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Abstract Coronary microvascular dysfunction (CMD) is commonly present in patients with metabolic derangements and is
increasingly recognized as an important contributor to myocardial ischaemia, both in the presence and absence
of epicardial coronary atherosclerosis. The latter condition is termed ‘ischaemia and no obstructive coronary ar-
tery disease’ (INOCA). Notwithstanding the high prevalence of INOCA, effective treatment remains elusive.
Although to date there is no animal model for INOCA, animal models of CMD, one of the hallmarks of INOCA,
offer excellent test models for enhancing our understanding of the pathophysiology of CMD and for investigating
novel therapies. This article presents an overview of currently available experimental models of CMD—with an
emphasis on metabolic derangements as risk factors—in dogs, swine, rabbits, rats, and mice. In all available animal
models, metabolic derangements are most often induced by a high-fat diet (HFD) and/or diabetes mellitus via in-
jection of alloxan or streptozotocin, but there is also a wide variety of spontaneous as well as transgenic animal
models which develop metabolic derangements. Depending on the number, severity, and duration of exposure
to risk factors—all these animal models show perturbations in coronary microvascular (endothelial) function and
structure, similar to what has been observed in patients with INOCA and comorbid conditions. The use of these
animal models will be instrumental in identifying novel therapeutic targets and for the subsequent development
and testing of novel therapeutic interventions to combat ischaemic heart disease, the number one cause of death
worldwide.
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This article is part of the Spotlight Issue on Coronary Microvascular Dysfunction.

1. Introduction

Common risk factors for cardiovascular disease, including diabetes melli-
tus (DM), dyslipidaemia, hypercholesterolaemia, and chronic kidney dis-
ease (CKD), are independently, but especially in combination, well-
known risk factors for the development of coronary artery disease
(CAD) of both large epicardial arteries and smaller coronary arteries.1–4

While it is well-established that obstructive CAD is a major cause of
myocardial ischaemia,5 there is increasing evidence that coronary micro-
vascular dysfunction (CMD) also contributes to myocardial ischaemia,
not only in the presence of obstructive CAD6–8 but also in patients with-
out obstructive CAD, a situation referred to as ‘ischaemia and no ob-
structive coronary artery disease’ (INOCA).2,9,10 Clinical studies have
shown that INOCA is present in approximately one-third of men and
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two-thirds of women undergoing angiography for suspected ischaemic
heart disease.11,12 Importantly, cardiovascular death or myocardial in-
farction occurred in 6.7% of the patients without any signs of CAD and
in 12.8% of patients with non-obstructive CAD.11,12

Since INOCA has only recently been recognized as a separate clinical
entity, its exact definition and the underlying pathophysiology are not
well-established yet.9 The potential multitude of factors underlying is-
chaemia in these patients underscores the complexity of the disease and
simultaneously presents a diagnostic and therapeutic challenge.13 The
current diagnostic workup for chest pain is not optimized for determin-
ing the different INOCA aetiologies, and INOCA is currently mainly
used as a diagnosis per exclusionem in patients with non-obstructive
CAD. Recently, the ‘CORonary MICrovascular Angina (CorMicA)’ study
and the working group of INOCA of the American College of
Cardiology have proposed a similar diagnostic flowchart.9,13 According
to these experts, a diagnostic flowchart for INOCA encompasses a
three-step approach, including invasive coronary angiography for the
evaluation of coronary obstructions with invasive diagnostic fractional
flow reserve (FFR) if needed, coronary flow reserve (CFR) measure-
ments for the evaluation of microvascular dysfunction, and a vasoreactiv-
ity test to acetylcholine and a nitrate for the assessment of endothelial
dysfunction with/without vasospasm. Such an approach could discrimi-
nate patients with epicardial vasospastic angina vs. microvascular angina
and enables evaluation of a tailored treatment between these groups.
Although studies with non-invasive techniques, including positron emis-
sion tomography (PET), transthoracic echo-Doppler, and cardiac mag-
netic resonance imaging, have shown some promising results, invasive
testing is currently still considered the gold-standard.9

An important limitation of patient studies is that the disease is only di-
agnosed when patients present with overt complaints, and hence the dif-
ferentiation into the various angina subtypes, based on coronary
function, typically occurs at a later stage, at a time when the (potentially
synergistic) contributions of individual risk factors, including diabetes,
hypercholesterolaemia, CKD, hypertension, and even sedentary lifestyle
are difficult to assess. Longitudinal, mechanistic invasive studies consider-
ing individual comorbidities, age and sex, should be performed to identify
the different patient subgroups. However, such studies in patients are
very difficult given the complexity of the disease and co-occurrence of
risk factors. In addition, structural microvascular alterations, including ar-
teriolar remodelling and capillary rarefaction that can contribute to im-
paired CFR and myocardial oxygen delivery, are also difficult to assess in
clinical studies. For this purpose, animal models are instrumental, as influ-
ences of metabolic factors, genetic predisposition, sex and age on the de-
velopment of perturbations in coronary microvascular function and
structure, as well as the progression of CMD, can be thoroughly studied.

In this review, we focus on the different animal models for CMD,
which is a critical hallmark of INOCA. Since each animal model has its
advantages and disadvantages, the specific research question should be
the prime determinant of the animal model of choice. It is therefore im-
portant to take the (pitfalls for) translation to the clinical setting into ac-
count when selecting an animal model. Here, we present an overview of
different models for studying CMD in the setting of metabolic derange-
ments in commonly used animal species. We discuss the different ways
to induce metabolic derangement, the resulting microvascular dysfunc-
tion, and the underlying mechanisms for each individual model.
Subsequently, the models are evaluated and compared with respect to
their translational capacity for the study of INOCA.

2. Animal models: anatomical and
metabolic considerations

A variety of animal species and models has been employed to study the
effects of different risk factors on the development and progression of
CMD. The cardiovascular system of each species has evolved differently
in order to meet the demands of that species and has specific similarities
and differences with the human cardiovascular system. In this section, we
will provide an overview of the most important similarities and differen-
ces in terms of coronary anatomy and body and myocardial metabolism.

2.1 Anatomical considerations
Large animal species (canine and porcine) have been widely used to
study ischaemic heart disease. Dogs, pigs, and humans have been shown
to vary with respect to the anatomic distribution of their coronary arter-
ies. In all these species, the coronary arteries and their main branches
run on the epicardial surface. The coronary vasculature in humans is
mostly right dominant, implying that in most humans the right coronary
artery supplies the right ventricle as well as the posterior wall of the left
ventricle with blood, whereas the anterior and lateral wall of the left ven-
tricle are perfused via the left anterior descending coronary artery and
the left circumflex coronary artery. Humans have no separate septal ar-
tery, and the ventricular septum is supplied through perforating vessels
that originate from the interventricular branches.14 Similarly, the porcine
coronary circulation is right dominant, while dogs are left dominant.15

Humans and swine are also similar with respect to the vascularization of
the interventricular septum, which is supplied by anterior and posterior
septal branches arising from the left and right coronary arteries, respec-
tively. In addition, the atrioventricular node and the bundle of His in both
humans and swine are irrigated predominantly by the posterior septal
branch.16 This anatomical resemblance implies that ischaemia-associated
injury to the conduction system of the swine heart is analogous to that in
humans, contrary to the canine model, in which the blood supply origi-
nates from the anterior septal artery.17 Importantly, while an innate cor-
onary collateral circulation is negligible in humans and swine,18,19 there is
an extensive pre-existing collateral circulation in the dog heart, which—
depending on the dog breed—can supply as much as 40% of the blood
flow distal to an occluded coronary artery.20 In rabbits, the left coronary
artery is always the dominant artery, from which the septal artery origi-
nates. In rodents, the coronary anatomy differs markedly from that in
large animals. Thus, coronary arteries run deeper in the myocardium and
contain fewer layers of smooth muscle cells. In the mouse, the heart is
supplied by two coronary arteries, left and right, each perfusing the cor-
responding ventricle. Studies have demonstrated a single major septal
coronary artery arising either from a separate ostium from the right sinus
of Valsalva or as a proximal branch of the right coronary artery.21 The
mouse septal coronary artery courses along the right side of the inter-
ventricular septum and provides perfusion to this region of the myocar-
dium.21 In the rat, the coronary anatomy is similar to that in mice,
although coronary angiography in Lewis rats indicates that the septal ar-
tery branches off either from the proximal part of the left coronary ar-
tery (60% of the animals) or the right coronary artery (40%).22

Furthermore, coronary collateral blood flow capacity is low, but not neg-
ligible, in rabbits,23 rats,19 and mice.24

2.2 Metabolic considerations
Blood pressure is similar among mammalian species, independent of
body weight.25 The heart is the most energy-requiring organ of the
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body, with heart rate being the most important determinant of oxygen
consumption. There are significant intrinsic differences between rodents
and the large mammals in terms of heart rate, but also oxygen consump-
tion, and metabolic activity, partly mediated by species-specific activity of
thyroid hormones.26 Humans, dogs, and pigs have similar heart rates,
60–80 b.p.m. in rest up to 200 b.p.m. (humans) or 300 (dog, pig) during
maximal exercise,27 while resting heart rates are 200–250 b.p.m. in rab-
bits,28,29 350–400 b.p.m. in rats,25 and 500–600 b.p.m. in mice.30,31

Dynamic exercise increases left ventricular coronary blood flow (CBF)
in proportion to the increase in heart rate (Figure 1).30–36 CBF measure-
ment during exercise is very difficult to perform in mice, and to our
knowledge, no exercise blood flow data are available. However, the few
studies performed in anaesthetized mice30,31 as well as in awake rats35

indicate high flow values already under resting conditions, i.e. five to six
times higher than in humans or large mammals, which appears to be
entirely due to the higher resting heart rates (Figure 1).35

In adult fasting mammals, 60–80% of the cardiac energy metabolism
relies on the oxidation of free fatty acids, the rest being accounted for by
glucose, lactate, and ketone bodies.37 However, there are species differ-
ences, as mice rely more on glucose, lactate, and ketone bodies and
much less (30–40%) on fatty acids.38 In addition, also in terms of lipid
transporters in the blood—with low-density lipoprotein (LDL) and high-
density lipoprotein (HDL) being the predominant carriers of choles-
terol—there are major species differences in the proportion of LDL and
HDL particles in plasma. Thus, pigs and rabbits transport most of the
cholesterol in LDL particles—as do humans (~60% LDL, ~40% HDL)—
while rodent species carry the majority of cholesterol in HDL, making
rodents virtually resistant to atherosclerosis and less appropriate as
models for dyslipidaemia and atherosclerosis.39

In line with the high heart rate in mice, basal metabolic rate per gram
body weight is also seven times greater in mice than in humans. Such dif-
ferences in metabolic rate have a major effect on reactive oxygen species
(ROS) production in these species.40,41 One of the consequences of high
metabolism in mice is that, in response to tissue hypoxia, mice are capa-
ble of reducing their oxygen utilization by down-regulating the activity of

mitochondrial uncoupling proteins (responsible for a significant part of
overall O2 consumption), without affecting ATP production. Hence,
interventions targeting or affecting cellular metabolism in mouse models
may not predict efficacy in humans.42 Rats have a larger blood volume
when compared with mice, however, they are particularly resistant to
oxidative stress due to their high activity of tissue antioxidant enzymes.
Furthermore, nitric oxide (NO) metabolites in blood are 10–20 times
higher than those in humans, potentially limiting translational impact of
studies involving NO and ROS in this species.43 Given the importance of
NO and oxidative stress in the regulation of coronary microvascular
function, such interspecies differences are highly relevant in the choice of
animal model for the study of CMD.

