
Vol.:(0123456789)1 3

Basic Research in Cardiology (2021) 116:35 
https://doi.org/10.1007/s00395-021-00879-3

ORIGINAL CONTRIBUTION

Mineralocorticoid receptor blockade normalizes coronary resistance 
in obese swine independent of functional alterations in Kv channels

Adam G. Goodwill1 · Hana E. Baker1 · Gregory M. Dick2 · Patricia E. McCallinhart3 · Chastidy A. Bailey4,5 · 
Scott M. Brown4,5 · Joshua J. Man6,7 · Darla L. Tharp4 · Hannah E. Clark1 · Bianca S. Blaettner1 · Iris Z. Jaffe6 · 
Douglas K. Bowles4,8 · Aaron J. Trask3,9 · Johnathan D. Tune2 · Shawn B. Bender4,5,8 

Received: 8 March 2021 / Accepted: 11 May 2021 / Published online: 20 May 2021 
© This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2021

Abstract
Impaired coronary microvascular function (e.g., reduced dilation and coronary flow reserve) predicts cardiac mortality in 
obesity, yet underlying mechanisms and potential therapeutic strategies remain poorly understood. Mineralocorticoid receptor 
(MR) antagonism improves coronary microvascular function in obese humans and animals. Whether MR blockade improves 
in vivo regulation of coronary flow, a process involving voltage-dependent K+ (Kv) channel activation, or reduces coronary 
structural remodeling in obesity is unclear. Thus, the goals of this investigation were to determine the effects of obesity on 
coronary responsiveness to reductions in arterial PO2 and potential involvement of Kv channels and whether the benefit of MR 
blockade involves improved coronary Kv function or altered passive structural properties of the coronary microcirculation. 
Hypoxemia increased coronary blood flow similarly in lean and obese swine; however, baseline coronary vascular resistance 
was significantly higher in obese swine. Inhibition of Kv channels reduced coronary blood flow and augmented coronary 
resistance under baseline conditions in lean but not obese swine and had no impact on hypoxemic coronary vasodilation. 
Chronic MR inhibition in obese swine normalized baseline coronary resistance, did not influence hypoxemic coronary vaso-
dilation, and did not restore coronary Kv function (assessed in vivo, ex vivo, and via patch clamping). Lastly, MR blockade 
prevented obesity-associated coronary arteriolar stiffening independent of cardiac capillary density and changes in cardiac 
function. These data indicate that chronic MR inhibition prevents increased coronary resistance in obesity independent of 
Kv channel function and is associated with mitigation of obesity-mediated coronary arteriolar stiffening.
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Introduction

The ability of the coronary circulation to maintain ade-
quate oxygen delivery is essential to cardiac function and 
myocardial viability [15]. In obesity, coronary microvas-
cular function is impaired and is associated with cardiac 
damage (i.e., elevated troponin) and diastolic dysfunction 
[47, 48]. Consequently, coronary microvascular dysfunc-
tion is a powerful predictor of cardiac mortality in obese, 
diabetic patients [37] and increased risk of heart failure 
with preserved ejection fraction (HFpEF), especially for 
patients with combined cardiac diastolic dysfunction [48]. 
Indeed, the paradigm that co-morbidity-associated HFpEF 
may originate from coronary microvascular dysfunction 
has been proposed [40]. Critically, obesity-related HFpEF 
has recently been reported as a unique phenogroup within 
HFpEF populations having significantly elevated mor-
bidity and mortality [12, 46] and unfortunately, there are 
currently no approved therapies for this highly prevalent 
condition. Thus, mechanistic understanding of obesity-
associated coronary microvascular dysfunction is a prom-
ising avenue to novel treatment approaches for obesity-
related cardiovascular disease.

One potential therapeutic strategy for coronary micro-
vascular dysfunction in obesity focuses on the attenuation 
of chronic, maladaptive activation of aldosterone-sensitive 
mineralocorticoid receptors (MR). Recent studies, from 
our investigative team and others, indicate that systemic 
inhibition of MR signaling mitigates obesity-induced 
changes in microvascular vasomotor function, vascular 
and cardiac remodeling, and diastolic function in obese 
rodents [3, 9, 11, 14, 43]. Furthermore, the clinical rel-
evance of MR antagonism is supported by evidence that 
MR blockade with eplerenone or spironolactone signifi-
cantly increased coronary flow reserve (CFR) in obese 
humans with type 2 diabetes [4, 20, 27]. Whether these 
improvements in coronary vasomotor function are indica-
tive of improvements in local coronary control of vascu-
lar resistance in vivo, a process involving activation of 
voltage-gated K+ (Kv) channels [21, 39], or attenuation 
of obesity-associated coronary structural remodeling 
remains unclear. Indeed, along with coronary arteriolar 
remodeling [28, 50], diminished coronary KV function has 
been reported in obesity [6]. Importantly, aldosterone/MR 
signaling has recently been linked to the downregulation 
of vascular K+ channel activity and/or expression [16, 29] 
as well as to pathologic vascular remodeling in a variety 
of disease states [17]. Finally, much of the published work 
related to MR-dependent vascular dysfunction in co-mor-
bid conditions has been performed in rodent models which 
are inherently limiting for studies examining mechanisms 
of coronary blood flow control in vivo. Thus, we propose 

to test the hypothesis that MR inhibition improves coro-
nary function in a swine model of obesity, at least in part, 
by augmenting functional expression of coronary KV chan-
nels and via normalization of coronary arteriolar structure.

