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Heart failure (HF) is a chronic, complex condition with increasing incidence worldwide, necessitating
the development of novel therapeutic strategies. This has led to the current clinical strategies, which
only treat symptoms of HF without addressing the underlying causes. Multiple animal models have been
developed in an attempt to recreate the chronic HF phenotype that arises following a variety of
myocardial injuries. Although significant strides have been made in HF research, an understanding of
more specific mechanisms will require distinguishing models that resemble HF with preserved ejection
fraction (HFpEF) from those with reduced ejection fraction (HFrEF). Therefore, current mouse models of
HF need to be re-assessed to determine which of them most closely recapitulate the specific etiology of
HF being studied. This will allow for the development of therapies targeted specifically at HFpEF or
HFrEF. This review will summarize the commonly used mouse models of HF and discuss which aspect
of human HF each model replicates, focusing on whether HFpEF or HFrEF is induced, to allow
better investigation into pathophysiological mechanisms and treatment strategies. (Am J Pathol 2020,
190: 1596e1608; https://doi.org/10.1016/j.ajpath.2020.04.006)
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Heart failure (HF) is a leading cause of death worldwide.
Approximately 6.5 million Americans are living with HF,
with an incidence of 10 in 1000 individuals older than 65
years.1 Recently, morbidity attributed to HF has decreased
to one in nine deaths because of improvements in estab-
lished treatment strategies focused on conditions preceding
and leading to HF, including hypertension, myocardial
infarction (MI), and atherosclerosis.2 However, mortality
associated with HF is high, with 50% of patients diagnosed
with HF dying within 5 years of diagnosis.3 Current pre-
dictions show that by 2030, 8 million US adults will be
diagnosed with HF.3 Therefore, there is a need to identify
risk factors and develop new therapeutic strategies for HF
patients.

Two-thirds of all HF cases can be attributed to one of four
underlying conditions: ischemic heart disease, chronic
obstructive pulmonary disease, hypertensive heart disease,
or rheumatic heart disease.4 During these pathologic con-
ditions, systemic inflammation, hypoxic environment, car-
diomyocyte death, mechanical stress, and other profibrotic
cytokines lead to the migration and proliferation of cardiac
stigative Pathology. Published by Elsevier Inc
fibroblasts to the site of injury and their activation into
myofibroblasts. Myofibroblasts develop stress fibers, are
more contractile, and secrete profibrotic signaling factors,
such as transforming growth factor-b, tumor necrosis factor-
a, and angiotensin II (Ang II), which can induce and modify
cardiomyocyte hypertrophy (Figure 1).5 Myofibroblasts are
also the major cell type responsible for laying down the
extracellular matrix, resulting in interstitial and perivascular
fibrosis that stiffens the myocardium, and can also lead to
collagenous scar formation during acute injury.5,6 This
fibrosis exacerbates any myocardial stiffening and diastolic
dysfunction that may have arisen before fibroblast activation
due to energy metabolism issues and systemic inflamma-
tion.7,8 These changes can lead to a hypertrophic response
of the left ventricle (LV), interfering with the LV’s ability to
relax, resulting in diastolic dysfunction (Figure 2).
. All rights reserved.
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Mouse Models of HFpEF and HFrEF
Additional insults, such as chronic deterioration or ischemic
injury leading to cardiomyocyte death, result in decreased
contractile force and wall thickness, leading to systolic
dysfunction where the LV has impaired filling (Figure 2).9

Increased myocardial stiffness and diminished LV contrac-
tility, the results of pathologic remodeling, are the primary
hallmarks of HF.9

The American Heart Association defines HF as a complex
clinical syndrome that results from any structural or func-
tional impairment of ventricular filling or ejection of blood
(https://www.heart.org/en/health-topics/heart-failure/what-
is-heart-failure, last accessed October 30, 2019). Left-sided
HF, which is often a precursor for right-sided HF, is asso-
ciated with an increased risk of sudden death.10 Left-sided
HF is subdivided on the basis of LV ejection fraction
(EF): HF with preserved EF (HFpEF; LV EF � 50%), HF
with midrange EF (LV EF 40% to 49%), and HF with
reduced EF (HFrEF: LV EF < 40%). In the United States,
half of all HF patients are diagnosed with HFpEF.