3. Large animal models

3.1 Canine models of CMD
The dog represents a large animal model that has traditionally been
employed to study CBF regulation in health and disease32,44,45 including
in studies pertaining to the influence of cardiovascular risk factors on
CBF and regulation of coronary microvascular tone, (see Supplementary
material online, Table S1). To induce metabolic derangement in dogs,
alloxan-induced DM and/or HFD-induced obesity that is associated with
dyslipidaemia, hypertension, and insulin resistance, have been used.
These canine models are highly relevant for the study of metabolic
derangements and their influence on microvascular function.

3.1.1 Canine models with alloxan-induced DM
Insights in some of the alterations produced by longer exposure to
metabolic derangement is offered by studies in mongrel dogs with
alloxan-induced DM. A strength of this model is that measurements can
be performed before and after DM induction, allowing for assessment of
DM effects within the same animal. Alloxan is typically administered in a
dose of 40–60 mg/kg i.v., which results in robust hyperglycaemia and
hypoinsulinaemia without the need of insulin treatment.46 Following the
induction of DM, which stabilizes within 1 week of alloxan infusion, rest-
ing CBF gradually decreased to�60% of its pre-DM value, at 5 weeks of
follow-up.46 Vasodilation in response to adenosine and acetylcholine
was impaired in the absence of narrowing of the large coronary arteries,
suggesting the presence of coronary microvascular endothelial dysfunc-
tion. Tune et al.47 studied the haemodynamic alterations after only 1
week of alloxan-induced DM at rest and during graded treadmill exer-
cise. Although resting CBF was unaltered 1 week post-alloxan, the
exercise-induced increase in CBF was progressively impaired. The limita-
tion of myocardial oxygen delivery during exercise elicited an increase in
myocardial oxygen extraction, thereby resulting in lower coronary ve-
nous oxygen tensions at each level of exercise.47 The authors demon-
strated in a subsequent study that a-adrenoceptor blockade augmented
the exercise-induced increase in CBF and attenuated the decrease in
coronary venous oxygen tension to a greater extent in DM than in non-
DM dogs, indicating that a-adrenoceptor-mediated coronary vasocon-
striction was increased in diabetic dogs, particularly during increased
metabolic demand.48 Adenosine triphosphate-sensitive potassium
(KATP) channel blockade with glibenclamide49 blunted the coronary
hyperaemia during exercise in DM, but not in healthy dogs, suggesting
that KATP channels exert an increased coronary vasodilator influence in
DM dogs, acting to maintain CBF during increased myocardial metabo-
lism and increased sympathetic activation during exercise.

Figure 1 Relation between HR and LVMBF at rest and during exer-
cise in dogs, swine, rats, mice, and humans. For awake rabbits only a sin-
gle resting measurement is available.34 aThere are no measurements
available in awake mice. Note that the regression line is based on the
human data points. Adapted with permission from Duncker et al.35 HR,
heart rate; LVMBF, left ventricular myocardial blood flow.
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3.1.2 Canine models with diet-induced metabolic

derangement
Several studies in dogs of either sex have investigated the effects of
chronic metabolic derangement produced by 5–6 weeks of HFD on the
coronary microvasculature. Such exposure to HFD resulted in features
of the metabolic syndrome (MetS) with obesity, moderate hypertension,
dyslipidaemia, and insulin resistance. These factors impaired myocardial
perfusion, especially during exercise, by decreasing coronary vascular
conductance, although myocardial ischaemia was absent.50 The tonic
constriction of the coronary vasculature in this setting was mediated by
metabolic derangement-associated neurohumoral alterations, including
increased vasoconstriction mediated by angiotensin II (ANGII),51 activa-
tion of the sympathetic nervous system,52 and the endothelium-derived
vasoconstrictor, endothelin 1 (ET-1),53 as tested in a series of
consecutive studies in male and female dogs.

Zhang et al.,51 investigated the involvement of prediabetic metabolic
derangement-associated activation of the renin–angiotensin–aldoste-
rone system (RAAS) on CBF regulation. Metabolic derangement was as-
sociated with increased plasma renin activity and elevated ANGII levels,
resulting in a significantly increased ANGII-induced vasoconstriction, me-
diated by angiotensin II receptor type 1 (AT1) receptors in isolated arte-
rioles. Further interrogation of this mechanism in vivo supported the
in vitro data, showing an impaired exercise-induced increase in CBF that
was alleviated by AT1 receptor blockade. Taken together, these data
suggested that in the canine model of prediabetic metabolic
derangement, chronic activation of the RAAS contributes to coronary
vascular dysfunction, via increase in circulating ANGII and/or increases in
coronary arteriolar AT1 receptor density. The increase in sympathetic
activity associated with the metabolic derangement and its effects on
coronary circulation were investigated in the same model by Dincer
et al.52 Although baseline CBF was not altered in vivo, increased plasma
epinephrine concentrations were associated with augmented a1-
adrenoceptor-mediated coronary vasoconstrictor responses in
anaesthetized dogs. Sensitization of a-adrenoceptor signalling represents
a potentially important contributor to impaired control of CBF. A third
important vasoconstrictor involved in the control of CBF and shown to
be increased in metabolic derangement is ET-1. Knudson et al.53 tested
the hypothesis that prediabetic metabolic derangement augments endo-
thelin receptor A (ETA)-mediated vasoconstriction, thereby limiting cor-
onary perfusion. Interestingly, despite a reduction in ETA expression in
the coronary microvasculature, coronary vasoconstrictor responses to
ET-1 were not different between HFD-fed dogs and normal dogs, while
circulating ET-1 levels were unaltered, suggesting either a sensitization of
the ETA receptors or an increased contribution of endothelin receptor
B (ETB)-mediated vasoconstriction. The reduction in ETA receptor ex-
pression may represent an early compensatory mechanism acting to
maintain CBF in the face of increased ANGII- and a1-adrenoceptor-me-
diated coronary vasoconstrictor influences.

Adipokine production is altered in the MetS, and to investigate the
potential contribution of adipokines to CMD, Tune and colleagues
performed a series of experiments in which they investigated the
coronary microvascular responses to a variety of adipokines. Payne
et al.54 investigated the effect of various endogenous adipose-derived fac-
tors on coronary endothelial function, by infusing adipose-tissue-condi-
tioned buffer in healthy, lean dogs. Although baseline CBF remained
unaltered, coronary endothelial dysfunction was observed both in vivo
and in vitro. Endothelial dysfunction was the result of reduced NO bio-
availability, possibly via selective inhibition of endothelial nitric oxide

synthase (eNOS), independent of oxidative stress. Although the specific
adipokine(s) responsible for the alterations in the latter study were not
identified, these data show that adipokine administration does result in
acute endothelial dysfunction, by altering different endothelial vasodila-
tor mechanisms, suggesting that chronic exposure to circulating adipose-
tissue-derived factors can potentially result in vascular dysfunction. To
further delineate the precise adipose-tissue-derived factor(s), Dick et
al.55 set out to test whether acute infusion of resistin, an adipokine impli-
cated in endothelial dysfunction in obesity affected CBF in vivo in healthy
dogs, by increasing oxidative stress. At concentrations observed in
obese, type 2 DM (T2DM) patients, resistin did not affect CBF.
However, it did produce endothelial dysfunction, both in vivo and in iso-
lated coronary arterioles, which was likely endothelium-derived hyper-
polarizing factor (EDHF)-mediated, as the bradykinin-induced
vasodilation was impaired, while acetylcholine (ACh)-induced response
was maintained. Furthermore, this response was independent of oxida-
tive stress. Knudson et al.56 investigated the direct effects of leptin, an
adipokine involved in several biological processes including glucose me-
tabolism and inflammation, on the coronary circulation and specifically
on coronary endothelial function in healthy dogs as well as dogs with
metabolic derangement. In normal healthy dogs, leptin produced coro-
nary microvascular endothelial dysfunction characterized by a blunted
vasodilator response to acetylcholine. In contrast, and despite increased
leptin plasma concentration, prediabetic high-fat-fed dogs had normal
coronary microvascular vasodilator responses to acetylcholine.
Interestingly, the coronary vasodilator response to ACh was not affected
by leptin. These findings suggest that resistance to leptin-induced endo-
thelial dysfunction may represent a protective mechanism at this early
stage of the disease.

3.1.3 Summary: canine models of CMD
Taken together, alloxan-induced DM or exposure to HFD in dogs of ei-
ther sex, for up to 5–6 weeks results in altered coronary microvascular
tone control, involving increased coronary vasoconstrictor mechanisms
such as a-adrenoceptor-mediated and ANGII-mediated coronary vaso-
constriction. These increased vasoconstrictor influences result in pertur-
bations in CBF regulation and myocardial oxygen delivery but are partly
mitigated by compensatory reductions in ETA receptor density and by
increased leptin resistance and KATP channel activation (Table 1). Future
studies are required to determine whether long-term exposure to these
cardiovascular risk factors produces progressive perturbations in coro-
nary microvascular function during disease progression.

3.2 Porcine models of CMD
Swine are widely used in translational cardiovascular research, as they
share many similarities with humans with respect to coronary and car-
diac anatomy and physiology. Furthermore, swine are omnivores and
have a human-like myocardial metabolism.57 Compared with dogs, do-
mestic swine have the advantage of lower cost and societal pressure.
Unfortunately, the fast growth rate of domestic swine limits study dura-
tion and favours utilization of juvenile swine, for a disease that occurs in
an ageing human population. These pitfalls can be circumvented by the
availability of different strains of mini-swine. Different porcine models of
CMD have been generated over the past 20 years, typically by exposure
to risk factors that are common in patients with ischaemic heart disease
including dyslipidaemia, DM, CKD, and hypertension. In addition, several
swine strains with increased genetic susceptibility to developing meta-
bolic derangement—particularly when exposed to these risk factors—
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have been identified, characterized, and inbred and are now being used
in a variety of experimental studies into coronary microvascular function
in health and disease. Finally, a transgenic porcine model of diabetes has
recently been established.58

3.2.1 Domestic swine
For over 40 years, domestic swine have been employed in studies focus-
ing on the regulation of CBF in health and ischaemic heart disease.32,45

Studies pertaining to the effects of different risk factors on coronary mi-
crovascular function have for the most part been published in the past
10 years (Supplementary material online, Table S2). In these studies, dif-
ferent methods to induce risk factors have been used, including high-fat/
high-sugar diets either as single intervention or in combination with
streptozotocin (STZ)-induced hyperglycaemia and/or CKD-associated
hypertension.

