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Congestive heart failure (CHF) has increased over the years, in part because of

recent progress in the management of chronic diseases, thus contributing to

the maintenance of an increasingly aging population. CHF represents an

unresolved health problem and therefore the establishment of animal

models that recapitulates the complexity of CHF will become a critical

element to be addressed, representing a serious challenge given the

complexity of the pathogenesis of CHF itself, which is further compounded

by methodological biases that depend on the animal species in use. Animal

models of CHF have been developed in many different species, with different

surgical procedures, all with promising results but, for the moment, unable to

fully recapitulate the human disease. Large animal models often provide amore

promising reality, with all the difficulties that their use entails, and which limit

their performance to fewer laboratories, the costly of animal housing, animal

handling, specialized facilities, skilled methodological training, and

reproducibility as another important limiting factor when considering a valid

animalmodel versus potentially better performing alternatives. In this reviewwe

will discuss the different animal models of CHF, their advantages and, above all,

the limitations of each procedure with respect to effectiveness of results in

terms of clinical application.
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Introduction

Heart failure (HF) is one of the most challenging public health concerns and affects a

significant portion of the population. (Benjamin et al., 2019). CHF is the manifestation in

which the left ventricle fails to provide sufficient blood to meet the minimum metabolic

demand. In this scenario, congestion is the consequence of neurohormonal and

sympathetic nervous system activation to compensate a reduced cardiac output (CO),
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increasing cardiac filling pressures through chronically elevated

left-sided filling pressures, and connected to the right ventricle,

resulting in systemic congestion. It can be defined as a set of

situations that make the heart dysfunctional including

prevention of adequate tissue perfusion. In an attempt to

increase blood flow, the sympathetic stimulation induces

vasoconstriction of the splanchnic capacitance vessels and

vasodilation of the hepatic veins, the main mechanism to

increase cardiac filling pressures. This process is associated to

venous congestion disorders, that include a significant increase in

both central venous pressure (CVP) and intra-abdominal

pressure (IAP).

Clinical manifestations of congestion comprise the

development of dyspnea, orthopnea, the appearance of

abnormal pulmonary sounds, edema and jugular ingurgitation

as a mechanism to compensate for a reduced CO. In many cases,

the increase in left filling pressure is responded by the pulmonary

system, which eventually shunts to the right ventricle, finally

resulting in a systemic congestive problem.

The term congestive heart failure (CHF) unifies both the failing

heart and congestive behavior, a combination difficult to explore in

the clinic at the molecular level. Classical assessment of left-sided

filling pressures includes measurement of left ventricle end-diastolic

pressure (LVEDP) and pulmonary capillary wedge pressure

(PCWP). Elevated LVEDP is the main indicator of left

ventricular diastolic dysfunction (Mielniczuk et al., 2007), while

PCWP measures left atrial pressure, through insertion of a balloon-

tipped catheter (Swan-Ganz catheter) to occlude a branch of the

pulmonary artery (Aalders and Kok, 2019). In both cases cardiac

catherization is required, and hence, assessing these two parameters

are limited to humans and big animal models of CHF. To overcome

these limitations, non-invasive assessment of filling pressures are

useful alternatives. In this regard, echocardiographic quantification

of left ventricle filling pressure is based on E/e´ measurement: the

ratio between early diastolic velocity on transmitral Doppler (E) and

the early diastolic velocity of mitral valve annulus from tissue

Doppler (e´). However, this ratio is still under debate as

predictor of left ventricle filling pressure (Sharifov and Himanshu

Gupta, 2017). On the other hand, a non-invasive echocardiographic

assessment of left atrial (LA) strain is used to evaluate heart failure

with preserved ejection fraction to predict disease severity and risk of

severe outcome (Reddy et al., 2019). CHF is also assessed by lung

ultrasound, and in particular ultrasound lung comets, as to visualize

extravascular lung water, is a useful method to estimate pulmonary

congestion in heart failure patients (Li et al., 2018). Despite all the

invasive and non-invasive ways to assess CHF, a set of molecular

fingerprints that can shed light on the early diagnosis and

progression of disease is still poorly understood, which implies

the need to develop reliable animal models that may help to a

better understanding and effective approach to this pathology.

Ideally, a valid experimental model should be reproducible,

having to fulfill, if not all, a significant number of the features of

disease. Furthermore, translation of the experimental results to

the clinic must represent a top priority, and hence, although there

is a wide variety of small preclinical models of HF, the use of

animals with a cardiovascular system closer to humans, such as

swine or sheep models, are preferably used for the generation of

valid results. In view of the above, the following are models used

with varying degrees of reproducibility (Table 1), thanks to which

we can now gain a deeper understanding of this complication.

Myocardial ischemia

Myocardial ischemia often leads to adverse ventricular

remodeling and CHF as a multifactorial process in which

neurohormonal response, activation of cell death signaling

pathways, and persistent degradation of myocardial

extracellular matrix play a major role.

The development of ischemic-induced CHF models,

including recapitulation of the patient’s underlying condition,

is a challenge of great complexity. Etiologically, CHF involves a

set of significant events over the life time and is further

aggravated by patient´s comorbidities and polymedication

(Pound and Ritskes-Hoitinga, 2018). Furthermore, ischemia-

induced CHF is biased by factors like the age, sex, ethnic

conditions, and even geographic location (Virani et al., 2021).

Besides, current models of myocardial ischemia in the absence of

subsequent reperfusion are not representative of human disease.

Therefore, many animal models have failed, since almost no the

aforementioned factors are addressed, and in general models use

young, healthy animals, of the same sex and from the same pool

(Pound and Ritskes-Hoitinga, 2018).

Several preclinical models have been developed by external

occlusion of one or more coronary arteries, which is not

representative of the pathophysiology of disease, since

intracoronary plaque formation is the leading culprit of

disease (Lee et al., 2017). In addition, Although rodents offer

substantial advantages over other species: low cost, large sample

sizes and relative ease of genetic manipulation, nevertheless, the

differences in coronary architecture, cardiac anatomy, and

hemodynamics imply the choice of other species as better

candidates for the study of CHF, in which the large animal

models have provided significant advances for the clinical

practice.

Acute myocardial infarction

Porcine models of AMI are widely used for reasons ranging

from similar collateral circulation (Hill et al., 2009) and

architecture (Dixon and Spinale, 2009) to humans, making

possible to predict, and control infarct size and disease severity.