Methods

All protocols were approved by the appropriate Institutional 
Animal Care and Use Committees in accordance with the 
Guide for the Care and Use of Laboratory Animals (NIH 
Pub. No. 85–23, Revised 2011) and the ethical standards 
laid down in the 1964 Declaration of Helsinki and its later 
amendments. Lean Ossabaw swine (n = 7; 4 females) were 
fed ~ 2200 kcal/day of standard chow (5L80 Purina Test 
Diet) containing 18% kcal from protein, 71% kcal from 
complex carbohydrates, and 11% kcal from fat. Obese 
Ossabaw swine (n = 8; 4 females) were fed an excess calorie 
(~ 8000 kcal/day), high-fat, high-fructose diet for ~ 16 weeks 
containing: 8% kcal from protein, 43% kcal from fat, 33% 
kcal from fructose, and 10% kcal from carbohydrates. An 
additional group of obese Ossabaw swine (n = 9; 4 females) 
received the MR antagonist spironolactone (25 mg/d, po) 
throughout the high-fat diet feeding period in a daily food 
snack. Lean and untreated obese swine received the same 
daily snack without spironolactone.

Surgical preparation

Swine were sedated with Telazol (tiletamin-zolazepam, 
5  mg/kg, sc), xylazine (2.2  mg/kg, sc), and ketamine 
(3.0 mg/kg, sc). Following endotracheal intubation, anes-
thesia was maintained with morphine (3.0 mg/kg, sc) and 
α-chloralose (100 mg/kg, iv). Following completion of the 
experimental protocol, hearts were fibrillated and excised in 
accordance with recommendation of the American Veteri-
nary Medical Association Guide on Euthanasia (June 2020). 
Anesthetized swine were mechanically ventilated (Harvard 
respirator) with O2-supplemented room air. Catheters were 
placed into the right femoral artery for systemic hemody-
namic measurements and the right femoral vein for admin-
istration of supplemental anesthesia, heparin, and sodium 
bicarbonate. Blood samples for key phenotypic measure-
ments (Table 1) were obtained immediately following place-
ment of the venous catheter. Blood gas parameters were 
maintained within normal physiological limits throughout 
the protocol by periodic arterial blood gas analyses, appro-
priate adjustments to breathing rate, and bicarbonate sup-
plementation as necessary. Ventilatory rate was maintained 
constant to limit/block arterial chemoreflex activation typi-
cally associated with hypoxemia-induced hyperventilation 
in free breathing animals [44]. A left lateral thoracotomy 
was performed to allow access to the heart after which the 
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left anterior descending coronary artery (LAD) was isolated 
and a perivascular flow transducer (Transonic Systems Inc.) 
placed around the vessel. A catheter was introduced into the 
coronary interventricular vein for coronary venous blood 
sampling and heparin was administered (bolus; 500 U/kg, 
iv). Hemodynamic parameters, coronary blood flow, and 
ECG were continuously measured throughout the entire 
protocol. All data were collected using IOX acquisition 
software (EMKA Technologies, Falls Church VA, USA).

In vivo experimental protocol

Following the surgical preparation and a ~ 15 min stabiliza-
tion period, arterial and coronary venous blood samples were 
simultaneously collected under baseline (normoxic) condi-
tions and analyzed with an Instrumentation Laboratories 
automatic blood gas analyzer (GEM Premier 4000). Hemo-
dynamic parameters and arterial and coronary venous blood 
samples were obtained during graded coronary dilation elic-
ited by hypoxemia. Specifically, PaO2 was progressively 
diminished in four steps by supplementing ventilated air 
with increasing amounts of N2 gas to reduce PaO2 to approx-
imately 65, 45, 35, and 25 mmHg. Once measurements and 
blood samples were collected at the most severe level of 
hypoxemia, the N2 gas was turned off and PaO2 returned 
to baseline, normoxic levels (typically within ~ 1–2 min). 
All swine then received the KV channel inhibitor 4-amino-
pyridine (4-AP, 0.3 mg/kg, iv) and the hypoxemia protocol 
repeated ~ 5 min following 4-AP administration. Accord-
ingly, each animal served as its own control and initial 
experiments revealed that hypoxemia-induced increases of 
coronary blood are repeatable with no tachyphylaxis (Online 
Resource 1). Myocardial oxygen consumption (MVO2; µl 
O2/min/g) and lactate uptake (μmol/min/g) were calculated 
using the Fick principle as [coronary blood flow × (arterial 
concentration − coronary venous concentration)]. Coronary 
vascular resistance was calculated from coronary blood flow 
and aortic blood pressure (i.e., coronary perfusion pressure). 