Gerrity et al.59 and Ditzhuijzen et al.60 demonstrated that in young
(12 weeks of age) male domestic swine, <20 weeks of HFD (1–1.5% cho-
lesterol and 15-25% lard), or a combination of HFD and STZ-induced
DM did not result in flow-limiting coronary lesions. We also observed
that although 10 weeks of HFD and DM by low-dose STZ in domestic
swine did not induce coronary arterial lesions, CMD was already present

at this early timepoint.61 Thus, epicardial conduit artery function was
unaltered, but isolated coronary small arteries (�300mm in diameter)
showed impaired endothelial function in DM swine that were fed a HFD.
CMD was characterized by impaired NO bioavailability, while EDHF-
dependent mechanisms were not affected, and the overall vascular
smooth muscle cell (VSMC) sensitivity to NO was preserved.61 The en-
dothelial dysfunction-associated reduction in vasorelaxation was accom-
panied by a markedly reduced ETA-receptor-mediated vasoconstrictor
response to ET-1, possibly serving as a compensatory mechanism for the
increase in circulating ET-1 levels and the loss of NO bioavailability, at
this early stage of the disease. Furthermore, 10 weeks of DMþHFD
resulted in increased microvascular passive stiffness, potentially further
contributing to perturbations in coronary microvascular function
in vivo.61 Indeed, Mannheim et al.62 observed impaired CBF responses to
intravenous adenosine in swine after approximately 3 months of HFD,
suggesting that the early alterations in coronary microvascular control
mechanisms as observed in vitro can indeed translate into impaired CBF
responses in vivo.

Interestingly, in our initial study, no changes in coronary microvascular
responses to bradykinin or ET-1 were observed in non-DM animals fed
the same HFD.61 The latter observation appears to be in contrast to an

.............................................................................................................................. ...................................................

............................................................... ................................

..............................................................................................................................................................................................................................

Table 1 Main mechanisms involved in CMD per animal model

Functional Structural

Endothelium-dependent Neurohumoral VSMC Arteriolar Capillary

#NO "ROS "ET-1 #PGI2 "RAAS "SNS #function "Media thickness #Density

Canine models

Alloxan þ NA NA NA NA þ þ NA NA

High-fat diet NA NA - NA þ þ - NA NA

Adipokine infusion � - NA - NA NA - NA NA

Porcine models

Induced domestic þ þ � NA NA NA � NA þ
Induced Yucatan � NA NA - NA NA þ NA NA

Rapacz FH þ NA NA NA NA NA - NA NA

Ossabaw � NA NA NA NA NA � NA þ
Rabbit models

Alloxan þ NA NA þ NA NA - NA NA

High-fat diet � þ þ NA NA þ � þ NA

WHHL NA NA NA NA NA NA - NA NA

Rat models

Streptozotocin � - NA - þ NA � � �
High-fat diet þ NA NA NA þ NA � NA -

Zucker � þ - � NA � - - NA

OLETF � þ þ NA þ NA - þ NA

GK � NA NA - NA þ þ þ -

Murine models

db/db þ þ NA NA þ NA � � �
ob/ob þ NA NA NA NA NA - NA -

Induced T1þ 2DM þ þ þ NA NA þ þ þ NA

apoE þ þ NA - NA NA - NA NA

Overview of models of coronary microvascular dysfunction per species and what features are present (þ), absent (-), ambiguous results (�), or not investigated (NA; not
assessed).
apoE, apolipoprotein E knockout mouse; db/db, leptin receptor deficient mouse; ET-1, endothelin 1; FH, familial hypercholesterolaemia; GK, Goto-Kakizaki non-obese diabetic rat;
NO, nitric oxide; ob/ob, leptin deficient mouse; OLETF, Otsuka Long-Evans Tokushima Fatty rat; PGI2, prostacyclin; RAAS, renin–angiotensin aldosterone system; ROS, reactive ox-
ygen species; SNS, sympathetic nervous system; T1þ 2DM, type 1 and 2 diabetes mellitus; VSMC, vascular smooth muscle cell; WHHL, Watanabe heritable hyperlipidaemic rabbit;
Zucker, Zucker obese and diabetic fatty rats.
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Figure 2 Animal models for CMD in the presence of metabolic derangement: large and small animal models for CMD, either spontaneous, inducible, or
inbred/engineered for the development of metabolic risk factors have been employed to study the mechanisms leading to CMD. Alterations in microcircula-
tory endothelial function leading to a disturbed vasodilator/vasoconstrictor balance as well as structural modifications both at the arteriolar and capillary
level have been described, mimicking the human pathology including reduced basal and maximal coronary perfusion and myocardial ischaemia. apoE, apoli-
poprotein E; CBF, coronary blood flow; CCK-1R, cholecystokinin-1 receptor; CFR, coronary flow reserve; CKD, chronic kidney disease; ET-1, endothelin-1;
HFD, high-fat diet; LDLR, low-density lipoprotein receptor; LEPR, leptin receptor; NO, nitric oxide; RAAS, renin–angiotensin–aldosterone system; ROS, re-
active oxygen species. Right-sided panel presents the mechanisms of CMD which have been recapitulated in at least one animal model/species (black), which
have been investigated but were not found to be present (black$) or which have not been investigated (grey) in the various species.
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early study by Hasdai et al.,63 who reported increased vasoconstriction
of small arteries (�500 mm diameter) to ET-1 in vitro, in swine after 10–
13 weeks of HFD. These different results are not readily explained but
may well stem from differences in vessel size (300 mm61 vs. 500 mm63),
sex (male61 vs. female63), or the diet composition (1% cholesterol, 25%
saturated fats, 20% fructose/20% sucrose61 vs. 2% cholesterol, 20% lard,
and 1% hog bile extract63).

In a subsequent study, we subjected male swine with or without STZ-
induced DM to HFD for 15 months and observed significant functional
and structural alterations in the coronary vascular bed in both large and
small arteries.64 Thus, at this stage of the disease, plaques were found in
epicardial conduit arteries (albeit not flow-limiting; i.e. <30% plaque bur-
den) and in coronary small arteries, while the latter also showed in-
creased passive stiffness. Moreover, microvascular tone control studies
showed a normal endothelium-dependent bradykinin-induced vasore-
laxation that was accompanied by an enhanced ETB-receptor-mediated
vasoconstrictor response to ET-1.64 Interestingly, these alterations were
principally the result of the HFD and independent of the presence of
DM. Taken together these two studies reveal a surprising shift from an
early blunting of endothelium-dependent vasorelaxation at 10 weeks61

towards a late ‘normalization’ of endothelium-dependent vasorelaxation
at 15 months,64 that was accompanied by a shift from an early blunting61

to a late augmentation64 of the vasoconstrictor responses to ET-1.
These results underscore the importance of performing longitudinal
studies, as the mechanisms of microvascular dysfunction were highly de-
pendent on the duration of exposure to the cardiovascular risk factors.

When CKD was combined with hypercholesterolaemia and meta-
bolic derangement for 4–5 months, sustained inflammation and oxidative
stress were associated with impaired coronary vasodilation to adenosine
and bradykinin, suggestive of endothelial dysfunction.65,66 These early
microvascular functional alterations were accompanied by a reduced
myocardial capillary density, and together may lead to impaired CBF and
oxygen delivery, thereby contributing to INOCA.

Further studies directed at a complete characterization of CMD at dif-
ferent stages of the disease are needed, to potentially provide new thera-
peutic strategies aiming at alleviating microvascular disease and
improving myocardial perfusion. However, such studies are difficult to
conduct in domestic pigs, as their body growth limits follow-up time.
Mini-swine may offer an alternative due to their limited growth rate and
size at maturity.

3.2.2 Yucatan mini-swine
Yucatan mini-swine are commonly used for the study of CAD, due to
their ability, similar to domestic pigs, to reproduce the neointimal forma-
tion and thrombosis as observed in humans.67 As with domestic swine,
metabolic derangement can be induced using chemical destruction of
the pancreatic beta cells and/or a HFD.68 Twenty weeks of HFD resulted
in dyslipidaemia in male Yucatan mini-swine without changes in plasma
glucose.69 At this time point, isolated coronary arterioles (�100mm in
diameter) showed only very limited endothelial dysfunction as assessed
by the responses to bradykinin, adenosine diphosphate (ADP) and flow-
mediated dilation, despite increased microvascular spontaneous tone in
HFD animals and lower eNOS protein content. These modest microvas-
cular perturbations were alleviated by exercise training.69

The addition of alloxan-induced DM as an additional cardiovascular
risk factor resulted in significant decreases in both basal and hyperaemic
CBF in response to adenosine and resulted in endothelial dysfunction as
assessed with bradykinin in vivo.70 While exercise training alleviated the

impairment in basal perfusion and CFR, endothelial dysfunction was not
affected by exercise training.70 These studies show that Yucatan mini-
swine subjected to DM in combination with a HFD are an excellent
model for long-term studies of the pathophysiology of and therapeutic
interventions for CMD.