As with rodent models (Cuadrado et al., 2016), the procedure

can be induced by exposing the heart and externally occluding

the coronary artery(s) of interest with gradually inflating pressure
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TABLE 1 Preclinical models of CHF.

Preclinical
model

Procedure Advantages Limitations Species References

Myocardial
Infarction

External oclusion of cornary
artery

Economic cost Sample sizes Different anatomy and
hemodinamics External
oclussion of the artery

Rodents Cuadrado et al. (2016)

High variability

High mortality rates CVP
minimally affected

Open chest internal oclusion
of coronary artery

Similar collateral Economic cost Sample
sizes

Pigs Heusch et al. (2011), Heusch and
Rassaf, (2016)

Similar anatomy and
hemodinamics

Open chest requirement

Inflammation related side
effects in response to
surgery Risk of V-FIB

Close chest PCI angioplasty
balloon inflation

Similar collateral skilled trained personnel in
percutaneous
catheterization Economic
costs

Pigs Heusch et al. (2011); Ishikawa et al.
(2014); Hernandez et al. (2021)Similar anatomy and

hemodinamics

Sample sizes Risk of V-FIB

Microembolization Injection of microshperes
into the LAD and/or LCX

Severe ventricular dysfunction
Increase of PCWP

Does not recapitulate
human condition Risk of
embolic infarction at
the LCX

Dog Franciosa et al. (1980), Ikeda et al.
(2001)

LV dilatation

Reduction of LV wall thickness

Coronary slow flow model
by receiving repeated low-
dose LAD microsphere
injection

LV remodeling at 4 weeks of
procedure

Does not recapitulate
human condition
Economic costs

Pig Hu et al. (2014)

Sample sizes

Ischemia/reperfusion plus
autologous injection of
platelet thrombi

Severe reduction of LVEF and
CO Diastolic ventricular failure
Increased PCWP

Does not recapitulate
human condition
Economic costs

Pig Sassi et al. (2019)

Sample sizes

Risk of V-FIB

Pacing-Induced
Tachycardia

Accelerated chronified atrial
and ventricular rhythms
with HR between
200–400 bpm

Biventricular dilatation
Ventricular dysfunction
Neurohormonal stimulation
Severe reduction of LVEF
and CO

Absence of mechanistic
information about the
underlying mechanisms
that lead CHF

Dog, Pig Riegger and Liebau (1982); Moe
et al. (1989); Ohno et al. (1994)

Cesation restores hemodynamic
values

Atrial Fibrilation Applying cycles of atrial
pacing

Atrial fibrilation Lack of manifestations of
CHF excepting dogs

Dog, Goat,
Pig Mouse

Power et al. (1998); Yarbrough and
Spinale (2003); Dosdall et al. (2013)
Zhang et al. (2019)

Dogs recapitulate pathogenesis
of disease In rodents, GWAS/
CRISPR are used to find new
targets of disease

Aortic Banding Surgical banding of the
ascending aorta

Procedure mirrors aortic
stenosis Neurohormonal
activation

Elevated mortality high
variabiliy intra and inter
species

Dog,
Sheep, Pig

Dellsperger and Marcus (1990);
Moorjani et al. (2003); Wang et al.
(2006); Moorjani et al. (2007);
Ishikawa et al. (2015); Chaanine
et al. (2017); Fleenor et al. (2018);
Merino et al. (2018); Hayward et al.
(2019); Olver et al. (2019);
Baranowski et al. (2021)

LV dysfunction Depressed LVEF
and CO

Mithocondrial, Endothelial,
microvascular dysfunction HF
with preserved LVEF

Correlation with cerebrovascular
dysfunction in pigs

(Continued on following page)
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rings, which ultimately precipitates the development of an AMI

and collateral circulation. Other models comprise AMI in dogs,

although extensive collateral flow justifies porcine models

(Maxwell et al., 1987; Sabe et al., 2016).

Preclinical open-chest models have provided a substantial

amount of information to characterize HF in depth, yet they do

not recapitulate the pathogenesis of disease, since intracoronary

atherothrombotic lesions are the most frequent cause leading to

tissue necrosis, and the inflammatory response related to open-

chest surgery, consequently limit the clinical translation.

Currently, percutaneous catheterization by angioplasty balloon

inflation and reperfusion, closely resembles interventional

catheterization, and is by far the most commonly preclinical

model of AMI (Heusch et al., 2011; Hernandez et al., 2021). The

left anterior descending coronary artery (LAD) is occluded in most

models given the larger size of MI and induces more severe systolic

dysfunction. The left circumflex coronary artery (LCX) can also be

occluded to induce mitral regurgitation, but LAD occlusion causes

more severe left ventricle (LV) remodeling than LCX occlusion

(Ishikawa et al., 2014). Limitations include the need of a surgical

room, and skilled trained personnel in percutaneous catheterization.

In addition, pharmacological support to avoid arrhythmogenic

behavior, and sometimes ventricular fibrillation (V-FIB)

cardioversion procedures are mandatory in many cases.

However, the procedure also offers to perform cardiac

preconditioning, the event that occurs when patients undergo

coronary occlusion and reperfusion in short and repeated times,

prior to a longer temporary occlusion, a mechanism previously

described of myocardial cardioprotection (Heusch and Rassaf,

2016), and reduced arrhythmogenic behavior (Ramirez-Carracedo

et al., 2020). In addition, if percutaneous occlusion of the coronary

artery last no longer than 60 min part of ischemic tissue remains

contractile (myocardial salvage), allowing to perform studies of

cardiac protection (Santos-Gallego et al., 2016). However, in case

of HF studies, at least 2 hours of coronary occlusion are mandatory

(Santos-Gallego et al., 2019). These models of HF also allow for

investigation of myocardial metabolism either by PET or with direct

trans cardiac gradient of metabolites by simultaneous sampling of

coronary artery and coronary sinus (Christensen et al., 2017; Santos-

Gallego et al., 2019).

Microembolization

Angioplasty balloon inflation is a noninvasive procedure that

partially recapitulates the occlusion that defines acute anginous

behavior. However, in most situations, the patient suffers a

progressive coronary artery occlusion over time that

eventually leads to AMI, in which cardiac remodeling and

thus CHF, has already begun and progress ahead of

infarction. A canine microembolization procedure initially

emerged by injecting microspheres into the LAD and/or LCX

artery, over time (Franciosa et al., 1980), while injection of

5 separate dosages every 2 weeks in sheep resulted in severe

ventricular dysfunction (left ventricle ejection fraction,

LVEF <25%), together with a marked increase in PCWP and

dilatation of the left ventricle, accompanied by a significant

reduction in left ventricular wall thickness, indicative of CHF

(Ikeda et al., 2001). As an important concern, the thrombus

generated by using microspheres does not fully resemble human

TABLE 1 (Continued) Preclinical models of CHF.

