
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