3.2.3 Ossabaw swine
Ossabaw swine represent a unique model for the study of MetS and
CAD. These swine have a ‘thrifty genotype’ (propensity to obesity) that
enabled them to survive long periods of scarce food conditions on
Ossabaw Island off the coast of Savannah, Georgia. Consumption of ex-
cess kcal (i.e. HFD) causes these animals to manifest components of the
MetS, including central (intra-abdominal) obesity, insulin resistance, im-
paired glucose tolerance, dyslipidaemia, and hypertension, and progress
towards T2DM and eventually coronary atherosclerosis.71 When stud-
ied in parallel, male Ossabaw swine had higher glucose-intolerance and
insulin resistance after 43 weeks of HFD vs. male Yucatan swine.68

Furthermore, CFR in response to intracoronary adenosine was impaired
and endothelial dysfunction, as evidenced by the response to intracoro-
nary bradykinin infusion, was greater in Ossabaw compared with
Yucatan swine either on normal chow or on HFD. In addition, Ca2þ ef-
flux was impaired in coronary smooth muscle cells from HFD fed
Ossabaw vs. Yucatan swine. These coronary vascular alterations were
accompanied by diffuse CAD in Ossabaw but not in Yucatan swine on
HFD.68

Also in 7–10 weeks old male Ossabaw swine, a short (9 weeks) expo-
sure to a high-fat, high-fructose diet resulted in early-stage MetS, with
obesity, hyperglycaemia and dyslipidemia.72 However, at this early stage,
CBF both at baseline and during intracoronary adenosine infusion
remained unchanged, as was the response of isolated coronary arterioles
(�100mm in diameter) to adenosine or the NO donor sodium nitro-
prusside, suggesting preserved VSMC function despite early alterations
in adenosine A2 receptors and KATP channels expression.72 With prolon-
gation of diet duration, myocardial perfusion became significantly im-
paired.73 The contribution of the voltage-gated potassium (KV) channels
to metabolic control of CBF at rest and during exercise was studied in
lean Ossabaw swine vs. obese Ossabaw swine with MetS produced by
4 months of HFD.73 MetS swine showed a 30–35% reduction in CBF
both at rest and during treadmill exercise and a reduction in coronary
vascular conductance. This CMD was the result of a blunted contribu-
tion of KV channels to CBF control during increased metabolic demand
in MetS.73 Subsequent studies revealed that coronary large conductance
Ca2þ-activated potassium (BKCa) channel dysfunction (both in vivo and
in vitro in isolated arterioles�100mm in diameter) was associated with in-
creased L-type Ca2þ channel-mediated constriction, which also contrib-
uted to CMD after 3–6 months of MetS.74 Furthermore, after 6 months
of HFD in Ossabaw swine, isolated coronary microvessels showed in-
creased myogenic tone, which was associated with inward hypertrophic
remodelling, indicating that longer-term MetS can also result in structural
changes in the coronary microvasculature.75 In addition, capillary rarefac-
tion was present which may have further contributed to the impaired
CFR.75 The addition of renovascular hypertension (by unilateral renal ar-
tery stenosis) to this model, resulted in further impairment of maximal
myocardial perfusion, as the MetS and hypertension synergistically sup-
pressed the adenosine-induced hyperaemic response almost
completely.76 This response was associated with impaired eNOS ex-
pression and hypertrophic remodelling in the coronary microvasculature
and resulted in left ventricular diastolic dysfunction, making this animal
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model with multiple cardiovascular risk factors also suitable for the study
of microvascular involvement in heart failure with preserved ejection
fraction.76

3.2.4 Rapacz familial hypercholesterolaemic swine
Downsized Rapacz familial hypercholesterolaemic (FH) swine have been
inbred at the University of Wisconsin Swine Research and Teaching
Center by Drs Rapacz and Hasler-Rapacz to yield a swine model of high
plasma cholesterol levels and accelerated atherosclerosis. This was
achieved by a spontaneous mutation in the LDL-receptor gene on chro-
mosome 2; the protein product of this gene normally removes LDL
from the circulation.77 This model is especially suitable for the study of
coronary vascular dysfunction associated with high levels of circulating
LDL, as seen in FH patients prior to or in the presence of obstructive
coronary artery lesions. In 20-month-old Rapacz FH swine, 5 months of
HFD resulted in marked hypercholesterolaemia and diffuse coronary
atherosclerosis, associated with CMD.78 This study demonstrated once
again the presence of microvascular endothelial dysfunction both in vivo
and in isolated coronary arterioles (�100mm in diameter) prior to ob-
structive plaque development. The endothelial dysfunction appeared to
be mediated by impaired EDHF-dependent vasodilation as well as by im-
paired NO bioavailability that was compensated for by an increased sen-
sitivity to NO. These perturbations in the regulation of microvascular
tone resulted in impaired CBF and myocardial oxygen delivery—espe-
cially during exercise—that was associated with a shift towards anaero-
bic myocardial metabolism particularly during increased myocardial
metabolic demand.78

3.2.5 Summary: porcine models of CMD
In conclusion, several swine models of CMD in the presence of comor-
bidities are currently available, showing clear evidence of CMD depend-
ing on the duration of exposure to cardiovascular risk factors. The
mechanisms involved in the development and progression of CMD are
summarized in Table 1. While domestic pigs are readily available and
cheap, young animals are typically used in cardiovascular studies which
makes chronic treatments, including exercise training, difficult to assess
due to rapid body growth of the animals, thereby limiting follow-up time.
The use of inbred mini-pigs, including Yucatan, Ossabaw, and Rapacz
enables the study of adult animals, prolongation of diet duration and
mechanistic studies at different time points, opening opportunities for
the development of therapeutic targets aimed at alleviating CMD.

3.3 Rabbit models of CMD
For nearly a century, rabbits have been utilized to investigate the patho-
physiology and therapy of atherosclerosis including endovascular
stents.79 Both in terms of cardiac physiology and body size, rabbits repre-
sent an intermediate between large animals (pigs and dogs) and small
rodents (rats and mice), that are large enough to place human endovas-
cular stents while still relatively easy to house and handle. Although the
rabbit has a higher metabolic rate, lipid profiles and chemical composi-
tion of plasma in rabbits show greater resemblance to human lipid me-
tabolism, making them especially suitable for atherosclerosis research.79

Most commonly used are the domestic rabbit breeds, which all originate
from the European rabbit (Oryctolagus cuniculus) including Japanese
White rabbits and New Zealand White rabbits.80 In several of these
models, investigators have studied the effects of cardiovascular risk fac-
tors on coronary microvascular function and structure (Supplementary
material online, Table S3).

3.3.1 Spontaneous hyperlipidaemic rabbit models
The Japanese veterinarian, Yoshio Watanabe, discovered that a male
Japanese White rabbit developed spontaneous hyperlipidaemia on nor-
mal chow, due to an inherited recessive trait. This mutation results in a
defective LDL-receptor, resembling human-like familial hypercholester-
olaemia. Selective inbreeding was used to generate the Watanabe herita-
ble hyperlipidaemic (WHHL) rabbit strain, which has 8- to 14-fold
higher serum cholesterol levels than normal Japanese White rabbits and
develops hypertriglyceridaemia (300–600 mg/dL).81 A different inbred
strain was developed at the St. Thomas Hospital, which also shows
hypercholesterolaemia but with normal LDL-receptor function and
mildly elevated levels of triglycerides. This model resembles the human
familial hyperlipidaemia more closely and appears therefore more suit-
able for evaluating the relation between hypertriglyceridaemia and insu-
lin resistance.82 Both models are used in combination with normal chow
as well as a high (�1%) cholesterol diet. Whereas, to date, these models
have principally been used to study atherosclerosis, they also represent
interesting models for the assessment of CMD in response to hyperlipi-
daemia, although an early study in the WHHL rabbits did not reveal any
changes in either basal CBF or CFR.83

3.3.2 Transgenic rabbit models
To study alterations in lipid compositions other than the specific pheno-
type of spontaneous hyperlipidaemic rabbit models, transgenic rabbit
models with modifications in the genes involved in lipid metabolism have
been developed. The transgenes include human apolipoproteins (hapo),
specifically the A-I/C-III/A-IV gene clusters (hapoA-I/C-III/A-IV gene clus-
ter), hepatic lipase (hHL), lecithin: cholesterol acyltransferase (hLCAT),
lipoprotein lipase (hLPL), and scavenger receptor class B type I (hSRB-
I).79,84 Similar to the inbred strains, levels of cholesterol and/or triglycer-
ides are increased.84 However, to our knowledge, these transgenic rab-
bit models have not yet been used in studies of CMD.

3.3.3 Rabbit models with induced metabolic derangement
Given the limited availability of spontaneous or transgenic rabbit models
for dyslipidaemia, induction of risk factors has been used to model meta-
bolic derangement in rabbits. Similar to other animals, induction of risk
factors such as DM or dyslipidaemia can be achieved in multiple ways.
Supplementary material online, Table S3 presents an overview of the
studies that induced hyperlipidaemia to study alterations in coronary mi-
crovascular function. In addition, DM has been created through injection
of alloxan. Alloxan was used because older studies showed that rabbits,
similar to guinea pigs, are resistant to the diabetogenic effects of STZ,
and thus is not feasible to use STZ in rabbits as opposed to other animal
models.85,86 In rabbits with alloxan-induced DM, the isolated perfused
heart setup was used to study coronary microvascular function ex vivo.87

Nine to 12 weeks of exposure to type 1 DM (T1DM) had no effect on
baseline CBF or CFR and showed similar vasodilator responses to papav-
erine compared to euglycaemic conditions. However the responses to
serotonin and adenosine were attenuated in hyperglycaemic and hyper-
osmotic conditions. In addition, the coronary vasodilator response to
hypoxia was reduced, which was not due to alterations in adenosine-
mediated vasodilation but was mediated through an altered contribution
of cyclooxygenase products.87

Multiple studies have used a HFD to induce metabolic derangement
to study coronary (micro)vascular function in rabbits. These studies vary
in the cholesterol content of the diet (ranging from 0.8% to 2%) as well
as duration of exposure (ranging from 4 to 16 weeks). Endothelial
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dysfunction was evidenced by impaired relaxation to acetylcholine, sub-
stance P, and ADP in the hypercholesterolaemic group in most88–90 but
not all91,92 studies. Conversely, smooth muscle responsiveness to NO
was preserved after 8–12 weeks of hyperlipidaemia.89–92 In addition, va-
soconstriction to norepinephrine as well as serotonin was enhanced in
coronary arteries from hypercholesterolaemic animals.88 Furthermore,
the vasodilator response to acidosis was impaired which was due to an
impairment upstream of the KATP channels, as the response to the KATP

channel opener levcromakalim was unaltered.92 In line with these find-
ings, Pongo et al.93 showed that the effect of protein kinase C—acting
through KATP channels—on vasomotor control in hypercholesterolae-
mic coronary arterioles was lost but was restored after farnesol supple-
mentation. Finally, the response to ischaemia-induced paracrine
vasodilator factors was attenuated in hypercholesterolaemic animals, as
a result of increased oxidative stress.91 Histological examination of small
coronary arteries and arterioles of rabbits with hypertension (induced
by removal of the left kidney and partial ligation of right renal artery) and
hypercholesterolaemia (by 0.8% cholesterol diet for 16 weeks), showed
structural changes such as hyalinization and/or intimal hyperplasia.94

3.3.4 Summary: rabbit models of CMD
Taken together, the usage of rabbits in studying CMD in metabolic de-
rangement is viable and has distinct advantages when compared with ro-
dent models. Genetically modified models are available, although they
have not been used yet to specifically investigate CMD. Induction of met-
abolic derangement is possible and although previous research utilized a
large variety of diet compositions and durations, all studies report the
presence of CMD (Table 1).