Preclinical
model

Procedure Advantages Limitations Species References

Pulmonary Banding Surgical bainding of the
central or in combination
with the left pulmonary
artery

Right ventricule dysfunction
Chronic pressuer overload
Development of HF
Neurohormonal activation

Variability intra and inter
species Absence of
peripheral edema

Dog, Pig Pereda et al. (2014); Wehman et al.
(2017); Nguyen-Truong et al.
(2020); Ukita et al. (2021a); Ukita
et al. (2021b)Absence of pulmonary

vascular remodeling

Hypertension Surgical by embolization of
renal arteries

HF with preserved LVEF Few sample sizes, and
studies

Pig van de Wouw et al. (2021), Sharp
et al. (2021)

in combination of
streptozotozine and western
diet

Microvascular dysfunction
Integration of cormobidites

Toxicity Pharmacological be
treatment with
deoxycosterone and western
diat

Dilated cardiomyopathy in dog
and sheep Left ventricular
dilatation

Variability intra species
Partially recovery after
1 week in dogs

Dog, Seep,
Rabbit,
Rodent

Movahed et al. (1994); Toyoda et al.
(1998); Chekanov (1999); Aguero
et al. (2016); Hong et al. (2016);
Weil et al. (2018); Galán-Arriola
et al. (2019); Yip et al. (2020); Yeh
et al. (2021)

Doxorubicin

Norepinephrine
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condition, and microembolization of the LAD, can often result in

embolic infarction in the LCX.

Patients with slow-flow after percutaneous coronary

intervention have a worse prognosis after revascularization.

However, the studies were limited to ischemia/reperfusion,

which partially reflects this condition, since no- or slow-flow

is induced bymicroembolization. To this regard, an angiographic

coronary slow flow model was created in pigs receiving repeated

low-dose LAD microsphere injection up to a total of about

300,000 microspheres, in which left ventricle remodeling was

visible even 4 weeks after post-procedure (Hu et al., 2014). More

recently, the combination of coronary ischemia/reperfusion

together with microembolization from autologous injection of

platelet thrombi in pigs, provided a new model of CHF, with

significant decreases LVEF and CO after 1 week of embolization,

together with the appearance of diastolic ventricular failure and

increased PCWP (Sassi et al., 2019).

Tachyarrhythmias

Dilated cardiomyopathy (DCM) is often associated with

CHF in response to sustained arrhythmogenic complications

over time, like atrial fibrillation (AF), which increase up to three

fold the risk of HF (January et al., 2014). In this regard, models

should recapitulate ventricular wall dilatation and thinning,

along with a progressive decline in cardiac function, and

neurohormonal activation.

Pacemaker-induced tachycardia pacing-
induced tachycardia

Over the years, different models of PIT have been developed in

dogs, sheep and pigs that eventually lead to reduced ejection fraction.

Accelerated chronified rhythms, both atrial and ventricular, with

heart rates ranging between 200 and 400 bpm, can generate

eccentric bi-ventricular dilatation, inducing ventricular

dysfunction and neurohormonal stimulation, accompanied by a

significant reduction in LVEF and CO (Riegger and Liebau, 1982).

Interestingly, cessation of pacemaker activation returns

hemodynamic values to physiological levels. However, the

procedure does not shed light on the underlying mechanisms

leading to CHF, as heart failure in patients precedes

arrhythmogenic behavior (Ohno et al., 1994).

Atrial fibrillation

As mentioned above, AF may also lead to CHF. In response

to a significant reduction of stroke volume, AF patients develop

adverse cardiac remodeling, neurohormonal activation and, at

the end, heart failure. AF is also a very complex arrhythmogenic

disease in regard to its etiology, which limits the development of

reliable AF-induced CHF models. The advantages of using pigs

lie in the similarity of cardiac architecture, coronary architecture

and electrophysiology with humans. However, the substantial

risk of developing episodes of V-FIB should be considered before

using this species. Indeed, animal models consisting on applying

several cycles of atrial pacing in sheep (Moe et al., 1989), dogs,

goats and pigs (Yarbrough and Spinale, 2003; Dosdall et al., 2013)

have tried to reproduce AF-dependent CHF, but only dogs

partially recapitulated the pathogenesis of disease.

Rodent models have recently become a significant advance in

the study of AF, thanks to the burst of genetic data through

GWAS (Genome-wide association study). In combination with

CRISPR/Cas9, many difficult-to-detect non-coding targets

implicated in this pathology have been found in mice, which

may shed light about the molecular mechanism of disease (Zhang

et al., 2019). However, the association with CHF in rodent

models is still poorly understood.

Pressure overload

CHF is also related to chronic pressure overload. Continually

having to overcome elevated afterload values eventually reverts to

adverse remodeling, where patients develop left ventricular

hypertrophy to maintain adequate perfusion, along with

increased myocardial stiffness leading to increased ventricular

filling pressures and pulmonary congestion. For this reason,

patients transiently undergo to an interesting phenotype

similar to heart failure with preserved LVEF (Braunwald,

2018; Silva and Emter, 2020). As seen below, large animal

models of PO have been developed with CHF symptoms that

include pulmonary congestion or dyspnea.

Transverse aortic constriction (aortic
banding)

Aortic constrictionmodels aim to recreate by surgical techniques

the phenomenon of aortic stenosis through vessel constriction. This

procedure mirrors aortic stenosis for up to 4 weeks depending on

stenosis diameter (Merino et al., 2018), which locally triggers

neurohumoral activation along with increased myocardial

afterload, resulting in increased left ventricular pressure gradient,

left ventricular hypertrophy, and myocardial stiffness.