HFpEF is clinically defined as HF with normal EF and
diastolic dysfunction: the inability of the ventricles to relax
properly.11 HFpEF is usually a result of chronic diseases, such
as hypertension, diabetes mellitus, atrial fibrillation, aging,
obesity, or renal dysfunction (Figure 2).12 These chronic
diseases gradually diminish the normal relaxation ability of
the LV as the ventricular wall becomes stiffer from increasing
interstitial fibrosis. As a result, the heart can no longer fill
properly with blood during the resting period between each
beat, which eventually leads to diastolic failure. HFpEF oc-
curs more often in women (79% versus 49% of all heart
failure) and is more prominent in older populations.11 HFpEF
manifests clinically as exercise intolerance, dyspnea, edema,
pulmonary hypertension (PH), and pulmonary edema, all of
IL-1β
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which are symptoms associated with cardiac hypertrophy,
increased fibrosis, and decreased capillary content.

In contrast with the reduced relaxation capacity of
HFpEF, HFrEF occurs when the ventricle loses its ability to
contract normally. A wide range of cardiac conditions can
cause HFrEF, including coronary artery disease, MI, and
cardiomyopathies (Figure 2).12 These diseases result in
apoptosis of cardiomyocytes and increased wall stress,
diminishing the ability of cardiomyocytes to contract with
enough force to push the blood into the systemic circulation,
which eventually leads to systolic failure. Patients with
HFrEF have higher levels of circulating brain natriuretic
peptide, a common biomarker for HF, and a higher mortality
rate than those with HFpEF.13

Mouse models of HF have been used to improve our
understanding of the various aspects and etiologies of HF,
toward the ultimate goal of developing novel treatment
strategies. Mice are the most commonly used animal
models in HF research, as they share most of their genes
with humans and approximately 85% of the protein-
coding regions are identical to the human genome.14 In
addition, mice provide unique experimental advantages,
such as the ability to impose genetic alterations, short
breeding cycles, and relatively low housing costs.
Numerous murine models of HF have been developed
through a combination of genetic modifications, admin-
istration of pharmacologic compounds, and/or surgical
approaches to recapitulate human disease.14,15 Mouse
models allow for the study of specific risk factors of and
treatment strategies for HF without some of the con-
founding effects of comorbidities seen in other animal
models. Over the past decade, a large increase in mouse
models of HF has increased our knowledge of both
TIMPs

Figure 1 Fibroblast to myofibroblast transition in the
heart in response to cardiomyocyte injury, proin-
flammatory cytokines, and systemic inflammation through
reactive oxygen species (ROS). Created with Bio-
Render.com. Ang II, angiotensin II; Gal-3, galectin-3;
MMP, matrix metalloprotinase; TGF-b, transforming
growth factor-b; TIMP, tissue inhibitor of metal-
loprotinase; TNF-a, tumor necrosis factor-a.
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HFpEF and HFrEF, many of which are highlighted in this
article and summarized in Table 1.16e67
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Mouse Models of HFpEF

This section discusses mouse models of HFpEF. These
models strive to recapitulate the chronic disease progression
and risk factors associated with the development of HFpEF,
including hypertension, obesity, diabetes, and aging. Some
of these models, if permitted to run long enough, may also
lead to the development of HFrEF.
DDiastolic Dysfunction
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Systolic Dysfunction
(HFrEF)

Concentric
Hypertrophy

Eccentric
Hypertrophy

Figure 2 Disease states and their resulting left ventricular remodeling
leading to the development of heart failure with preserved ejection fraction
(HFpEF) and heart failure with reduced ejection fraction (HFrEF). Created
with BioRender.com.
Hypertension

Hypertension is one of the main underlying conditions that
leads to HFpEF in humans.4,68 Hypertension, which causes
broad changes in inflammation and metabolism, can cause
myocardial stiffness and diastolic dysfunction.7 This is
additionally exacerbated when hypertension results in
increased pressure in the LV, resulting in the expansion of
fibroblasts, hypertrophy of vascular smooth muscle cells,
and pathologic deposition of interstitial collagen. This leads
to increased myocardial wall stress, which causes LV hy-
pertrophy in an attempt to compensate for the increased
pressure.69 The most commonly used mouse model to study
hypertension-induced HFpEF is the administration of
deoxycorticosterone acetate (DOCA) while providing high-
salt (1% NaCl) drinking water. This model causes increased
sodium and water reabsorption in the kidneys, leading to
high blood pressure through a decrease in the renin/aldo-
sterone ratio. This model has also been shown to be mouse
strain dependent, as C57BL/6J mice are less susceptible to
renal damage and hypertension than the 129/Sv strain.16 In
addition, renal impairment is more severe in males than in
females.17 The DOCA model results in cardiac hypertrophy,
ventricular fibrosis, up-regulation of the hypertrophy
markers atrial natriuretic peptide and brain natriuretic pep-
tide, and infiltration of inflammatory cells into the cardiac
tissue.17