4. Rodent models of CMD

4.1 Rat models for CMD
A variety of rat models, exhibiting a range of comorbid conditions, have
been utilized to interrogate mechanisms of CMD (Supplementary mate-
rial online, Table S4). The most prevalent models include the STZ-
induced model of T1DM, the HFD or western diet (WD)-fed and obese
Zucker rat (OZR) models of obesity and insulin resistance, the Zucker
diabetic fatty (ZDF) rat, the Otsuka Long-Evans Tokushima Fatty
(OLETF) rat model of obesity, progressive insulin resistance, and T2DM
and the Goto-Kakizaki (GK) non-obese model of T2DM. Each of these
models typically exhibit hyperglycaemia and some recapitulate additional
aspects of human metabolic disease. Specifically, the HFD/WD-fed rat
and OZR models exhibit obesity, hyperinsulinaemia, and hypercholes-
terolaemia. The ZDF and OLETF rat models are also obese with hyper-
cholesterolaemia, however, hyperglycaemia in these models is
associated with insulin resistance in younger rats followed by progressive
impairment of insulin secretion. Lastly, the GK rat exhibits hypercholes-
terolaemia and, such as the ZDF and OLETF rats, hyperglycaemia owing
to insulin resistance and eventual impairment of insulin secretion inde-
pendent of obesity. With several exceptions,95–100 available studies eval-
uating coronary microvascular function in these models report similar
blood pressures between rats with metabolic derangement and matched
controls.101–114

Despite the various metabolic phenotypes of these models, available
evidence suggests similarities in the nature of the associated CMD.
A common finding across these models is altered coronary endothelial
function, however, important distinctions in the manifestation of this dys-
function are worth noting. First, significant impairment of endothelium-

dependent vasodilation (typically to acetylcholine) occurs early in some
models or later in the disease process of others due to compensatory
changes in the underlying mechanism of vasodilation. For instance, most
studies in STZ rats, HFD/WD-fed rats, and young OZR report main-
tained coronary vasodilation to acetylcholine.95,101,102,105,106,115,116

Further examination of mechanisms of coronary endothelium-
dependent vasodilation in these models, however, has revealed compen-
satory up-regulation of BKCa channel expression/activity,105,115 up-regu-
lation of endothelial small (SKCa) and intermediate (IKCa) conductance
KCa channel expression/activity,106 increased basal phosphorylation of
eNOS and Akt,108 and increased VSMC soluble guanylate cyclase activ-
ity116 and reduced phosphodiesterase 5 activity109 in models of meta-
bolic derangement. Thus, early endothelial dysfunction in these models
is masked by compensatory mechanisms not seen in the OLETF or GK
rat models of metabolic derangement. Indeed, impaired endothelium-
induced vasodilation has been reported at the earliest time points exam-
ined in OLETF111 and GK117 rats. An interesting point in this regard
relates to the OZR model in which insulin-induced vasodilation, also
endothelium-dependent, is impaired earlier than dilation to acetylcho-
line.98,107,118 Therefore, insulin-induced vasodilation may serve as a func-
tional biomarker of early CMD in metabolic disease and vascular insulin
resistance may be an early mechanism of dysfunction in these disease
states.119 Furthermore, increased basal and stimulated coronary or car-
diac oxidative stress is reported in these models97,107,112,118,120,121 and
may serve as an initial trigger of dysfunction/compensation. Scavenging of
reactive O2 species restores impaired endothelium-dependent vasodila-
tion in OZR and ZDF rats.98,118 Taken together, when using rat models
to evaluate endothelial function, it should be kept in mind that different
rat models represent different disease stages. Therefore, rat models
need to be carefully selected based on whether the hypothesis being
tested is focused on ‘early’ or ‘late’ coronary endothelial dysfunction
with the genetic models (i.e. OLETF, GK, and older OZR) appearing to
represent later stages of disease with more pronounced endothelial
dysfunction.

Studies evaluating the impact of metabolic derangement on coronary
microvascular VSMC function in rats are quite disparate and perhaps
context- or agonist-dependent. For instance, coronary vasoconstrictor
responses in OZR are similar in most,105,107,108,120,122 but not
all,109,123,124 studies compared with lean Zucker rat as controls. Several
studies report reduced vasoconstrictor responses to several agonists
(e.g. ET-1, KCl) in this model.123,124 In addition, in endothelium-denuded
coronary arterioles from OZR, vasoconstrictor responses to insulin,118

and hydrogen peroxide (H2O2)
120,121 are similar, however, H2O2-stimu-

lated production of cyclooxygenase-2-derived prostanoids and H2O2-in-
duced VSMC Ca2þ entry and mobilization are increased.120,121

Conversely, in the OLETF rat model, evaluation of ET-1-induced coro-
nary vasoconstriction reveals progressively increased vasoconstriction
with age.111 In addition, older GK rats exhibit impaired coronary myo-
genic vasoconstriction due to defective Rho-kinase activity.114 Together,
these data demonstrate a lack of correlation between the endothelial
and VSMC phenotypes underlying CMD in rat models of metabolic de-
rangement. Interestingly, in the STZ rat model of T1DM, inhibition of
NOS/COX in vivo has been reported to reveal focal stenosis and seg-
mental vasoconstriction by in vivo synchrotron imaging that was allevi-
ated by Rho-kinase inhibition.95,101 Thus, these data may suggest altered
coronary VSMC function possibly preceding oxidative stress and im-
paired endothelial function in this particular model.

Beyond changes in vascular cell function in metabolic diseases, rat
models have been utilized to examine changes in cardiac perfusion and
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flow control associated with CMD. In general, when viewed across stud-
ies, available evidence suggests that changes in cardiac perfusion or coro-
nary flow control occur after the development of oxidative stress and
endothelial dysfunction in metabolic diseases. In the OLETF rat model,
for instance, a time course study demonstrated reduced CFR in vivo at
15 weeks of age,100 while a separate study reported endothelial dysfunc-
tion as early as 5 weeks of age in this model.111 Impaired metabolic
hyperaemia was reported in OZR at 8–12 months of age97 but the rela-
tionship to endothelial dysfunction is unclear as no earlier time points
were assessed. The impact of HFD and WD feeding on cardiac perfusion
is ambiguous as both a trend for increased baseline perfusion104 and a re-
duction in estimated perfusion103 have been reported, respectively.
Results in these models likely differ depending on the composition of the
experimental diet and the length of feeding utilized. Lastly, both reduced
baseline coronary flow125 and impaired CFR126 have been reported in
GK rats and this dysfunction may be greater in females.127 To our knowl-
edge, very few studies have examined sex differences in the coronary mi-
crovascular phenotype of rat models of metabolic derangement. This is a
critical gap in knowledge in light of evidence that intermediate-to-high-
risk women, but not men, with reduced CFR experience greater cardio-
vascular events.128

The pathogenic mechanisms initiating CMD, which may serve as ap-
propriate therapeutic targets, in these rat models remain incompletely
understood. However, one approach that has been examined in several
models with promising results is inhibition of the RAAS. Indeed, angio-
tensin-converting enzyme (ACE) inhibition prevented reduced capillary
length density in STZ rats96 and acutely restored bradykinin-induced va-
sodilation in coronary arterioles from HFD-fed rats.129 Furthermore, in-
hibition of aldosterone-binding mineralocorticoid receptors (MRs)
reversed coronary vasodilator dysfunction in OZR107 and OLETF111

rats, however, enhanced vasoconstriction in OLETF rats was not altered
by MR blockade. Increased acetylcholine-induced vasoconstriction and
coronary perivascular fibrosis (i.e. transforming growth factor b1, plas-
minogen activator inhibitor 1, collagen I and III, and fibrin expression) in
the OLETF rat were improved by angiotensin receptor inhibition.99,130

These data are supported by clinical evidence that ACE inhibition and
MR blockade improve CFR in patients with DM.131–133 An additional in-
tervention that successfully prevented coronary vasomotor dysfunction
in the STZ rat is chronic in vivo inhibition of the sodium-hydrogen ex-
changer.134 Much work remains, however, to better understand the pre-
cipitating mechanisms of CMD in these rat models as well as their
translatability to mechanisms implicated in human disease.

4.1.1 Summary: rat models of CMD
There is wide variety of rat models that show CMD including non-
genetic (DM and HFD) and genetic (Zucker, OLETF, and GK) models.
All these models display CMD, the underlying mechanisms being summa-
rized in Table 1.

4.2 Murine models of CMD
The use of murine models for the study of the coronary microcirculation
in health and disease has gained interest over the past 20 years. Since
some of the initial reports of endothelial dysfunction in leptin receptor
deficient (db/db) and leptin deficient (ob/ob) mice,135,136 there have
been several publications showing the impact of risk factors on endothe-
lial and vascular function in mice. Supplementary material online, Table
S5 summarizes several of these murine models that have been used in
the study of the coronary microcirculation.30,135–148

Db/db mice, such as the OZR model, have a deficient leptin receptor
and as a consequence display polyphagia and obesity, resulting in T2DM.
Several studies in this mouse model of obesity have demonstrated re-
duced acetylcholine135,137,138,149 and flow-mediated135,138,149 vasodilator
responses, and either maintained135,149 or reduced138 sensitivity to NO.
In addition, there is evidence of inward hypertrophic remodelling of arte-
rioles,150 with variable effects on microvascular densities.150,151 Ob/ob
mice are deficient in leptin production and as a result display the same
phenotype as the db/db mice. Studies in this mouse model have shown
maintained basal coronary flow velocities but reduced hyperaemic coro-
nary flow velocities and coronary flow velocity reserve.152,153 Bender
et al.140 used a WD to produce obesity and T2DM in wild-type mice,
and observed reduced baseline coronary vascular resistance in isolated
perfused mouse hearts that was accompanied by reduced NO bioavail-
ability and blunted VSMC sensitivity to NO. Trask et al.154 compared
T1DM—induced with STZ—and T2DM in db/db mice, and observed in-
ward coronary arteriolar remodelling in T2DM but not in T1DM. Finally,
ApoE knockout mice are mostly used for studies of atherosclerosis but
also display coronary endothelial dysfunction as demonstrated in iso-
lated arterioles155 or isolated buffer perfused hearts,156 with maintained
VSMC sensitivity to NO (Supplementary material online, Table S5).

Mouse models have both advantages and disadvantages—like any pre-
clinical model—but one major advantage is the ability to use genetically
modified animals, which creates a unique platform enabling investigators
to address very precise questions. For example, Saitoh et al.157 reported
that the drug 4-aminopyridine (4-AP) attenuated coronary metabolic di-
lation in a large animal model. 4-AP is an antagonist of voltage-gated po-
tassium channels, leading the authors to conclude that these channels
were involved in metabolic coronary hyperaemia. However, the Kv-
channel family is large with 40 genes encoding for 12 Kv channel families.
Although 4-AP may have some preferential antagonism for certain Kv

channels, it is impossible to unequivocally establish the particular channel
responsible for metabolic vasodilation using a standard pharmacological
approach. This limitation underscores the rationale for using murine
models, to engender a more precise conclusion and, in this situation, to
enable determination of the specific Kv channel (or channels) that are
linked to metabolic coronary vasodilation. Within this context, Ohanyan
et al.30 demonstrated in a genetically modified murine model that Kv1.5

channels are critical to coronary metabolic dilation. Thus, deletion of
these channels compromised the connection between cardiac work and
myocardial blood flow. Because the knockout was global, the investiga-
tors also created a reconstituted rescue model that had the Kv1.5 channel
(on the null background) expressed only in vascular smooth muscle
upon induction with a tetracycline. This model, with the reconstituted
channel, restored normal metabolic dilation, i.e. re-established the con-
nection between myocardial blood flow and cardiac work.30

4.2.1 Summary: murine models of CMD
Genetic and non-genetic mouse models of metabolic derangement sup-
port the concept of CMD as an early abnormality in the disease process,
with clear coronary microvascular endothelial dysfunction (Table 1).
There is no question that the murine model has its limitations—including
a high heart rate, high rate of metabolism, and sympathetic dominance—
but it provides a route enabling the interrogation of specific questions in
coronary microvascular physiology and pathophysiology. Genetically
modified mice have enhanced our understanding of the control of the
coronary microcirculation and will enable further ‘proof of concept
experiments’ whereby genes that are linked to a human pathology can

Experimental models of coronary microvascular dysfunction 765
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/116/4/756/5700718 by guest on 23 April 2024

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa002#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa002#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa002#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
be expressed in a mouse to determine if the particular gene is causal in
the process.