Following the conclusion of the hypoxemia protocol, left 
ventricular (LV) function was assessed under normoxic con-
ditions via a pressure–volume admittance catheter (Tran-
sonic Scisense, London, Ontario, Canada). The catheter was 
passed through a hemostatic control valve placed directly 
into the LV near the base via a transmural stab and secured 
with a purse string suture. Following in vivo experiments, 
swine were euthanized, the heart excised, coronary circula-
tion immediately perfused with ice-cold physiological salt 
solution (PSS), and portions of the LV rapidly removed and 
placed in ice-cold PSS. Samples of LV were subsequently 
shipped overnight in ice-cold PSS to the University of Mis-
souri and Nationwide Children’s Hospital for ex vivo experi-
ments, similar to previous studies [2, 5, 8, 50].

Wire myography

Subepicardial small coronary arteries were isolated, cleaned, 
and mounted in a wire myograph (Danish MyoTechnology) 
using 17 µm stainless steel wire for assessment of vasomo-
tor function, as previously described [1, 29]. Briefly, ves-
sels were warmed to 37 °C and equilibrated for 30–40 min 
with regular washing in Krebs-PSS containing (in mM): 
119 NaCl, 4.7 KCl, 2.5 CaCl2∙2H2O, 1.17 MgSO4∙7H2O, 
25 NaHCO3, 1.18 KH2PO4, 0.027 EDTA, and 5.5 glucose 
(pH 7.4; bubbled with 95% O2–5% CO2). Baseline tension 
was established using a normalization procedure [42], vessel 
viability was confirmed by exposure to 80 mM KCl-Krebs-
PSS and, following washing, vasoconstrictor responses to 
4-AP (3 mM) were assessed. Vasoconstrictor responses were 
normalized to vessel length and quantified as the change in 
measured tension in response to 4-AP.

Pressure myography

Coronary arterioles (< 150 μm internal diameter) were iso-
lated from left ventricular tissue of the distal LAD, excised, 
mounted onto 2 glass microcannulas within a pressure 

Table 1   Phenotype data of 
Ossabaw swine by treatment 
group

Values are mean ± SE, n = 6–10; *P < 0.05 versus Lean, †P < 0.05 versus Obese

Lean Obese Obese + Spiro ANOVA

Body weight (kg) 50 ± 3 64 ± 3* 63 ± 3* P = 0.01
Heart weight (g) 183 ± 12 190 ± 6 187 ± 6 P = 0.80
Heart weight/body weight ratio (g/kg) 3.7 ± 0.2 3.0 ± 0.1* 3.0 ± 0.2* P = 0.02
Blood glucose (mg/dl) 143 ± 6 112 ± 5* 121 ± 7* P = 0.01
Plasma insulin (μU/ml) 4.3 ± 1.2 3.2 ± 0.3 3.9 ± 0.7 P = 0.61
Total cholesterol (mg/dl) 82 ± 4 638 ± 44* 515 ± 37*† P < 0.001
Triglycerides (mg/dl) 53 ± 6 60 ± 7 56 ± 7 P = 0.79
Plasma Na+ (mmol/L) 139 ± 1 138 ± 1 138 ± 1 P = 0.91
Plasma K+ (mmol/L) 3.48 ± 0.09 3.68 ± 0.08 3.57 ± 0.09 P = 0.37
Plasma aldosterone (ng/dl) 62 ± 11 104 ± 15 114 ± 15 P = 0.06
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myograph chamber (Living Systems, Burlington, VT), and 
equilibrated for 30 min under constant intraluminal pres-
sure (50 mmHg) at 37 °C in physiologic salt solution (PSS) 
(130 NaCl, 4 KCl, 1.2 MgSO4, 4 NaHCO3, 10 HEPES, 1.2 
KH2PO4, 5 glucose, and 2.5 CaCl2 at pH 7.4). Measurements 
of coronary arteriolar structure and passive mechanical 
properties were assessed in Ca2+-free PSS in the presence 
of 2 mM EGTA and 100 µM sodium nitroprusside. A passive 
pressure-diameter curve was generated by altering intralu-
minal pressure from a minimum of 0 mmHg to a maximum 
of 125 mmHg, and left and right wall thickness (WT) and 
internal diameters (Di) were recorded at each pressure using 
a video dimension analyzer (Living Systems Instrumenta-
tion, Burlington, VT). The following structural and mechani-
cal parameters were calculated as previously described by 
us [28, 33, 50]:

Circumferential Stress (σ) = (P × Di)/(2WT), where P is 
pressure in dynes/cm2.
Circumferential Strain (ε) = (Di − D0)/D0, where Di is 
the internal diameter for a given intraluminal pressure 
and D0 is the original diameter measured at 0 mmHg of 
intraluminal pressure.
Elastic modulus (E) = stress (σ)/strain (ε) is used to deter-
mine arterial stiffness. However, since the stress–strain 
relationship was non-linear, we obtained the tangential or 
incremental elastic modulus (Einc), or simply the tangen-
tial slope of the stress–strain relationship at each incre-
mental pressure (Δσ/Δε).

Patch clamp: smooth muscle cell (SMC) dissociation

All electrophysiology experiments were performed using 
freshly dispersed arteriolar SMC. Coronary arterioles were 
placed in low-Ca2+ (0.1 mM) physiological buffer contain-
ing 294 U/ml collagenase, 5 U/ml elastase, 2 mg/ml bovine 
serum albumin, 1 mg/ml soybean trypsin inhibitor, and 
0.4 mg/ml DNase I. Cells were enzymatically dissociated 
by incubation in a 37 °C water bath for 60 min. The enzyme 
solution was then replaced with enzyme-free low-Ca2+ solu-
tion and the arterioles dispersed with gentle trituration by 
micropipette for isolation of single SMCs. Smooth muscle 
cells were morphologically distinguishable from other cell 
types in the dispersion, such as endothelial cells and fibro-
blasts. Isolated cells were maintained in low-Ca2+ solution 
at 4 °C until use (0–6 h).