Ang II administration has also been used to induce hy-
pertension and chronic kidney disease (CKD) in mice.
Sustained elevation of Ang II levels in the circulation results
in Ang IIemediated vasoconstriction, hypertension, aldo-
sterone secretion, transforming growth factor-bemediated
fibrosis, and inflammationdall of which contribute to the
development of cardiac hypertrophy. This model has
contributed to many cardiovascular discoveries, including
that sildenafil, an inhibitor of cyclic GMP-specific phos-
phodiesterase type-5A (PDE5A), improves LV perfor-
mance, reduces adverse remodeling, and diminishes
infiltration of inflammatory cells during Ang IIeinduced
HFpEF.18 In addition, the Ang II model has been combined
with the DOCA salt and uninephrectomized models in an
attempt to overcome the resistance of C57BL/6J mice to
CKD and hypertension development.19,20
1598
Pulmonary Hypertension

Diastolic dysfunction, as experienced in HFpEF, is the most
frequent cause of pulmonary hypertension (PH).70 PH is
commonly found in deteriorating HFpEF, and is therefore
closely associated with worse outcomes and mortality in
patients with HFpEF.71 During HFpEF, chronically elevated
filling pressure in the LV causes backward pressure in the
pulmonary arteries, resulting in vascular remodeling and
increased pulmonary arterial pressure, pulmonary vascular
resistance, and right ventricular hypertrophy that are asso-
ciated with PH.72 PH exacerbates the LV diastolic
dysfunction that is already occurring in the heart.73 As a
result, mouse models of PH were developed to study how
PH leads to increased diastolic dysfunction. AKR/J, NON/
shiLtJ, and WSB/EiJ mice, when placed on a high-fat diet
for 20 weeks, develop elevated right ventricular systolic
pressure and LV end-diastolic pressure while having a
preserved EF.21 These findings illustrate that these mice
develop biventricular hypertrophy, HFpEF, and PH.
Type 2 Diabetes

Cardiovascular complications are the leading cause of
diabetes-related morbidity and mortality.74 Diabetes melli-
tus, or type 2 diabetes (T2D), is noneinsulin dependent and
results from a combination of insulin resistance and b-cell
ajp.amjpathol.org - The American Journal of Pathology
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Mouse Models of HFpEF and HFrEF
secretory defects.75 Complications associated with T2D
include increased coronary heart disease and accelerated
atherosclerosis due to associated risk factors of hyperten-
sion, obesity, and dyslipidemia.76 Db/db and ob/ob mice are
the most commonly used T2D that are based on leptin re-
ceptor deficiency or lack of functional leptin, respectively.22

In both mouse models, circulating leptin is taken up in the
hypothalamus, causing an increase in appetite and body
weight, and decreased energy expenditure. This results in
both models having severe, early-onset obesity at 4 weeks
of age and the development of hyperinsulinemia and T2D
by 15 weeks.77 Cardiac hypertrophy, increased LV mass,
and diastolic dysfunction occur in these mice as myocardial
oxygen consumption is increased, resulting in decreased
cardiac efficiency.22e24 Ob/ob mice experience contractile
dysfunction; however, db/db cardiomyopathies are more
pronounced.25 The major disadvantage of the db/db and ob/
ob mouse models is that although there is a robust pheno-
type of T2D, there are potentially confounding adverse ef-
fects from altered leptin signaling. In db/db mice, there is no
altered tyrosine kinase signaling changes in cardiomyocytes,
a variation from decreased signaling seen in human muscle
tissue.26 In ob/ob mice, the innate and acquired immune
response is repressed, potentially resulting in an altered
response to acute and chronic injury to the heart.78

Type 1 Diabetes

Type 1 diabetes (T1D) is defined by the National Institute of
Diabetes and Digestive and Kidney Diseases as an auto-
immune disease in which the immune system attacks and
destroys insulin-producing pancreatic b-cells, resulting in an
absolute insulin deficiency (https://www.niddk.nih.gov/
health-information/diabetes/overview/what-is-diabetes/
type-1-diabetes, last accessed November 15, 2019). The
autosomal dominant mutant INS gene is one known
human genetic cause of T1D and serves as a reproducible
model of T1D in mice.79 The Akita mouse (Ins2Akitaþ/�)
is heterozygous for the Ins2 gene mutation, wherein all
males develop T1D after weaning age. At 5 to 6 weeks of
age, the Akita mice develop hyperglycemia (which is similar
to humans who develop T1D between 15 and 25 years of
age).27 At 12 weeks, these mice have an increase in the
circulating HF markers atrial natriuretic peptide and brain
natriuretic peptide with diastolic dysfunction and a decrease
in the radial strain occurring between 3 and 6 months.27,28