5. Translational value of the
different animal models of CMD
and concluding remarks

5.1 Translational value to clinical setting
Since INOCA is more often diagnosed in post-menopausal women than
in men, studies of sex differences in pathophysiology are important and
animal studies of CMD and INOCA should preferably take sex differen-
ces into account. Although rodents are more often studied in a compara-
tive manner (young vs. old and male vs. female) than large animals, most
studies in the field of metabolic dysregulation and its effects on coronary
perfusion have been performed in young animals (e.g. 8–12 weeks old
mice, 3–6 months old pigs, Supplementary material online, Tables S1–S5)
and have principally investigated a single sex. Yet, obesity and T2DM are
strongly associated with maturation and ageing, and several differences
have been reported between young and old animals, as well as between
males and females. Thus, beta-cell replicative capacity strongly decreases
with age in mice, and young rats do not develop insulin resistance in re-
sponse to nutrient infusion, whereas older animals do.158 Also in male
Gottingen minipigs studied from 6 to 24 months of age, increases in
plasma glucose, fructosamine, and triglycerides were observed with age,
while plasma cholesterol levels decreased with age.159 Importantly, oes-
trogen is known to have positive effects on metabolism and to be pro-
tective against the development of obesity, insulin resistance and
hyperglycaemia,158 as well as against endothelial dysfunction,160 so that
the use of animals of only one sex and one menopausal state in case of
female animals is likely to introduce a bias. These limitations should be
kept in mind when choosing an animal model, and limitations such as
young age and single sex should, when possible, be circumvented in the
study of INOCA, especially when testing novel therapies.

Another important aspect pertaining to the translational value of ani-
mal models is their ability to utilize clinically relevant methodological
approaches to diagnose and treat the disease. PET studies and invasive
microvascular function measurements have recently been proposed to
be the best approach in stratifying patients with INOCA for a tailored
therapy.9 Such measurements, especially when involving invasive techni-
ques, are not easily performed in smaller animal models (Supplementary
material online, Tables S3–S5). However, large animal models may also
pose some challenges. For example, while FFR measurements and ace-
tylcholine and adenosine infusions can easily be performed in dogs and
swine, these tests need to be adapted from the clinical protocol. For in-
stance, in the porcine coronary circulation acetylcholine induces musca-
rinic vasoconstriction requiring use of another endothelium-dependent
vasodilator. Finally, while the use of isolated small arteries/arterioles is
very instrumental for the study of perturbations in specific mechanisms
regulating microvascular tone, it should be noted that—irrespective of
the chosen animal model—isolated small arteries/arterioles represent
only one segment of the coronary microvasculature and interactions
with the surrounding myocardium are lacking. Hence, while specific
mechanisms involved in CMD can easily be studied in isolated coronary
small arteries or arterioles, the evaluation of the coronary microcircula-
tion as a whole, including microvessels of all sizes, is impossible using an
in vitro technique. Hence, in vivo studies are ultimately required to assess
coronary function in an integrated manner.

5.2 Concluding remarks
Animal models of coronary microvascular disease yield important
insights into the genetic and environmental basis of human coronary
pathophysiology in ischaemic heart disease and provide translational
models for preventive and therapeutic interventions (see Figure 2). In the
past 50 years, animal models have been instrumental in advancing our
knowledge pertaining to CBF regulation in health and ischaemic heart
disease. Notwithstanding the undisputable merits of experimental animal
models, researchers need to carefully consider the choice of a specific
animal model.161,162 It is imperative to acknowledge that no single animal
model perfectly emulates the human disease, nor has a perfect transla-
tional capacity to the clinical setting (Table 1 and Figure 2). In addition,
there are a number of financial and logistical considerations that need to
be considered, including costs, infrastructure, and the requirement for
specialized personnel. Small animal models have the advantage of being
relatively cheap, easy to breed and handle, have short reproductive
cycles and large litter sizes, a well-defined genome and a relative ease of
genetic modification to explore pathophysiological mechanisms with
great molecular precision. Disadvantages include different metabolic and
lipoprotein profiles compared to humans and resistance to atheroscle-
rosis development, requiring genetic modification, and technical chal-
lenges to study the coronary microcirculation particularly in vivo.
Conversely, large animal models have the advantage of human-sized
hearts and coronary blood vessels, allowing the application of clinical di-
agnostic and therapeutic tools. Moreover, from a coronary anatomical
and physiological perspective, large animals, especially swine models, ap-
proximate the human heart and its coronary circulation more closely,
have similar lipoprotein profiles and develop similar metabolic derange-
ment. In addition, the possibility of awake measurements in large animals
is of great importance, as neurohumoral and cardiac dysfunction espe-
cially in early disease—possibly not detectable at rest or under deep an-
aesthesia—might be unmasked by exercise. As summarized here,
several animal models have been developed for the study of CMD and
characterized in detail. These models—depending on number and sever-
ity of, and duration of exposure to risk factors—show perturbations in
coronary microvascular (endothelial) function and structure, similar to
what has been observed in patients with non-obstructive CAD and co-
morbid conditions. The use of these animal models, with careful selec-
tion based on the specific research question, will be instrumental in
identifying novel therapeutic targets and for the subsequent develop-
ment and testing of novel therapeutic interventions to treat CMD.

Supplementary material

Supplementary material is available at Cardiovascular Research online.

Conflict of interest: none declared.

Funding
This study was supported by the European Commission FP7-Health-2010
(MEDIA-261409 to D.M. and D.J.D.), the Netherlands Cardiovascular
Research Initiative (CVON2014-11), an initiative with financial support from
the Dutch Heart Foundation (to D.M. and D.J.D.), DZHK (German Centre
for Cardiovascular Research, 81Z0600207 to D.M.), the National Institutes
of Health R01 HL136386 (to S.B.B.), HL118738 (to J.D.T.), HL135024 and
HL135110 (to W.M.C.) and, in part, by the use of resources and facilities at
the Harry S Truman Memorial Veteran’s Hospital in Columbia, MO (to
S.B.B.).

766 O. Sorop et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/116/4/756/5700718 by guest on 23 April 2024

https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa002#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa002#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa002#supplementary-data
https://academic.oup.com/cardiovascres/article-lookup/doi/10.1093/cvr/cvaa002#supplementary-data


..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
References

1. Imamura S, Hirata K, Orii M, Shimamura K, Shiono Y, Ishibashi K, Tanimoto T,
Yamano T, Ino Y, Kitabata H, Yamaguchi T, Kubo T, Tanaka A, Imanishi T, Akasaka
T. Relation of albuminuria to coronary microvascular function in patients with
chronic kidney disease. Am J Cardiol 2014;113:779–785.

2. Camici PG, Crea F. Coronary microvascular dysfunction. N Engl J Med 2007;356:
830–840.

3. Crea F, Camici PG, Bairey Merz CN. Coronary microvascular dysfunction: an up-
date. Eur Heart J 2014;35:1101–1111.

4. Duncker DJ, Koller A, Merkus D, Canty JM Jr. Regulation of coronary blood flow in
health and ischemic heart disease. Prog Cardiovasc Dis 2015;57:409–422.

5. Frangogiannis NG. Pathophysiology of myocardial infarction. Compr Physiol 2015;5:
1841–1875.

6. Sorop O, Merkus D, de Beer VJ, Houweling B, Pistea A, McFalls EO, Boomsma F,
van Beusekom HM, van der Giessen WJ, VanBavel E, Duncker DJ. Functional and
structural adaptations of coronary microvessels distal to a chronic coronary artery
stenosis. Circ Res 2008;102:795–803.

7. Anderson RD, Pepine CJ. The coronary microcirculation in STEMI: the next
Frontier? Eur Heart J 2015;36:3178–3181.

8. De Maria GL, Fahrni G, Banning AP. The temporal recovery of fractional flow re-
serve, coronary flow reserve and index of microcirculatory resistance following
myocardial infarction. Curr Opin Cardiol 2015;30:663–670.

9. Bairey Merz CN, Pepine CJ, Walsh MN, Fleg JL, Camici PG, Chilian WM, Clayton
JA, Cooper LS, Crea F, Di Carli M, Douglas PS, Galis ZS, Gurbel P, Handberg EM,
Hasan A, Hill JA, Hochman JS, Iturriaga E, Kirby R, Levine GN, Libby P, Lima J,
Mehta P, Desvigne-Nickens P, Olive M, Pearson GD, Quyyumi AA, Reynolds H,
Robinson B, Sopko G, Taqueti V, Wei J, Wenger N. Ischemia and no obstructive
coronary artery disease (INOCA): developing evidence-based therapies and re-
search agenda for the next decade. Circulation 2017;135:1075–1092.

10. Pacheco Claudio C, Quesada O, Pepine CJ, Noel Bairey Merz C. Why names mat-
ter for women: mINOCA/INOCA (myocardial infarction/ischemia and no obstruc-
tive coronary artery disease). Clin Cardiol 2018;41:185–193.

11. Sharaf B, Wood T, Shaw L, Johnson BD, Kelsey S, Anderson RD, Pepine CJ, Bairey
Merz CN. Adverse outcomes among women presenting with signs and symptoms
of ischemia and no obstructive coronary artery disease: findings from the National
Heart, Lung, and Blood Institute-sponsored Women’s Ischemia Syndrome
Evaluation (WISE) angiographic core laboratory. Am Heart J 2013;166:134–141.

12. Jespersen L, Hvelplund A, Abildstrom SZ, Pedersen F, Galatius S, Madsen JK,
Jorgensen E, Kelbaek H, Prescott E. Stable angina pectoris with no obstructive coro-
nary artery disease is associated with increased risks of major adverse cardiovascu-
lar events. Eur Heart J 2012;33:734–744.

13. Ford TJ, Berry C. How to diagnose and manage angina without obstructive coro-
nary artery disease: lessons from the British Heart Foundation CorMicA trial. Interv
Cardiol 2019;14:76–82.