Whole‑cell voltage clamp

Whole-cell K+ currents were obtained from single cells 
using standard whole-cell voltage clamp techniques, as 
used routinely [10, 22, 23]. Experiments were conducted 
under physiological K+ concentrations. Because membrane 

depolarization activates both Kv and large-conductance 
Ca2+-dependent K+ (BKCa) channels, we utilized low extra-
cellular Ca2+ (0.1 mM) and 10 mM EGTA in the pipette 
to chelate intracellular Ca2+ and thereby minimize the con-
tribution of BKCa current to outward K+ current [52]. We 
also limited the depolarizing command pulses to + 10 mV to 
minimize activation of BKCa channels [34]. The contribution 
of KATP channels to whole-cell K+ current was minimized 
by inclusion of 2 mM ATP in the pipette solution. Thus, 
these conditions allowed us to isolate Kv currents [22, 34, 
52]. Cells were initially superfused with PSS containing (in 
mM): 138 NaCl, 5 KCl, 0.1 CaCl2, 1 MgCl2, 10 glucose, 20 
HEPES, pH 7.4. Heat-polished glass pipettes (2–5 MΩ) were 
filled with a solution containing (in mM): 120 KCl, 10 NaCl, 
1 MgCl2, 10 EGTA, 10 HEPES, 2 Na2ATP, 0.5 Tris-GTP, 
pH 7.1 with KOH. Ionic currents were amplified with an 
Axopatch 200B patch-clamp amplifier (Axon Instruments). 
Currents were low-pass filtered with a cutoff frequency of 
1000 Hz, digitized at 2.5 kHz and stored on computer. Cells 
were continuously perfused under gravity flow at room tem-
perature (22–25 °C). Sequential current–voltage (IV) rela-
tionships were obtained by 10 mV step depolarizations from 
-60 to + 10 mV from a holding potential of − 80 mV in PSS 
and PSS plus the Kv1 blocker DPO-1 (10 µM; Tocris). Data 
acquisition and analysis were accomplished using pClamp 
9.0 software (Axon Instruments). Online leak subtraction 
was not performed.

Immunofluorescence

Capillary density was assessed in LV tissues that were fixed 
in 4% paraformaldehyde for 24–48 h and transferred to 
70% EtOH until paraffin embedding and sectioning (5 μm 
thickness). After deparaffinization and rehydration, antigen 
retrieval was performed using sodium citrate buffer (pH 6.0) 
and incubated with fish skin gelatin blocking serum (bovine 
serum albumin, cold water fish skin gelatin with tween) in 
PBS for 60 min at room temperature to suppress non-spe-
cific binding. Sections were stained with the endothelium 
marker fluorescein‐conjugated isolectin (Vector Laborato-
ries, Burlingame, CA) for 30 min at room temperature and 
the cell membrane marker rhodamine‐conjugated wheat 
germ agglutinin (Vector Laboratories) for 30 min at room 
temperature. Nuclei were stained utilizing DAPI (Ther-
moFisher). Four randomly selected fields for each sample 
were imaged at × 40 magnification. Images were coded after 
collection to allow for capillary counts and analysis by a 
blinded individual.

Blood and plasma measures

Following anesthesia, blood glucose, and electrolytes were 
measured with an Instrumentation Laboratories automatic 
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blood gas analyzer (GEM Premier 4000). Plasma insulin 
was measured by the Cornell University Animal Health 
Diagnostic Center. Total cholesterol and triglycerides were 
measured in serum by the University of Missouri Veteri-
nary Medical Diagnostic Laboratory. Finally, plasma aldos-
terone was measured by competitive radioimmunoassay 
(Tecan, MG13051) in duplicate, according to manufacturer 
instructions.

Statistical analyses

Data are presented as individual data points or mean ± SE 
and were analyzed using GraphPad Prism (GraphPad Soft-
ware, San Diego, CA) and SigmaPlot (Systat Software, Inc., 
San Jose, CA). Artwork was generated in GraphPad Prism. 
Statistical comparisons for phenotypic, wire myography, and 
cardiac function data were performed by one-way analysis 
of variance (ANOVA). Coronary response variables (flow or 
resistance vs. arterial PO2) were compared with non-linear 
regression. Specifically, data were fit with one-phase expo-
nential curves and the extra sum-of-squares F test was used 
to determine whether one curve could adequately fit both 
groups. Coronary mechanical measurements were analyzed 
using a two-way repeated measures ANOVA. For all com-
parisons, P < 0.05 was considered statistically significant. 
When significance was found with ANOVA, a Student–New-
man–Keuls multiple comparison test was performed to iden-
tify differences.