Initially developed in dogs (Dellsperger and Marcus, 1990),

aortic constriction in sheep lead to HF, with depressed LVEF,

whereas in swine models left ventricular stiffness is the first

manifestation (Ishikawa et al., 2015), in which PO is generated

by aortic constriction for months (Moorjani et al., 2003;Wang et al.,

2006; Moorjani et al., 2007; Fleenor et al., 2018). In these models, the

neurohumoral response plays a key role, conditioning adverse

remodeling through activation extracellular matrix proteolytic
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enzymes, together with mitochondrial, endothelial, and

microvascular dysfunction (Hayward et al., 2019). However,

although constriction devices apply gradual increases in afterload,

it takes years for patients to reach the same level of complication, and

mortality rates are lower compared to animals. Notably, in almost all

species tested, a common feature is the HF with preserved LVEF,

which, considering the enormous importance of this pathology yet

to be fully explored, makes these models of current relevance and

interest (Chaanine et al., 2017; Olver et al., 2019).

Aortic constriction in combination with a high fat diet, have

pointed the evidence between the association of HF with

cerebrovascular failure, neuroinflammation and amyloidosis

with preserved LVEF. At the molecular level and considering

limitations that include a lack of nutritional control groups and

histopathological data, a transcriptomic pattern can be obtained

in animals subjected to aortic constriction typical of

frontotemporal dementia and Alzheimer’s disease, implying

the clear relationship between HF with preserved LVEF with

cognitive impairment (Baranowski et al., 2021).

Hypertension in combination with other
factors

It is increasingly common to identify HFwith preserved LVEF,

although its etiology, progression and therapeutic targets are

largely unknown. In this regard, systemic PO models have been

developed in combination with streptozotocin-treated diabetic

pigs undergoing renal artery embolization and fed a

hypercholesterolemic diet to create a clear model of HF with

preserved LVEF and microvascular dysfunction (van de Wouw

et al., 2021). More recently, a new model of HF with preserved

LVEF has been developed, integratingmost of the comorbidities of

this pathology, exhibiting sensitivity to obesity, metabolic

syndrome, and vascular disease, through a combination of

hypercholesterolemic diet and treatment with

deoxycorticosterone as a hypertensive agent. As commented by

the authors, the main limitation is that conclusions are based on a

very small sample size (Sharp et al., 2021), and therefore, more

testing is required for further validation of the model.

Pulmonary artery constriction (pulmonary
banding)

Constriction of the pulmonary artery have been used in

different animal species to develop a chronic pressure

overload model that ends in right HF, a good approach for

the study of CHF, since increases right ventricular and central

venous pressures.

Although rodent studies are commonly used, the clinical

interest in CHF made possible to generate different

experimental models in large animals, including two recent

studies in which the central pulmonary artery is constricted

in sheep (Nguyen-Truong et al., 2020) or simultaneously

combined with ligation of the left pulmonary artery (Ukita

et al., 2021a). More recently, the use of porcine models of

pulmonary hypertension by pulmonary vein constriction

(Pereda et al., 2014; Ukita et al., 2021b), has evidenced its

validity for studying HF in pathologies related to regenerative

cardiology (Wehman et al., 2017). These models can also be

used to evaluate the efficacy of therapeutic interventions such

as the effect of intratracheal delivery of SERCA2a to

ameliorate chronic post-capillary pulmonary hypertension

by using a porcine model of chronic post-capillary PH by

partial pulmonary vein banding (Aguero et al., 2016).

As we have described throughout this review, a series of

surgical approaches have helped us to better understand the

etiology and progression of CHF, providing new molecular

targets and novel therapeutic approaches to increase the life

quality of patients. In addition, it should also pay attention to

pharmacology, as a useful strategy in specific aspects not to

improve, but to induce HF models, as we will discuss below.

Toxicity models

Among the different substances affecting cardiac performance,

the role of doxorubicin as a chemotherapeutic agent is of particular

interest, since it is noteworthy that it often leads to the

development of dilated cardiomyopathy in a significant number

of cases. The search for newmolecular targets against the impact of

doxorubicin is subject of intense research, having initially

developed preclinical models in dogs (Movahed et al., 1994;

Toyoda et al., 1998), sheep (Chekanov, 1999) and more

recently in pigs (Galán-Arriola et al., 2019). However, the bulk

of research is currently being conducted in rodent (Yip et al., 2020;

Yeh et al., 2021) and rabbit models (Hong et al., 2016), with the

aforementioned limitations derived from the use of small animal

models. The relationship between neurohormonal overproduction

of catecholamines and heart failure led to development of models

of high norepinephrine exposure in pigs (Weil et al., 2018).

Although increasingly out of use, dogs exposed to

catecholamines have been developed signs of CHF. Prolonged

norepinephrine infusion should be investigated for translation to

the clinic, as the model may not be directly comparable, as claimed

by the authors, because the norepinephrine infusion was relatively

brief (Movahed et al., 1994).

Conclusions

Congestive heart failure is a highly complex pathology from its

onset at the subclinical level, in symptomatology and prognosis.

Therefore, it is key to tackle CHF fromdifferent perspectives in order

to find new molecular targets that enable a significant improvement
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against this pathology. In this regard, preclinical models of CHF,

particularly large animalmodels, play a central role in providing new

tools for early diagnosis and treatment. Although economic costs,

handling, personnel skills, and the necessary equipment are often

limiting factors, large animal models offer important advantages in

terms of better clinical translation: they offer greater structural and

functional similarity, and in general many models recapitulate the

associated comorbidities. Their use also adds valuable information

about safety of existing treatments, even adding economic value in

terms of patient outcome.

Author contributions

MS, JZ, and CZ prepared the manuscript.

Funding

Proyectos de i+D+I, from the program Investigación orientada

a los retos de la sociedad, cofounded by Fondo Europeo de

Desarrollo Regional (FEDER) A way to achieve Europe

(MINECO/AEI/FEDER/EU SAF2017-87342-R)”, and

“PDC2021-121817-I00 cofounded by MICIN/AEI/10.13039/

501100011033 and European Union Next GenerationEU/PRTR”.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Aalders, M., and Kok,W. (2019). Comparison of hemodynamic factors predicting
prognosis in heart failure: A systematic review. J. Clin. Med. 8 (10), 1757. doi:10.
3390/jcm8101757

Aguero, J., Ishikawa, K., Hadri, L., Santos-Gallego, C. G., Fish, K. M.,
Kohlbrenner, E., et al. (2016). Intratracheal gene delivery of SERCA2a
ameliorates chronic post-capillary pulmonary hypertension: A large animal
model. J. Am. Coll. Cardiol. 67 (17), 2032–2046. doi:10.1016/j.jacc.2016.02.049