To look at the acute onset of T1D in mice, streptozotocin
(STZ), which directly kills pancreatic b-cells, is adminis-
tered, inducing chronic T1D. High doses of STZ can cause
toxicity outside of the pancreas, so a low continuous dose of
STZ is recommended. The STZ mouse model results in
hyperglycemia 7 to 14 days after the first injection.29 STZ
induces early diastolic and vascular dysfunction, which is
progressively exacerbated by the development of diabetes,
leading to systolic dysfunction and HFpEF, accompanied by
abnormal patterns of mitral valve inflow and pulmonary
The American Journal of Pathology - ajp.amjpathol.org
venous flow.30,31 Although the STZ model of T1D produces
a robust imitation of the disease, it does not capture the
autoimmune aspect of the development of T1D in humans.

Acute onset of T1D can also be studied without the use of
toxins by using OVE26 mice. OVE26 mice overexpress
calmodulin in pancreatic b-cells, resulting in mice with
diabetic nephropathy and severe early onset of T1D during
the first week of life. OVE26 mice can live for 1 year with
no insulin treatment and will maintain near-normal body
weight.32 These mice spontaneously develop diastolic
dysfunction with an increase in end-systolic interventricular
septum thickness and end-systolic left ventricular posterior
wall thickness. When treated with Ang II, OVE26 mice
have exacerbated cardiac hypertrophy, with an increase in
LV mass and atrial natriuretic peptide expression.33

Obesity

Obesity is a complex chronic disease resulting from the
accumulation of several physiological changes over a long
period of time and is associated with many other risk
factors in the development of HF (eg, hypertension, dia-
betes, and psychosocial stress). In the laboratory, diet-
induced obesity in mice has been developed as the stan-
dard practice to probe the pathologic contributions of an
imbalance of food intake, basal metabolism, and energy
expenditure.34 C57BL/6J mice on a high-fat diet closely
parallel patterns of progression and metabolic irregular-
ities found in human obesity. After 2 weeks, C57BL/6J
mice have decreased rates of glucose oxidation and
glycolysis, which further develops into obesity and
T2D.35 At 20 weeks, a 20% to 30% increase in body
weight occurs alongside cardiac dysfunction, elevated
filling pressures, myocardial fibrosis, and exercise intol-
erance.36 This model was used to discover the importance
of Akt, a mammalian target of rapamycin signaling in
obesity.37 Physiosocial stress is recognized as an inde-
pendent risk factor for cardiovascular disease, and when it
is added to a high-fat diet model of obesity, cardiac
dysfunction will occur.38 This model results in prominent
interstitial fibrosis, apoptosis of cardiomyocytes, remod-
eling of the larger coronary branches, and augmented
oxidative stress in the LV.38

Aging

HF is disproportionately distributed among elderly in-
dividuals, as over half of all patients hospitalized with HF
are older than 75 years, with 50% presenting with diastolic
dysfunction.80 The senescence-accelerated prone mouse,
derived from inbreeding AKR/J mice, recapitulates many
common geriatric disorders evident in elderly human pop-
ulations.39 The senescence-accelerated prone mouse model
is composed of both a senescence-prone and a senescence-
resistant control strain. The senescence-accelerated prone
mouse strains are the best-studied strains regarding HFpEF,
1599
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Table 1 Mouse Models Used to Induce HFpEF or HFrEF

Type of
HF model Model Stimuli Advantages Disadvantages

Selected
references

HFpEF Hypertension DOCA Reliable model of
hypertension

Non-specific adverse
effects, such as the
development of
chronic kidney
disease

16,17

Ang II Reliable model of
hypertension

Non-specific adverse
effects, such as the
development of
chronic kidney
disease

18

DOCA þ Ang
II þ uninephrectomy

Allows for
hypertension
development in
C57/Bl/6 mice

19,20

Pulmonary
hypertension

High-fat diet Mimics right
ventricular HF

Models an
exasperator of
HFpEF and not an
initial stimulus of
disease

21

Type 2 diabeties db/db mouse Reliable model of
T2D

Time-dependent
progression of HF
phenotype, altered
leptin signaling

22e26

ob/ob mouse Reliable model of
T2D

Time-dependent
progression of HF
phenotype, altered
leptin signaling

22e26

Type 1 diabeties Akita mouse Mimics time of T1D
development in
humans

Time-dependent
progression of HF
phenotype

27,28

STZ Reliable model of
T1D

Toxicity to pancreas if
dosed to high, does
not model
autoimmune aspect
of the disease