Results

Characterization of the swine obesity model

Phenotypic data are shown in Table 1 for swine that were 
lean, obese, or obese and treated with spironolactone. As 
expected, the two groups of obese animals had body weights 
that were 24–26% higher than lean swine and similar heart 
weights thus the heart weight-to-body weight ratio was 
lower in the obese groups. Blood glucose was lower, plasma 
insulin and triglycerides were unchanged while total cho-
lesterol was markedly increased in obese swine. Lastly, 
plasma aldosterone tended to be higher in the obese groups 
compared to lean swine (P = 0.06), whereas plasma elec-
trolytes (Na+ and K+) were unchanged. Assessment of sys-
temic hemodynamics at baseline (i.e., normoxia) and during 
graded hypoxemia revealed elevated mean aortic pressure in 
obese compared to lean swine (Fig. 1a). Accordingly, obese 
swine had reduced heart rate but similar MVO2 compared 
to lean swine (Fig. 1c and e). Treatment of obese swine with 
spironolactone resulted in reduced mean aortic pressure but 
no change in heart rate or MVO2 compared to untreated 
obese swine (Fig. 1b, d, and f). Further, invasive assessment 

of LV hemodynamics under normoxic conditions revealed 
no impact of obesity on LV filling volume, stroke volume, 
ejection fraction, end-diastolic pressure, or LV diastolic time 
constant (Online Resource 2). Spironolactone treatment of 
obese swine did not significantly affect indices of cardiac 
function but tended to increase LV end-diastolic volume and 
stroke volume (Online Resource 2).

Obesity increases coronary resistance but does 
not alter dilation to hypoxemia

Coronary vascular responses to hypoxemia were measured 
in lean and obese swine (Fig. 2). Average blood gas and 
hemodynamic parameters are provided in Online Resource 
3. Under normoxic conditions, obese swine had reduced 
coronary blood flow (Fig. 2a) corresponding to increased 
coronary resistance (Fig. 2b), reduced coronary venous PO2, 
and reduced myocardial lactate uptake (Online Resource 3) 
compared to lean swine. Arterial PCO2 was not changed 
during hypoxemia (Online Resource 3). As expected, graded 
hypoxemia reduced arterial PO2 and oxygen content with 
no change in hematocrit (Online Resource 3). Hypoxemia 
elicited profound increases in coronary blood flow as arterial 
PO2 dropped below 50 mmHg (Fig. 2a) and this response 
was similar in lean and obese swine. In obese swine, hypox-
emia resulted in myocardial lactate production (i.e., reduced 
lactate uptake) relative to lean swine (Online Resource 3).

Coronary Kv channels are dysfunctional in obesity 
but do not contribute to hypoxemic dilation

Inhibition of Kv channels in vivo with 4-AP in lean swine 
reduced baseline coronary blood flow (Fig. 3a) and increased 
coronary resistance (Fig. 3b) consistent with a role for KV 
channels in normal coronary function. In contrast, 4-AP did 
not affect coronary blood flow (Fig. 3c) or increase coronary 
resistance (Fig. 3d) in obese swine. Notably, in both lean 
and obese swine, KV blockade did not influence the degree 
of hypoxemic coronary vasodilation (Fig. 3).

MR blockade prevents increased coronary resistance 
in obesity independent of Kv channels

Treatment of obese swine with the MR antagonist spirono-
lactone modestly increased coronary blood flow (Fig. 4a) 
and significantly decreased baseline coronary resistance 
(Fig. 4b) but did not affect coronary venous PO2 or myocar-
dial lactate uptake (Online Resource 3) relative to untreated 
obese swine. Further, coronary hypoxic vasodilation was 
not impacted by spironolactone (Fig. 4). Mechanistically, 
spironolactone treatment did not restore sensitivity to 4-AP 
in vivo in obese swine (Fig. 4c and d). Further, isolated 
small coronary arteries from spironolactone-treated obese 
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swine exhibited attenuated vasoconstriction to 4-AP simi-
lar to untreated obese swine (Fig. 4e). Patch clamp studies 
revealed reduced whole-cell Kv current in isolated coronary 
SMC from obese swine, compared to lean swine, that was 
not restored by spironolactone treatment (Fig. 4f). Lastly, 
whole-cell Kv currents were markedly reduced, and group 

differences abrogated, by treatment of SMCs with the Kv1 
family inhibitor DPO-1 (Fig. 4f).

Fig. 1   Obese swine have higher 
aortic blood pressure compared 
to lean swine that was reduced 
by MR inhibition. Lean and 
obese untreated swine (a, c, 
e) and obese untreated and 
spironolactone (Spiro)-treated 
swine (b, d, f) were compared 
during graded reductions of 
arterial PO2 to induce hypox-
emia while measuring aortic 
pressure (a, b), heart rate (c, 
d), and myocardial oxygen 
consumption (MVO2; e, f). 
Individual data points shown, 
n = 7–9 per group, significance 
indicated by panel based on 
non-linear regression
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Fig. 2   Obesity increases coronary vascular resistance but does not 
limit dilation to hypoxemia. Lean and obese swine were compared 
during graded reductions of arterial PO2 to induce hypoxemia while 