Baranowski, B. J., Allen, M. D., Nyarko, J. N., Rector, R. S., Padilla, J., Mousseau,
D. D., et al. (2021). Cerebrovascular insufficiency and amyloidogenic signaling in
Ossabaw swine with cardiometabolic heart failure. JCI Insight 6 (10), e143141.
doi:10.1172/jci.insight.143141

Benjamin, E. J., Muntner, P., Alonso, A., Bittencourt, M. S., Callaway, C. W.,
Carson, A. P., et al. (2019). Heart disease and stroke statistics-2019 update: A report
from the American heart association. Circulation 139, e56–e528. doi:10.1161/CIR.
0000000000000659

Braunwald, E. (2018). Aortic stenosis: Then and now. Circulation 137 (20),
2099–2100. doi:10.1161/circulationaha.118.033408

Chaanine, A. H., Sreekumaran Nair, K., Bergen, R. H., 3rd, Klaus, K., Guenzel, A.
J., Hajjar, R. J., et al. (2017). Mitochondrial integrity and function in the progression
of early pressure overload-induced left ventricular remodeling. J. Am. Heart Assoc. 6
(6), e005869. doi:10.1161/JAHA.117.005869

Chekanov, V. S. (1999). A stable model of chronic bilateral ventricular
insufficiency (dilated cardiomyopathy) induced by arteriovenous anastomosis
and doxorubicin administration in sheep. J. Thorac. Cardiovasc. Surg. 117 (1),
198–199. doi:10.1016/s0022-5223(99)70494-0

Christensen, N. L., Jakobsen, S., Schacht, A. C., Munk, O. L., Alstrup, A. K. O.,
Tolbod, L. P., et al. (2017). Whole-body biodistribution, dosimetry, and metabolite
correction of [11C]palmitate: A PET tracer for imaging of fatty acid metabolism.
Mol. Imaging 16, 1536012117734485. doi:10.1177/1536012117734485

Cuadrado, I., Piedras, M. J., Herruzo, I., TurpinMdel, C., Castejón, B., Reventun, P., et al.
(2016). EMMPRIN-targetedmagnetic nanoparticles for in vivo visualization and regression
of acute myocardial infarction. Theranostics 6 (4), 545–557. doi:10.7150/thno.13352

Dellsperger, K. C., and Marcus, M. L. (1990). Effects of left ventricular
hypertrophy on the coronary circulation. Am. J. Cardiol. 65 (22), 1504–1510.
doi:10.1016/0002-9149(90)91363-b

Dixon, J. A., and Spinale, F. G. (2009). Large animal models of heart failure: A
critical link in the translation of basic science to clinical practice. Circ. Heart Fail. 2,
262–271. doi:10.1161/CIRCHEARTFAILURE.108.814459

Dosdall, D. J., Ranjan, R., Higuchi, K., Kholmovski, E., Angel, N., Li, L., et al.
(2013). Chronic atrial fibrillation causes left ventricular dysfunction in dogs but not
goats: Experience with dogs, goats, and pigs. Am. J. Physiol. Heart Circ. Physiol. 305
(5), H725–H731. doi:10.1152/ajpheart.00440.2013

Fleenor, B. S., Ouyang, A., Olver, T. D., Hiemstra, J. A., Cobb,M. S.,Minervini, G., et al.
(2018). Saxagliptin prevents increased coronary vascular stiffness in aortic-banded mini
swine. Hypertension 72, 466–475. doi:10.1161/HYPERTENSIONAHA.118.10993

Franciosa, J. A., Heckel, R., Limas, C., and Cohn, J. N. (1980). Progressive
myocardial dysfunction associated with increased vascular resistance. Am.
J. Physiol. 239, H477–H482. doi:10.1152/ajpheart.1980.239.4.H477

Galán-Arriola, C., Lobo, L., Vílchez-Tschischke, J. P., López, G. J., de Molina-
Iracheta, A., Pérez-Martínez, C., et al. (2019). Serial magnetic resonance imaging to
identify early stages of anthracycline-induced cardiotoxicity. J. Am. Coll. Cardiol. 73
(7), 779–791. doi:10.1016/j.jacc.2018.11.046

Hayward, G. C., LeBlanc, P. J., Emter, C. A., Nyarko, J. N. K., Mousseau, D. D.,
MacPherson, R. E. K., et al. (2019). Female sex hormones and cardiac pressure
overload independently contribute to the cardiogenic dementia profile in Yucatan
miniature swine. Front. Cardiovasc. Med. 6, 129. doi:10.3389/fcvm.2019.00129

Hernandez, I., Tesoro, L., Ramirez-Carracedo, R., Diez-Mata, J., Sanchez, S.,
Saura, M., et al. (2021). Ivabradine induces cardiac protection against myocardial
infarction by preventing cyclophilin-A secretion in pigs under coronary ischemia/
reperfusion. Int. J. Mol. Sci. 22 (6), 2902. doi:10.3390/ijms22062902

Heusch, G., and Rassaf, T. (2016). Time to give up on cardioprotection? A critical
appraisal of clinical studies on ischemic pre-post-and remote conditioning. Circ.
Res. 119 (5), 676–695. doi:10.1161/CIRCRESAHA.116.308736

Heusch, G., Skyschally, A., and Schulz, R. (2011). The in-situ pig heart with
regional ischemia/reperfusion—ready for translation. J. Mol. Cell. Cardiol. 50,
951–963. doi:10.1016/j.yjmcc.2011.02.016

Hill, A. J., and Iaizzo, P. A. (2009). “Comparative cardiac anatomy,” inHandbook
of cardiac anatomy, physiology, and devices. Editor P. A. Iaizzo (Totowa, NJ:
Humana Press), 87–108.