14. James TN, Burch GE. Blood supply of the human interventricular septum. Circulation
1958;17:391–396.

15. Crick SJ, Sheppard MN, Ho SY, Gebstein L, Anderson RH. Anatomy of the pig
heart: comparisons with normal human cardiac structure. J Anatomy 1998;193:
105–119.

16. Bertho E, Gagnon G. A comparative study in three dimension of the blood supply
of the normal interventricular septum in human, canine, bovine, procine, ovine and
equine heart. Dis Chest 1964;46:251–262.

17. Swindle M. Swine in the laboratory. Swindle M and Smith A (ed). In Surgery,
Anesthesia, and Experimental Techniques. 2nd ed. Boca Raton, FL: CRC Press, 2007.
pp. 195–243.

18. Hughes GC, Post MJ, Simons M, Annex BH. Translational physiology: porcine mod-
els of human coronary artery disease: implications for preclinical trials of therapeu-
tic angiogenesis. J Appl Physiol (1985) 2003;94:1689–1701.

19. Hearse DJ. Species variation in the coronary collateral circulation during regional
myocardial ischaemia: a critical determinant of the rate of evolution and extent of
myocardial infarction. Cardiovasc Res 2000;45:213–219.

20. Evans H. The heart and arteries. In HE Evans (ed). Miller’s Anatomy of the Dog. 3rd
ed. Philadelphia, PA: Saunders, 1993. pp. 586–681.

21. Kumar D, Hacker TA, Buck J, Whitesell LF, Kaji EH, Douglas PS, Kamp TJ. Distinct
mouse coronary anatomy and myocardial infarction consequent to ligation. Coron
Artery Dis 2005;16:41–44.

22. Kainuma S, Miyagawa S, Fukushima S, Tsuchimochi H, Sonobe T, Fujii Y, Pearson JT,
Saito A, Harada A, Toda K, Shirai M, Sawa Y. Influence of coronary architecture on
the variability in myocardial infarction induced by coronary ligation in rats. PLoS One
2017;12:e0183323.

23. Flores NA, Davies RL, Penny WJ, Sheridan DJ. Coronary microangiography in the
guinea pig, rabbit and ferret. Int J Cardiol 1984;6:459–471.

24. Weiguo W. A mouse model for coronary collateral growth validated via micro-CT
and echo-contrast. Circulation 2017;136:A19191.

25. Ostergaard G, Hansen H, Ottesen JL, Physiological, hematological, and clinical
chemistry parameters, including conversion factors. In J Hau, SJ Schapiro (eds).
Handbook of Laboratory Animal Science, Volume I: Essential Principles and Practices. Vol.
1, 3rd ed. Boca Raton, FL: CRC Press, 2010. pp. 667–707.

26. Rimbach R, Pillay N, Schradin C. Both thyroid hormone levels and resting metabolic
rate decrease in African striped mice when food availability decreases. J Exp Biol
2017;220:837–843.

27. Bartlett SL, Abou-Madi N, Kraus MS, Wiedner EB, Starkey SR, Kollias GV.
Electrocardiography of the Asian elephant (Elephas maximus). J Zoo Wildl Med
2009;40:466–473.

28. Marcus NJ, Pugge C, Mediratta J, Schiller AM, Del Rio R, Zucker IH, Schultz HD.
Exercise training attenuates chemoreflex-mediated reductions of renal blood flow
in heart failure. Am J Physiol Heart Circ Physiol 2015;309:H259–H266.

29. Pugge C, Mediratta J, Marcus NJ, Schultz HD, Schiller AM, Zucker IH. Exercise train-
ing normalizes renal blood flow responses to acute hypoxia in experimental heart
failure: role of the alpha1-adrenergic receptor. J Appl Physiol (1985) 2016;120:
334–343.

30. Ohanyan V, Yin L, Bardakjian R, Kolz C, Enrick M, Hakobyan T, Kmetz J, Bratz I, Luli
J, Nagane M, Khan N, Hou H, Kuppusamy P, Graham J, Fu FK, Janota D, Oyewumi
MO, Logan S, Lindner JR, Chilian WM. Requisite role of Kv1.5 channels in coronary
metabolic dilation. Circ Res 2015;117:612–621.

31. Ohanyan V, Yin L, Bardakjian R, Kolz C, Enrick M, Hakobyan T, Luli J, Graham K,
Khayata M, Logan S, Kmetz J, Chilian WM. Kv1.3 channels facilitate the connection
between metabolism and blood flow in the heart. Microcirculation 2017;24:e12334.

32. Duncker DJ, Bache RJ. Regulation of coronary blood flow during exercise. Physiol
Rev 2008;88:1009–1086.

33. Wanless RB, Anand IS, Gurden J, Harris P, Poole-Wilson PA. Regional blood flow
and hemodynamics in the rabbit with adriamycin cardiomyopathy: effects of isosor-
bide dinitrate, dobutamine and captopril. J Pharmacol Exp Ther 1987;243:1101–1106.

34. Wanless RB, Anand IS, Poole-Wilson PA, Harris P. Haemodynamic and regional
blood flow changes after acute pulmonary microembolism in conscious rabbits.
Cardiovasc Res 1988;22:31–36.

35. Duncker DJ, Bache RJ, Merkus D. Regulation of coronary resistance vessel tone in
response to exercise. J Mol Cell Cardiol 2012;52:802–813.

36. van Nierop BJ, Coolen BF, Bax NA, Dijk WJ, van Deel ED, Duncker DJ, Nicolay K,
Strijkers GJ. Myocardial perfusion MRI shows impaired perfusion of the mouse hy-
pertrophic left ventricle. Int J Cardiovasc Imaging 2014;30:619–628.

37. Neely JR, Rovetto MJ, Oram JF. Myocardial utilization of carbohydrate and lipids.
Prog Cardiovasc Dis 1972;15:289–329.

38. Stowe KA, Burgess SC, Merritt M, Sherry AD, Malloy CR. Storage and oxidation of
long-chain fatty acids in the C57/BL6 mouse heart as measured by NMR spectros-
copy. FEBS Lett 2006;580:4282–4287.

39. Mersman H. The pig: a concise source of information. Santon HC and Mersmann HJ
(ed). In Swine in Cardiovascular Research, A Comparative Anatomic and Physiologic
Overview of the Porcine Heart. Vol. 1. Boca Raton, FL: CRC Press, 1986. pp. 1–9.

40. Demetrius L. Of mice and men. When it comes to studying ageing and the means
to slow it down, mice are not just small humans. EMBO Rep 2005;6 Spec No:
S39–S44.

41. Speakman JR, Krol E, Johnson MS. The functional significance of individual variation
in basal metabolic rate. Physiol Biochem Zool 2004;77:900–915.

42. Radermacher P, Haouzi P. A mouse is not a rat is not a man: species-specific meta-
bolic responses to sepsis—a nail in the coffin of murine models for critical care re-
search? Intensive Care Med Exp 2013;1:26.

43. Reade MC, Young JD. Of mice and men (and rats): implications of species and stim-
ulus differences for the interpretation of studies of nitric oxide in sepsis. Br J
Anaesth 2003;90:115–118.

44. Buffington CW, Feigl EO. Effect of coronary artery pressure on transmural distribu-
tion of adrenergic coronary vasoconstriction in the dog. Circ Res 1983;53:613–621.

45. Goodwill AG, Dick GM, Kiel AM, Tune JD. Regulation of coronary blood flow.
Compr Physiol 2017;7:321–382.

46. Zhao G, Zhang X, Smith CJ, Xu X, Ochoa M, Greenhouse D, Vogel T, Curran C,
Hintze TH. Reduced coronary NO production in conscious dogs after the develop-
ment of alloxan-induced diabetes. Am J Physiol 1999;277:H268–H278.

47. Tune JD, Yeh C, Setty S, Zong P, Downey HF. Coronary blood flow control is im-
paired at rest and during exercise in conscious diabetic dogs. Basic Res Cardiol 2002;
97:248–257.

48. Setty S, Sun W, Martinez R, Downey HF, Tune JD. Alpha-adrenoceptor-mediated
coronary vasoconstriction is augmented during exercise in experimental diabetes
mellitus. J Appl Physiol (1985) 2004;97:431–438.

49. Tune JD, Yeh C, Setty S, Downey HF. ATP-dependent K(þ) channels contribute to
local metabolic coronary vasodilation in experimental diabetes. Diabetes 2002;51:
1201–1207.

50. Setty S, Sun W, Tune JD. Coronary blood flow regulation in the prediabetic meta-
bolic syndrome. Basic Res Cardiol 2003;98:416–423.

51. Zhang C, Knudson JD, Setty S, Araiza A, Dincer UD, Kuo L, Tune JD. Coronary ar-
teriolar vasoconstriction to angiotensin II is augmented in prediabetic metabolic syn-
drome via activation of AT1 receptors. Am J Physiol Heart Circ Physiol 2005;288:
H2154–H2162.

52. Dincer UD, Araiza AG, Knudson JD, Molina PE, Tune JD. Sensitization of coronary
alpha-adrenoceptor vasoconstriction in the prediabetic metabolic syndrome.
Microcirculation 2006;13:587–595.

Experimental models of coronary microvascular dysfunction 767
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/116/4/756/5700718 by guest on 23 April 2024



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

.
53. Knudson JD, Rogers PA, Dincer UD, Bratz IN, Araiza AG, Dick GM, Tune JD.

Coronary vasomotor reactivity to endothelin-1 in the prediabetic metabolic syn-
drome. Microcirculation 2006;13:209–218.

54. Payne GA, Borbouse L, Bratz IN, Roell WC, Bohlen HG, Dick GM, Tune JD.
Endogenous adipose-derived factors diminish coronary endothelial function via inhi-
bition of nitric oxide synthase. Microcirculation 2008;15:417–426.

55. Dick GM, Katz PS, Farias M, Morris M, James J, Knudson JD, Tune JD. Resistin
impairs endothelium-dependent dilation to bradykinin, but not acetylcholine, in the
coronary circulation. Am J Physiol Heart Circ Physiol 2006;291:H2997–H3002.

56. Knudson JD, Dincer UD, Dick GM, Shibata H, Akahane R, Saito M, Tune JD. Leptin
resistance extends to the coronary vasculature in prediabetic dogs and provides a
protective adaptation against endothelial dysfunction. Am J Physiol Heart Circ Physiol
2005;289:H1038–H1046.

57. Abdel-Aleem S, St Louis JD, Hughes GC, Lowe JE. Metabolic changes in the normal
and hypoxic neonatal myocardium. Ann N Y Acad Sci 1999;874:254–261.