measuring coronary blood flow (a) and coronary resistance (b). Indi-
vidual data points shown, n = 6–7 per group, significance indicated by 
panel based on non-linear regression
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Fig. 3   Kv blockade eliminates 
differences in coronary vascular 
resistance between lean and 
obese swine. Lean (a, b) and 
obese (c, d) swine were exposed 
to graded reductions in arterial 
PO2 to induce hypoxemia while 
measuring coronary blood flow 
(a, c) and coronary resist-
ance (b, d) before and after 
acute blockade of KV channels 
with 4-aminopyridine (4-AP). 
Individual data points shown, 
n = 6–7 per group/treatment, 
significance indicated by panel 
based on non-linear regression
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Fig. 4   Chronic MR inhibition normalizes coronary vascular 
responses to graded hypoxemia in obese swine independent of KV 
channels. Untreated obese (a, b) and spironolactone (Spiro)-treated 
obese (c, d) swine were exposed to graded reductions in arterial 
PO2 to induce hypoxemia while measuring coronary blood flow (a, 
c) and coronary resistance (b, d) before and after acute blockade of 
KV channels with 4-aminopyridine (4-AP). Ex  vivo constriction of 
isolated coronary small arteries to 4-AP was assessed in vessels from 

lean, obese, and spiro-treated obese swine (e). Whole-cell Kv cur-
rents were measured in isolated coronary arteriolar smooth muscle 
cells from lean, obese, and spiro-treated obese swine in the absence 
and presence of the KV1 family antagonist DPO-1 (f). Individual data 
points (a–d) and mean ± SE (e and f) shown, n = 5–7 per group/treat-
ment (e), and n = 32–60 cells from 7–10 animals per group/treatment 
(f), significance indicated by panel based on non-linear regression 
(a–d), *P < 0.05 versus Lean (e and f)
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MR blockade prevents coronary arteriolar structural 
stiffening independent of capillary density 
in obesity

Assessment of cardiac capillary density revealed that 
although obese swine tended to have reduced capillary den-
sity compared to lean swine (P = 0.09), this was not sta-
tistically different and was not changed by spironolactone 
(Fig. 5a). Accordingly, we further assessed coronary arteri-
olar biomechanics. Isolated, pressurized arterioles from the 
3 treatment groups had similar passive internal diameters 
(Lean, 111 ± 6 µm; Obese, 137 ± 16 µm; Obese + Spiro, 
130 ± 12 µm; at 125 mmHg intraluminal pressure; P = 0.36) 
and wall thicknesses (Lean, 12.3 ± 1.8  µm; Obese, 
13.2 ± 1.4 µm; Obese + Spiro, 12.8 ± 0.8 µm at 125 mmHg 
intraluminal pressure). Assessment of passive arteriolar 
biomechanics revealed a leftward shift of the stress–strain 
relationship (i.e., stiffening) in obesity driven by reduced 
strain with no change in wall stress across the pressures 

examined (Fig. 5b). Further, the incremental modulus of 
elasticity (Einc; an index of stiffness for non-linear elastic 
vessels) was increased in obesity at 125 mmHg. This impact 
of obesity was prevented by MR blockade as spironolactone-
treated obese swine exhibited reduced strain, with no change 
in stress, and a reduced incremental modulus of elasticity 
compared to untreated obese swine (Fig. 5c).

Discussion

Coronary microvascular resistance is tightly regulated to 
balance myocardial oxygen delivery with myocardial metab-
olism [15, 51]. This coupling between oxygen supply and 
demand is dependent on coronary KV channels [6, 21, 39] 
that become dysfunctional in obesity [6]. Recent evidence 
indicates that MR blockade improves underlying coronary 
microvascular dysfunction in obese, diabetic patients [20, 
27]. The purpose of this investigation was to examine the 
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Fig. 5   Chronic MR inhibition prevents coronary arteriolar structural 
stiffening in obese swine. Cardiac capillary density was assessed in 
lean, obese, and spironolactone (Spiro)-treated obese swine (a). Pas-
sive coronary arteriolar stress–strain relationships and incremental 
modulus of elasticity were assessed in response to increasing intra-

luminal pressures in isolated arterioles from lean compared to obese 
(b) and untreated obese compared to Spiro-treated obese (c) swine. 
Representative capillary staining to right, scale bar = 20  µm. Green, 
isolectin; Red, WGA; Blue, DAPI. Values are mean ± SE, n = 7–10; 
*P < 0.05, †P = 0. 09 versus Lean
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extent to which MR-associated augmentation of microvascu-
lar responsiveness is mediated by improvements in the func-
tional contribution of KV channels to the control of coronary 
blood flow versus alterations in structural properties of the 
microcirculation. To that end, we demonstrate in a swine 
model of obesity that, (1) obesity decreases baseline coro-
nary blood flow (increases resistance) but does not impair 
coronary dilation to hypoxemia in this model; (2) coronary 
Kv channels do not contribute to coronary microvascular 
resistance (flow) in obese swine and are not significant con-
tributors to hypoxemia-induced coronary dilation; (3) MR 
blockade with spironolactone normalizes baseline coronary 
resistance in obese swine independent of Kv function; and 
(4) obesity-associated coronary arteriolar stiffening is pre-
vented by chronic MR blockade. Together, these data reveal 
an independent role for MR activation and KV channels in 
coronary microvascular impairment in obesity. Further, our 
results support that MR inhibition improves coronary micro-
vascular resistance in obesity associated with prevention of 
adverse coronary arteriolar remodeling.