Hong, Y. J., Kim, T. K., Hong, D., Park, C. H., Yoo, S. J., Wickum, M. E., et al.
(2016). Myocardial characterization using dual-energy CT in doxorubicin-induced
DCM: Comparison with CMR T1-mapping and histology in a rabbit model. JACC.
Cardiovasc. Imaging 9 (7), 836–845. doi:10.1016/j.jcmg.2015.12.018

Hu, L., Yupeng Bai, Y., Gu, Y., Yu,D., Peng, S., Liu, X., et al. (2014). Establishment of an
experimental angiographic slow coronary flow model by microsphere embolism in
swines. Int. J. Cardiol. 176 (3), 1123–1125. doi:10.1016/j.ijcard.2014.07.298

Frontiers in Physiology frontiersin.org07

Saura et al. 10.3389/fphys.2022.850301

https://doi.org/10.3390/jcm8101757
https://doi.org/10.3390/jcm8101757
https://doi.org/10.1016/j.jacc.2016.02.049
https://doi.org/10.1172/jci.insight.143141
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1161/circulationaha.118.033408
https://doi.org/10.1161/JAHA.117.005869
https://doi.org/10.1016/s0022-5223(99)70494-0
https://doi.org/10.1177/1536012117734485
https://doi.org/10.7150/thno.13352
https://doi.org/10.1016/0002-9149(90)91363-b
https://doi.org/10.1161/CIRCHEARTFAILURE.108.814459
https://doi.org/10.1152/ajpheart.00440.2013
https://doi.org/10.1161/HYPERTENSIONAHA.118.10993
https://doi.org/10.1152/ajpheart.1980.239.4.H477
https://doi.org/10.1016/j.jacc.2018.11.046
https://doi.org/10.3389/fcvm.2019.00129
https://doi.org/10.3390/ijms22062902
https://doi.org/10.1161/CIRCRESAHA.116.308736
https://doi.org/10.1016/j.yjmcc.2011.02.016
https://doi.org/10.1016/j.jcmg.2015.12.018
https://doi.org/10.1016/j.ijcard.2014.07.298
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.850301


Ikeda, Y., Yutani, C., Huang, Y., Masuda, K., Yuasa, T., Kawaguchi, O., et al.
(2001). Histological remodeling in an ovine heart failure model resembles human
ischemic cardiomyopathy. Cardiovasc. Pathol. 10 (1), 19–27. doi:10.1016/s1054-
8807(00)00060-0

Ishikawa, K., Aguero, J., Oh, J. G., Hammoudi, N., Fish, L. A., Leonardson, L., et al.
(2015). Increased stiffness is the major early abnormality in a pig model of severe aortic
stenosis and predisposes to congestive heart failure in the absence of systolic dysfunction.
J. Am. Heart Assoc. 4 (5), e001925. doi:10.1161/JAHA.115.001925

Ishikawa, K., Aguero, J., Tilemann, L., Ladage, D., Hammoudi, N., Kawase, Y.,
et al. (2014). Characterizing preclinical models of ischemic heart failure: Differences
between LAD and LCx infarctions. Am. J. Physiol. Heart Circ. Physiol. 307 (10),
H1478–H1486. doi:10.1152/ajpheart.00797.2013

January, C. T., Wann, L. S., Alpert, J. S., Calkins, H., Cigarroa, J. E., Cleveland,
J. C., et al. (2014). 2014 AHA/ACC/HRS guideline for the management of patients
with atrial fibrillation: A report of the American college of cardiology/American
heart association task force on practice guidelines and the heart rhythm society.
J. Am. Coll. Cardiol. 64, e1–e76. doi:10.1016/j.jacc.2014.03.022

Lee, Y. T., Lin, H. Y., Chan, Y. W. F., Li, K. H. C., To, O. T. L., Yan, B. P., et al.
(2017). Mouse models of atherosclerosis: A historical perspective and recent
advances. Lipids Health Dis. 16, 12. doi:10.1186/s12944-016-0402-5

Li, H., Li, Y-D., Zhu, W. W., Kong, L. Y., Ye, X. G., Cai, Q. Z., et al. (2018). A
simplified ultrasound comet tail grading scoring to assess pulmonary congestion in
patients with heart failure. Biomed. Res. Int. 2, 8474839. doi:10.1155/2018/8474839

Maxwell, M. P., Hearse, D. J., and Yellon, D. M. (1987). 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. 21 (10), 737–746. doi:10.1093/cvr/21.10.737

Merino, D., Gil, A., Gómez, J., Ruiz, L., Llano, M., García, R., et al. (2018).
Experimental modelling of cardiac pressure overload hypertrophy: Modified
technique for precise, reproducible, safe and easy aortic arch banding-debanding
in mice. Sci. Rep. 8, 3167. doi:10.1038/s41598-018-21548-x

Mielniczuk, L. M., Lamas, G. A., Flaker, G. C., Mitchell, G., Smith, S. C., Gersh, B.
J., et al. (2007). Left ventricular end-diastolic pressure and risk of subsequent heart
failure in patients following an acute myocardial infarction. Congest. Heart Fail. 13
(4), 209–214. doi:10.1111/j.1527-5299.2007.06624.x

Moe, G. W., Stopps, T. P., Angus, C., Forster, C., De Bold, A. J., Armstrong, P.
W., et al. (1989). Alterations in serum sodium in relation to atrial natriuretic
factor and other neuroendocrine variables in experimental pacing-induced
heart failure. J. Am. Coll. Cardiol. 13 (1), 173–179. doi:10.1016/0735-1097(89)
90567-6

Moorjani, N., Catarino, P., El-Sayed, R., Al-Ahmed, S., Meyer, B., Al-Mohanna,
F., et al. (2003). A pressure overload model to track the molecular biology of heart
failure. Eur. J. Cardiothorac. Surg. 24 (6), 920–925. doi:10.1016/s1010-7940(03)
00514-1

Moorjani, N., Catarino, P., Trabzuni, D., Saleh, S., Moorji, A., Dzimiri, N., et al.
(2007). Upregulation of Bcl-2 proteins during the transition to pressure overload-
induced heart failure. Int. J. Cardiol. 116 (1), 27–33. doi:10.1016/j.ijcard.2006.04.037

Movahed, A., Reeves, W. C., Mehta, P. M., Gilliland, M. G., Mozingo, S. L., and
Jolly, S. R. (1994). Norepinephrine-induced left ventricular dysfunction in
anesthetized and conscious, sedated dogs. Int. J. Cardiol. 45 (1), 23–33. doi:10.
1016/0167-5273(94)90051-5

Nguyen-Truong, M., Liu, W., Boon, J., Nelson, B., Easley, J., Monnet, E., et al.
(2020). Establishment of adult right ventricle failure in ovine using a graded,
animal-specific pulmonary artery constrictionmodel.Anim.Model. Exp. Med. 3 (2),
182–192. doi:10.1002/ame2.12124

Ohno,M., Cheng, C. P., and Little, W. C. (1994). Mechanism of altered patterns of
left ventricular filling during the development of congestive heart failure.
Circulation 89 (5), 2241–2250. doi:10.1161/01.cir.89.5.2241