58. Renner S, Martins AS, Streckel E, Braun-Reichhart C, Backman M, Prehn C, Klymiuk
N, Bahr A, Blutke A, Landbrecht-Schessl C, Wunsch A, Kessler B, Kurome M,
Hinrichs A, Koopmans SJ, Krebs S, Kemter E, Rathkolb B, Nagashima H, Blum H,
Ritzmann M, Wanke R, Aigner B, Adamski JH, de Angelis M Wolf, E. Mild maternal
hyperglycemia in INS (C93S) transgenic pigs causes impaired glucose tolerance and
metabolic alterations in neonatal offspring. Dis Model Mech 2019;12:dmm039156.

59. Gerrity RG, Natarajan R, Nadler JL, Kimsey T. Diabetes-induced accelerated athero-
sclerosis in swine. Diabetes 2001;50:1654–1665.

60. van Ditzhuijzen NS, van den Heuvel M, Sorop O, Rossi A, Veldhof T, Bruining N,
Roest S, Ligthart JMR, Witberg KT, Dijkshoorn ML, Nieman K, Mulder MT, Zijlstra
F, Duncker DJ, van Beusekom HMM, Regar E. Serial coronary imaging of early ath-
erosclerosis development in fast-food-fed diabetic and nondiabetic swine. JACC Basic
Transl Sci 2016;1:449–460.

61. van den Heuvel M, Sorop O, Koopmans SJ, Dekker R, de Vries R, van Beusekom
HM, Eringa EC, Duncker DJ, Danser AH, van der Giessen WJ. Coronary microvas-
cular dysfunction in a porcine model of early atherosclerosis and diabetes. Am J
Physiol Heart Circ Physiol 2012;302:H85–H94.

62. Mannheim D, Herrmann J, Bonetti PO, Lavi R, Lerman LO, Lerman A. Simvastatin
preserves diastolic function in experimental hypercholesterolemia independently of
its lipid lowering effect. Atherosclerosis 2011;216:283–291.

63. Hasdai D, Mathew V, Schwartz RS, Smith LA, Holmes DR Jr, Katusic ZS, Lerman A.
Enhanced endothelin-B-receptor-mediated vasoconstriction of small porcine coro-
nary arteries in diet-induced hypercholesterolemia. Arterioscler Thromb Vasc Biol
1997;17:2737–2743.

64. Sorop O, van den Heuvel M, van Ditzhuijzen NS, de Beer VJ, Heinonen I, van Duin
RW, Zhou Z, Koopmans SJ, Merkus D, van der Giessen WJ, Danser AH, Duncker
DJ. Coronary microvascular dysfunction after long-term diabetes and hypercholes-
terolemia. Am J Physiol Heart Circ Physiol 2016;311:H1339–H1351.

65. Urbieta-Caceres VH, Zhu XY, Jordan KL, Tang H, Textor K, Lerman A, Lerman LO.
Selective improvement in renal function preserved remote myocardial microvascu-
lar integrity and architecture in experimental renovascular disease. Atherosclerosis
2012;221:350–358.

66. Sorop O, Heinonen I, van Kranenburg M, van de Wouw J, de Beer VJ, Nguyen ITN,
Octavia Y, van Duin RWB, Stam K, van Geuns RJ, Wielopolski PA, Krestin GP, van
den Meiracker AH, Verjans R, van Bilsen M, Danser AHJ, Paulus WJ, Cheng C,
Linke WA, Joles JA, Verhaar MC, van der Velden J, Merkus D, Duncker DJ. Multiple
common comorbidities produce left ventricular diastolic dysfunction associated
with coronary microvascular dysfunction, oxidative stress, and myocardial stiffening.
Cardiovasc Res 2018;114:954–964.

67. Touchard AG, Schwartz RS. Preclinical restenosis models: challenges and successes.
Toxicol Pathol 2006;34:11–18.

68. Neeb ZP, Edwards JM, Alloosh M, Long X, Mokelke EA, Sturek M. Metabolic syn-
drome and coronary artery disease in Ossabaw compared with Yucatan swine.
Comp Med 2010;60:300–315.

69. Henderson KK, Turk JR, Rush JW, Laughlin MH. Endothelial function in coronary
arterioles from pigs with early-stage coronary disease induced by high-fat, high-cho-
lesterol diet: effect of exercise. J Appl Physiol (1985) 2004;97:1159–1168.

70. Mokelke EA, Dietz NJ, Eckman DM, Nelson MT, Sturek M. Diabetic dyslipidemia
and exercise affect coronary tone and differential regulation of conduit and micro-
vessel Kþ current. Am J Physiol Heart Circ Physiol 2005;288:H1233–H1241.

71. Dyson MC, Alloosh M, Vuchetich JP, Mokelke EA, Sturek M. Components of meta-
bolic syndrome and coronary artery disease in female Ossabaw swine fed excess
atherogenic diet. Comp Med 2006;56:35–45.

72. Bender SB, Tune JD, Borbouse L, Long X, Sturek M, Laughlin MH. Altered mecha-
nism of adenosine-induced coronary arteriolar dilation in early-stage metabolic syn-
drome. Exp Biol Med (Maywood) 2009;234:683–692.

73. Berwick ZC, Dick GM, Moberly SP, Kohr MC, Sturek M, Tune JD. Contribution of
voltage-dependent K(þ) channels to metabolic control of coronary blood flow.
J Mol Cell Cardiol 2012;52:912–919.

74. Borbouse L, Dick GM, Asano S, Bender SB, Dincer UD, Payne GA, Neeb ZP, Bratz
IN, Sturek M, Tune JD. Impaired function of coronary BK(Ca) channels in metabolic
syndrome. Am J Physiol Heart Circ Physiol 2009;297:H1629–H1637.

75. Trask AJ, Katz PS, Kelly AP, Galantowicz ML, Cismowski MJ, West TA, Neeb ZP,
Berwick ZC, Goodwill AG, Alloosh M, Tune JD, Sturek M, Lucchesi PA. Dynamic

micro- and macrovascular remodeling in coronary circulation of obese Ossabaw
pigs with metabolic syndrome. J Appl Physiol (1985) 2012;113:1128–1140.

76. Zhang X, Li ZL, Eirin A, Ebrahimi B, Pawar AS, Zhu XY, Lerman A, Lerman LO.
Cardiac metabolic alterations in hypertensive obese pigs. Hypertension 2015;66:
430–436.

77. Rapacz J, Hasler-Rapacz J, Taylor KM, Checovich WJ, Attie AD. Lipoprotein muta-
tions in pigs are associated with elevated plasma cholesterol and atherosclerosis.
Science 1986;234:1573–1577.

78. Bender SB, de Beer VJ, Tharp DL, Bowles DK, Laughlin MH, Merkus D, Duncker DJ.
Severe familial hypercholesterolemia impairs the regulation of coronary blood flow
and oxygen supply during exercise. Basic Res Cardiol 2016;111:61.

79. Burkholder TH, Linton G, Hoyt RF, Young R. Chapter 18—the rabbit as an experi-
mental model. In MA Suckow, KA Stevens, RP Wilson (eds). The Laboratory Rabbit,
Guinea Pig, Hamster, and Other Rodents. Boston: Academic Press, 2012. pp. 529–560.

80. Flisikowska T, Kind A, Schnieke A. 10—production of transgenic rabbits. In CA
Pinkert (ed). Transgenic Animal Technology. 3rd ed. London: Elsevier, 2014. pp.
275–304.

81. Watanabe Y. Serial inbreeding of rabbits with hereditary hyperlipidemia (WHHL-
rabbit). Atherosclerosis 1980;36:261–268.

82. de Roos B, Caslake MJ, Ardern HAM, Benson G, Suckling KE, Packard CJ. Insulin re-
sistance in the St. Thomas’ mixed hyperlipidaemic (SMHL) rabbit, a model for famil-
ial combined hyperlipidaemia. Atherosclerosis 2001;156:249–254.

83. Shimada K, Yoshida K, Tadokoro H, Ueda M, Shiomi M, Kitsukawa S, Takami A,
Komatsu R, Suzuki K, Tanada S, Masuda Y. Adenosine-induced coronary flow re-
serve in Watanabe heritable hyperlipidemic rabbits. Jpn Circ J 2000;64:971–976.

84. Brousseau ME, Hoeg JM. Transgenic rabbits as models for atherosclerosis research.
J Lipid Res 1999;40:365–375.

85. Lazar M, Golden P, Furman M, Lieberman TW. Resistance of the rabbit to strepto-
zotocin. Lancet 1968;292:919.

86. Kushner B, Lazar M, Furman M, Lieberman TW, Leopold IH. Resistance of rabbits
and guinea pigs to the diabetogenic effect of streptozotocin. Diabetes 1969;18:
542–544.

87. Nakhostine N, Nadeau R, Lamontagne D. Altered hypoxia-induced coronary vaso-
dilatation in diabetic rabbit heart. Can J Physiol Pharmacol 1997;75:1267–1272.

88. Takahashi K, Ohyanagi M, Ikeoka K, Iwasaki T. Acetylcholine-Induced response of
coronary resistance arterioles in cholesterol-fed rabbits. Jpn J Pharmacol 1999;81:
156–162.

89. Simonsen U, Prieto D, Mulvany MJ, Ehrnrooth E, Korsgaard N, Nyborg NC. Effect
of induced hypercholesterolemia in rabbits on functional responses of isolated large
proximal and small distal coronary arteries. Arterioscler Thromb 1992;12:380–392.

90. Osborne JA, Siegman MJ, Sedar AW, Mooers SU, Lefer AM. Lack of endothelium-
dependent relaxation in coronary resistance arteries of cholesterol-fed rabbits. Am J
Physiol 1989;256:C591–C597.

91. Sato K, Komaru T, Shioiri H, Takeda S, Takahashi K, Kanatsuka H, Nakayama M,
Shirato K. Hypercholesterolemia impairs transduction of vasodilator signals derived
from ischemic myocardium: myocardium-microvessel cross-talk. Arterioscler Thromb
Vasc Biol 2004;24:2034–2039.

92. Shioiri H, Komaru T, Sato K, Takahashi K, Takeda S, Kanatsuka H, Watanabe J,
Shirato K. Impact of hypercholesterolemia on acidosis-induced coronary microvas-
cular dilation. Basic Res Cardiol 2003;98:76–83.

93. Pongo E, Balla Z, Mubagwa K, Flameng W, Edes I, Szilvassy Z, Ferdinandy P.
Deterioration of the protein kinase C-K(ATP) channel pathway in regulation of cor-
onary flow in hypercholesterolaemic rabbits. Eur J Pharmacol 2001;418:217–223.

94. Chen Y, Waqar AB, Yan H, Wang Y, Liang J, Fan J. Renovascular hypertension
aggravates atherosclerosis in cholesterol-fed rabbits. J Vasc Res 2019;56:28–38.

95. Jenkins MJ, Edgley AJ, Sonobe T, Umetani K, Schwenke DO, Fujii Y, Brown RD,
Kelly DJ, Shirai M, Pearson JT. Dynamic synchrotron imaging of diabetic rat coro-
nary microcirculation in vivo. Arterioscler Thromb Vasc Biol 2012;32:370–377.
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