Our data confirm that resting coronary blood flow is 
reduced in obese swine owing to a pronounced increase in 
coronary vascular resistance; however, hypoxemia-induced 
coronary vasodilation is maintained in obese swine. The 
former observation is consistent with recent evidence of 
declining resting coronary perfusion with increasing body 
mass index in patients with and without diabetes [26]. Fur-
ther, coronary venous PO2 was reduced in obese swine and 
this was associated with myocardial lactate production (i.e., 
reduced lactate uptake) during hypoxemia indicative of 
impaired oxygen supply–demand balance in obesity. A pri-
mary aim of this study was to evaluate whether MR blockade 
prevents coronary microvascular dysfunction in obesity. To 
that end, our data demonstrate that MR blockade with a clin-
ically relevant dose of spironolactone (25 mg/d) prevented 
increased baseline coronary resistance in obesity and did not 
impact the extent of coronary dilation to hypoxemia. In addi-
tion, despite reducing coronary resistance, spironolactone 
treatment did not change coronary venous PO2 or myocardial 
lactate uptake/production suggesting that decreased resist-
ance was not associated with an improvement in the balance 
between coronary blood flow and cardiac metabolism. These 
data extend our previous findings that MR blockade restores 
coronary endothelial function in obese and diabetic rodents 
[3, 11] to demonstrate benefit of MR blockade on coronary 
resistance in vivo in the absence of diabetes. Critically, our 
data suggest that coronary microvascular dysfunction pre-
cedes changes in LV function in obesity, consistent with 
emerging narrative [40], but more detailed assessment of 
cardiac function is needed.

Recent evidence has established activation of Kv chan-
nels, specifically Kv1 channels, as a primary regulator of 
coronary microvascular resistance at rest and in response 

to increases in MVO2 [21, 39]. Accordingly, Kv blockade 
in vivo and in isolated coronary small arteries induced pro-
nounced coronary vasoconstriction in lean swine that was 
absent in obese non-diabetic swine, consistent with our 
previous report [6]. Our previous work indicates that obe-
sity-associated KV dysfunction involves downregulation of 
coronary KV1.5 channels [6]. Patch clamp experiments con-
firmed reduced Kv current in isolated coronary SMC from 
obese swine in the present study and, further, demonstrate 
that the majority of this current (> 90%) is Kv1-dependent 
(i.e., inhibited by DPO-1). Thus, coronary Kv1 dysfunction 
is consistent with increased coronary resistance in obesity. 
Prior in vitro work has implicated KV1 [49], KV2 [49], and 
KV7 [24] channels in hypoxia-induced vasodilation of por-
cine coronary vessels. Our in vivo data, however, indicate 
that Kv channels are not involved in coronary dilation to 
hypoxemia in lean or obese swine. To our knowledge, our 
data are the first to evaluate KV involvement in hypoxemia-
induced coronary vasodilation in vivo. Accordingly, future 
in vivo studies aimed at elucidating specific K+ channels 
involved in coronary dilation to hypoxemia are necessary 
as both ATP-sensitive (KATP) and calcium-activated (KCa) 
K+ channels have also been implicated in this response [32, 
35]. Notably, coronary arterioles from diabetic patients were 
reported to have impaired dilation to hypoxia involving KATP 
dysfunction [35]. Our data further demonstrate that the 
improvement of coronary resistance by MR blockade with 
spironolactone in obese swine does not involve improved 
coronary Kv function. Indeed, Kv blockade did not induce 
coronary vasoconstriction in vivo or in isolated coronary 
arteries in obese swine treated with spironolactone consist-
ent with no improvement of KV current in coronary SMC 
isolated from these swine. Thus, alternative mechanisms of 
coronary tone regulation or coronary structural alterations 
account for the benefit of MR blockade on coronary resist-
ance in obesity.

Previous reports have demonstrated that coronary arte-
rioles from db/db mice and Ossabaw swine with metabolic 
syndrome undergo inward hypertrophic remodeling asso-
ciated with reduced vessel stiffness [28, 50]. Interestingly, 
our data reveal increased stiffness (i.e., reduced distensibil-
ity) of coronary arterioles from obese Ossabaw swine inde-
pendent of changes in luminal diameter or wall thickness. 
Reasons for the discrepant arteriolar phenotypes between 
this and previous work in the Ossabaw swine are unclear 
but may be related to length of experimental diet feeding 
(4 vs 6 months), diet composition (33% vs 19% fructose), 
or differences in underlying glucose/insulin sensitivity in 
the current study [50]. Regardless, our data suggest that 
obesity-associated arteriolar stiffening in the present study 
likely involves a combination of extracellular matrix (ECM) 
and intrinsic cell mechanical alterations that warrant further 
examination. Further, our data reveal that spironolactone 
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prevents coronary arteriolar stiffening and the increase of 
Einc in obese swine. To our knowledge, these are the first 
data exploring the impact of MR blockade on coronary 
microvascular biomechanics in obesity and are consistent 
with accumulating evidence for a role of inappropriate MR 
signaling in vascular stiffening in co-morbid conditions [7, 
11, 31]. Notably, MR signaling is closely associated with 
vascular ECM regulation [7] and MR blockade is associ-
ated with reduced biomarkers of collagen metabolism in 
patients at risk of developing heart failure [19]. The extent 
to which these changes might reflect alterations in coronary 
vascular stiffness remains to be determined. Nonetheless, 
our data indicate that attenuation of MR-dependent changes 
in coronary extracellular matrix composition/regulation con-
tributes, at least in part, to the normalization of arteriolar 
distensibility by spironolactone in obesity. Overall, in the 
absence of restored Kv function by spironolactone in obese 
swine, these data support a role for MR-dependent arteri-
olar stiffening underlying increased coronary resistance in 
obesity.