Olver, T. D., Edwards, J. C., Jurrissen, T. J., Veteto, A. B., Jones, J. L., Gao, C., et al.
(2019). Western diet-fed, aortic-banded ossabaw swine: A preclinical model of
cardio-metabolic heart failure. JACC. Basic Transl. Sci. 4 (3), 404–421. doi:10.1016/j.
jacbts.2019.02.004

Pereda, D., García-Alvarez, A., Sánchez-Quintana, D., Nuño, M., Fernández-
Friera, L., Fernández-Jiménez, R., et al. (2014). Swine model of chronic
postcapillary pulmonary hypertension with right ventricular remodeling:
Long-term characterization by cardiac catheterization, magnetic resonance,
and pathology. J. Cardiovasc. Transl. Res. 7 (5), 494–506. doi:10.1007/s12265-
014-9564-6

Pound, P., and Ritskes-Hoitinga, M. (2018). Is it possible to overcome issues of
external validity in preclinical animal research?Whymost animal models are bound
to fail. J. Transl. Med. 16, 304. doi:10.1186/s12967-018-1678-1

Power, J. M., Beacom, G. A., Alferness, C. A., Raman, J., Wijffels, M., Farish, S. J.,
et al. (1998). Susceptibility to atrial fibrillation: A study in an ovine model of pacing-
induced early heart failure. J. Cardiovasc. Electrophysiol. 9 (4), 423–435. doi:10.
1111/j.1540-8167.1998.tb00930.x

Ramirez-Carracedo, R., Tesoro, L., Hernandez, I., Diez-Mata, J., Botana, L., Saura,
M., et al. (2020). Ivabradine-stimulated microvesicle release induces cardiac
protection against acute myocardial infarction. Int. J. Mol. Sci. 21 (18), 6566.
doi:10.3390/ijms21186566

Reddy, Y. N., Obokata, M., Egbe, A., Yang, J. H., Pislaru, S., Lin, G., et al.
(2019). Left atrial strain and compliance in the diagnostic evaluation of heart
failure with preserved ejection fraction. Eur. J. Heart Fail. 21 (7), 891–900.
doi:10.1002/ejhf.1464

Riegger, A. J., and Liebau, G. (1982). The renin-angiotensin-aldosterone
system, antidiuretic hormone and sympathetic nerve activity in an
experimental model of congestive heart failure in the dog. Clin. Sci. 62 (5),
465–469. doi:10.1042/cs0620465

Sabe, A. A., Potz, B. A., Elmadhun, N. Y., Liu, Y., Feng, J., Ruhul Abid, M.,
et al. (2016). Calpain inhibition improves collateral-dependent perfusion in
a hypercholesterolemic swine model of chronic myocardial ischemia.
J. Thorac. Cardiovasc. Surg. 151 (1), 245–252. doi:10.1016/j.jtcvs.2015.
08.101

Santos-Gallego, C. G., Requena-Ibanez, J. A., San Antonio, R., Ishikawa, K.,
Watanabe, S., Picatoste, B., et al. (2019). Empagliflozin ameliorates adverse left
ventricular remodeling in nondiabetic heart failure by enhancing myocardial
energetics. J. Am. Coll. Cardiol. 73 (15), 1931–1944. doi:10.1016/j.jacc.2019.
01.056

Santos-Gallego, C. G., Vahl, T. P., Goliasch, G., Picatoste, B., Arias, T., Ishikawa,
K., et al. (2016). Sphingosine-1-Phosphate receptor agonist fingolimod increases
myocardial salvage and decreases adverse postinfarction left ventricular remodeling
in a porcine model of ischemia/reperfusion. Circulation 133 (10), 954–966. doi:10.
1161/CIRCULATIONAHA.115.012427

Sassi, Y., Fish, K., Ishikawa, K. A., Bikou, O., Tharakan, S., Yamada, K. P., et al.
(2019). Novel large animal model of thrombogenic coronary microembolization.
Front. Cardiovasc Med. 6, 157.

Sharifov, O. F., and Himanshu Gupta, H. (2017). What Is the Evidence That the
Tissue Doppler Index E/e’ Reflects Left Ventricular Filling Pressure Changes After
Exercise or Pharmacological Intervention for Evaluating Diastolic Function? A
Systematic Review. J. Am. Heart Assoc. 6 (3), e004766. doi:10.1161/JAHA.116.
004766

Sharp, T. E., 3rd, Scarborough, A. L., Li, Z., Polhemus, D. J., Hidalgo, H. A.,
Schumacher, J. D., et al. (2021). Novel göttingen miniswine model of heart failure
with preserved ejection fraction integrating multiple comorbidities. JACC. Basic
Transl. Sci. 6 (2), 154–170. doi:10.1016/j.jacbts.2020.11.012

Silva, K. A. S., and Emter, C. A. (2020). Large animal models of heart failure: A
translational bridge to clinical success. JACC. Basic Transl. Sci. 5 (8), 840–856.
doi:10.1016/j.jacbts.2020.04.011

Toyoda, Y., Okada, M., and Kashem, M. A. (1998). A canine model of dilated
cardiomyopathy induced by repetitive intracoronary doxorubicin
administration. J. Thorac. Cardiovasc. Surg. 115 (6), 1367–1373. doi:10.
1016/S0022-5223(98)70221-1

Ukita, R., Stokes, J. W., Wu, W. K., Talackine, J., Cardwell, N., Patel, Y., et al.
(2021). A large animal model for pulmonary hypertension and right ventricular
failure: Left pulmonary artery ligation and progressive main pulmonary artery
banding in sheep. J. Vis. Exp. 15 (173). doi:10.3791/62694

Ukita, R., Tipograf, Y., Tumen, A., Donocoff, R., Stokes, J. W., Foley, N. M., et al.
(2021). Left pulmonary artery ligation and chronic pulmonary artery banding
model for inducing right ventricular-pulmonary hypertension in sheep.ASAIO J. 67
(1), e44–e48. doi:10.1097/MAT.0000000000001197

van deWouw, J., Steenhorst, J. J., Sorop, O., van Drie, R.W. A., Wielopolski, P. A.,
Kleinjan, A., et al. (2021). Impaired pulmonary vasomotor control in exercising
swine with multiple comorbidities. Basic Res. Cardiol. 116 (1), 51. doi:10.1007/
s00395-021-00891-7

Virani, S. S., Alonso, A., Aparicio, H. J., Benjamin, E. J., Bittencourt, M. S.,
Callaway, C. W., et al. (2021). Heart disease and stroke statistics-2021 update: A
report from the American heart association. Circulation 143, e254–e743.