It is important to acknowledge several limitations of the 
present study. First, treatment groups in this study included 
a balance of both male and female swine. Sex differences 
in the prevalence and mechanisms of obesity-associated 
microvascular dysfunction have been reported for coronary 
and peripheral vascular beds [36]. In addition, sex specific-
ity of MR-dependent mechanisms of vascular dysfunction 
in co-morbid conditions has been reported, mainly regard-
ing endothelial impacts of MR signaling [13, 36]. Whether 
obesity-associated and MR-dependent alterations in SMC 
function, particularly involving KV channels, are sex spe-
cific remains to be determined as the present study is insuffi-
ciently powered to detect sex differences. In addition, a group 
of lean swine treated with spironolactone was not included 
in this study. Available evidence indicates that blockade or 
genetic deletion of MR has little impact on vascular function 
in lean animals or patients. Specifically, spironolactone or 
endothelial cell-specific MR deletion did not alter vascular 
function nor did smooth muscle-specific MR deletion alter 
CFR in lean mice [13, 14, 30, 43]. Spironolactone also did 
not improve outcomes in HFpEF patients with a body mass 
index less than 30 (i.e., non-obese) or normal waist circum-
ference [18]. Further, our data do not suggest significant 
activation of the chemoreceptor reflex in response to reduced 
arterial PO2. We believe this is likely due to a mitigation 
of this reflex by anesthesia. Finally, while plasma aldoster-
one tended to be increased in obese swine in this study, the 
mechanisms of MR activation in obesity remain unclear. 
Indeed, in addition to activation by aldosterone, activation 
of MR in a ligand-independent manner by angiotensin II 
[25] and by Rac1 GTPase in response to oxidative stress [38] 
has been reported as well as activation by cortisol and other 

serum factors. Accordingly, future work is needed to clarify 
obesity-associated mechanisms of MR activation.

Despite these limitations, our data have important impli-
cations regarding mechanisms of coronary microvascular 
dysfunction in obesity as well as the relationship between 
coronary dysfunction and ultimate cardiac outcomes. First, 
our data reveal MR-dependent mechanisms of coronary 
microvascular dysfunction largely independent of the overall 
regulation of microvascular responsiveness to graded reduc-
tions of oxygen supply in obesity. In this context, it should 
be noted that MVO2 was not changed during hypoxemia. 
Therefore, whether MR blockade improves coronary dila-
tion in response to increased cardiac metabolism warrants 
further examination. Interestingly, however, the decrease in 
baseline coronary resistance following spironolactone treat-
ment did not substantially improve myocardial oxygen sup-
ply–demand balance as coronary venous PO2 and myocar-
dial lactate uptake remain decreased relative to lean swine. 
In light of this, our data in a translationally relevant large 
animal model are insightful in suggesting potential coronary 
blood flow-independent mechanisms underlying the benefit 
of spironolactone to reduce hospitalization for heart failure 
in obese patients enrolled from the Americas in the recent 
Treatment of Preserved Cardiac Function Heart Failure with 
an Aldosterone Antagonist (TOPCAT) trial [41]. Specifi-
cally, our data suggest improved LV filling (i.e., trend for 
increased LV end-diastolic volume) in obese swine treated 
with spironolactone, consistent with prior work in obese 
mice [9]. Thus, myocardial contractile function or structure 
may be altered by MR blockade in obesity consistent with 
the prevention of arteriolar stiffening by spironolactone and 
warrants further study. Importantly, the benefit of MR block-
ade to improve outcomes in ‘TOPCAT-Americas’ increased 
linearly with increasing BMI highlighting the role of obe-
sity-associated MR activation [18]. Further work in cell-
specific MR knockout models is necessary to fully delineate 
vascular MR-dependent mechanisms of cardiac dysfunction 
in obesity related to and beyond the control of coronary 
blood flow. Lastly, a recent bimodal distribution paradigm 
of coronary microvascular dysfunction has been proposed in 
obesity/diabetes such that early coronary functional defects 
are followed by progression to coronary structural remod-
eling [45]. That MR blockade prevented obesity-associated 
coronary arteriolar stiffening in obese swine highlights the 
potential for MR blockade to attenuate or prevent the pro-
gression of coronary dysfunction in obesity.

In summary, our data address an important gap in the 
understanding of obesity-associated coronary microvascu-
lar dysfunction and the potential therapeutic impact of MR 
blockade. These data extend previous clinical and preclini-
cal work to a large animal model of obesity to reveal novel 
mechanisms for the benefits of MR blockade on coronary 
microvascular function and structure. Overall, this study 
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supports the emerging rationale for the use of MR antago-
nists to improve or preserve coronary microvascular, and 
ultimately cardiac, function in obesity.
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