Frontiers in Physiology frontiersin.org08

Saura et al. 10.3389/fphys.2022.850301

https://doi.org/10.1016/s1054-8807(00)00060-0
https://doi.org/10.1016/s1054-8807(00)00060-0
https://doi.org/10.1161/JAHA.115.001925
https://doi.org/10.1152/ajpheart.00797.2013
https://doi.org/10.1016/j.jacc.2014.03.022
https://doi.org/10.1186/s12944-016-0402-5
https://doi.org/10.1155/2018/8474839
https://doi.org/10.1093/cvr/21.10.737
https://doi.org/10.1038/s41598-018-21548-x
https://doi.org/10.1111/j.1527-5299.2007.06624.x
https://doi.org/10.1016/0735-1097(89)90567-6
https://doi.org/10.1016/0735-1097(89)90567-6
https://doi.org/10.1016/s1010-7940(03)00514-1
https://doi.org/10.1016/s1010-7940(03)00514-1
https://doi.org/10.1016/j.ijcard.2006.04.037
https://doi.org/10.1016/0167-5273(94)90051-5
https://doi.org/10.1016/0167-5273(94)90051-5
https://doi.org/10.1002/ame2.12124
https://doi.org/10.1161/01.cir.89.5.2241
https://doi.org/10.1016/j.jacbts.2019.02.004
https://doi.org/10.1016/j.jacbts.2019.02.004
https://doi.org/10.1007/s12265-014-9564-6
https://doi.org/10.1007/s12265-014-9564-6
https://doi.org/10.1186/s12967-018-1678-1
https://doi.org/10.1111/j.1540-8167.1998.tb00930.x
https://doi.org/10.1111/j.1540-8167.1998.tb00930.x
https://doi.org/10.3390/ijms21186566
https://doi.org/10.1002/ejhf.1464
https://doi.org/10.1042/cs0620465
https://doi.org/10.1016/j.jtcvs.2015.08.101
https://doi.org/10.1016/j.jtcvs.2015.08.101
https://doi.org/10.1016/j.jacc.2019.01.056
https://doi.org/10.1016/j.jacc.2019.01.056
https://doi.org/10.1161/CIRCULATIONAHA.115.012427
https://doi.org/10.1161/CIRCULATIONAHA.115.012427
https://doi.org/10.1161/JAHA.116.004766
https://doi.org/10.1161/JAHA.116.004766
https://doi.org/10.1016/j.jacbts.2020.11.012
https://doi.org/10.1016/j.jacbts.2020.04.011
https://doi.org/10.1016/S0022-5223(98)70221-1
https://doi.org/10.1016/S0022-5223(98)70221-1
https://doi.org/10.3791/62694
https://doi.org/10.1097/MAT.0000000000001197
https://doi.org/10.1007/s00395-021-00891-7
https://doi.org/10.1007/s00395-021-00891-7
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.850301


Wang, X., Hu, Q., and Mansoor, A. (2006). Bioenergetic and functional
consequences of stem cell-based VEGF delivery in pressure-overloaded swine
hearts. Am. J. Physiol. Heart Circ. Physiol. 290, H1393–H1405.

Wehman, B., Pietris, N., Bigham, G., Siddiqui, O., Mishra, R., Li, T., et al. (2017).
Cardiac progenitor cells enhance neonatal right ventricular function after
pulmonary artery banding. Ann. Thorac. Surg. 104 (6), 2045–2053. doi:10.1016/
j.athoracsur.2017.04.058

Weil, B. R., Suzuki, G., Young, R. F., Iyer, V., and Canty, J. M., Jr (2018). Troponin
release and reversible left ventricular dysfunction after transient pressure overload.
J. Am. Coll. Cardiol. 71 (25), 2906–2916. doi:10.1016/j.jacc.2018.04.029

Yarbrough, W. M., and Spinale, F. G. (2003). Large animal models of congestive
heart failure: A critical step in translating basic observations into clinical
applications. J. Nucl. Cardiol. 10 (1), 77–86. doi:10.1067/mnc.2003.16

Yeh, J. N., Yue, Y., Chu, Y. C., Huang, C. R., Yang, C. C., Chiang, J. Y., et al. (2021).
Entresto protected the cardiomyocytes and preserved heart function in cardiorenal
syndrome rat fed with high-protein diet through regulating the oxidative stress and
Mfn2-mediated mitochondrial functional integrity. J. Biomed. Pharmacother. 144,
112244. doi:10.1016/j.biopha.2021.112244

Yip, H. K., Shao, P. L., Wallace, C. G., Sheu, J. J., Sung, P. H., Lee, M. S., et al.
(2020). Early intramyocardial implantation of exogenous mitochondria effectively
preserved left ventricular function in doxorubicin-induced dilated cardiomyopathy
rat. Am. J. Transl. Res. 12 (8), 4612–4627.

Zhang, M., Hill, M. C., Kadow, Z. A., Suh, J. H., Tucker, N. R., Hall, A. W., et al.
(2019). Long-range Pitx2c enhancer-promoter interactions prevent predisposition
to atrial fibrillation. Proc. Natl. Acad. Sci. U. S. A. 116, 22692–22698. doi:10.1073/
pnas.1907418116

Frontiers in Physiology frontiersin.org09

Saura et al. 10.3389/fphys.2022.850301

https://doi.org/10.1016/j.athoracsur.2017.04.058
https://doi.org/10.1016/j.athoracsur.2017.04.058
https://doi.org/10.1016/j.jacc.2018.04.029
https://doi.org/10.1067/mnc.2003.16
https://doi.org/10.1016/j.biopha.2021.112244
https://doi.org/10.1073/pnas.1907418116
https://doi.org/10.1073/pnas.1907418116
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2022.850301

	Preclinical models of congestive heart failure, advantages, and limitations for application in clinical practice
	Introduction
	Myocardial ischemia
	Acute myocardial infarction
	Microembolization
	Tachyarrhythmias
	Pacemaker-induced tachycardia pacing-induced tachycardia
	Atrial fibrillation
	Pressure overload
	Transverse aortic constriction (aortic banding)
	Hypertension in combination with other factors
	Pulmonary artery constriction (pulmonary banding)
	Toxicity models

	Conclusions
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