29e31

OVE26 mouse Mimics acute onset
of T1D in children

Time-dependent
progression of HF
phenotype

32,33

Obesity High-fat diet Mimics metabolic
abnormalities
found in humans

HF takes 20 weeks to
develop

34e37

High-fat diet þ
physiological stress

Mimics metabolic
abnormalities
found in humans

HF takes 16 weeks to
develop

38

Aging SAMP/SAMPR mice Allows for studying
age-induced
HFpEF on a
shorter time line

May have non-
specific effects on
the mouse during
aging

39,40

HFrEF LV pressure overload TAC Reliable model of
hypertrophy

Technically
demanding surgery

41e44

TAC double-loop
technique

Easier surgery
where degree of
hypertension is
more
reproducible

45

(table continues)
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Table 1 (continued )

Type of
HF model Model Stimuli Advantages Disadvantages

Selected
references

Ischemic injury LAD ligation Reliable model of
ischemic injury

Does not reflect
cardiovascular
disease leading to
MI

46e50

IR Smaller more
consistent injury
than LAD

Does not reflect
cardiovascular
disease leading to
MI

51,52

LV pressure
overload þ ischemic
injury

TAC þ LAD ligation Comorbidities of
pressure overload
and ischemic
heart disease
modeled

Does not reflect
cardiovascular
disease leading to
MI

53

Volume overload PAB RV hypertrophy 54e56
Chronic kidney disease Ang II þ salt

loading þ
uninephrectomy

Models an
underlying of HF
without injury to
the heart

Time-dependent
progression of HF
phenotype

57

Hypertension Isoproterenol Reliable inducer of
cardiac
hypertrophy

Chronic adrenergic
stimulation is only
one contributing
factor to the
development of HF

58,59

Phenylephrine Reliable inducer of
cardiac
hypertrophy

Chronic adrenergic
stimulation is only
one contributing
factor to the
development of HF

60

Ang II Reliable inducer of
cardiac
hypertrophy

Non-specific adverse
effects, such as the
development of
chronic kidney
disease

61

Cardiotoxicity Alcohol Induces dilated
cardiomyopathy

Non-specific adverse
effects, such as
liver toxicity

62,63

DOX Induces dilated
cardiomyopathy

Chronic toxicity of
bone marrow and
gastrointestinal
system

63,64

Cardiomyopathies D/D KASH mouse Induces
cardiomyopathy

Time-dependent
progression of HF
phenotype

65,66

Mybpc3�/� mouse Induces
cardiomyopathy

Time-dependent
progression of HF
phenotype

67

Ang II, angiotensin II; DOCA, deoxycorticosterone acetate; DOX, doxorubicin; HF, heart failure; HFpEF, HF with preserved ejection fraction; HFrEF, HF with
reduced ejection fraction; IR, ischemia/reperfusion; LAD, left anterior descending artery; LV, left ventricle; MI, myocardial infarction; PAB, pulmonary aortic
banding; RV, right ventricular; SAMP, senescence prone; SAMPR, senescence resistant; STZ, streptozotocin; T1D, type 1 diabetes; T2D, type 2 diabetes; TAC,
transverse aortic constriction.

Mouse Models of HFpEF and HFrEF
as they result in age-dependent diastolic dysfunction in the
absence of systolic dysfunction. In addition, there is an in-
crease in pathologic fibrosis and the production of the pro-
fibrotic cytokines transforming growth factor-b and
connective tissue growth factor.40
The American Journal of Pathology - ajp.amjpathol.org
Advantages and Disadvantages of HFpEF Models

HFpEF results from systemic underlying conditions that
cause diastolic dysfunction to develop over time with the
progression of the principle disease. To study HFpEF,
1601
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mouse models aim to accurately recapitulate the risk factors
of HFpEF, which include hypertension, obesity, diabetes,
and aging. In hypertension-induced HFpEF mouse models,
DOCA and Ang II administration both cause systemic
changes to the cardiovascular system with increased blood
pressure through the renin-aldosterone pathways. This
makes DOCA and Ang II advantageous models for looking
at HFpEF progression because there is no direct insult on
the heart. However, both DOCA and Ang II have effects on
the kidneys, leading to CKD, which could cause additional
changes to the heart outside the scope of just hypertension.

These potential off-target effects are additionally seen in
the T2D models of db/db and ob/ob mice. Altered leptin
signaling in these mice is also seen in addition to changes in
tyrosine kinase and immune signaling in humans with
T2D.25,78 In addition, in both the ob/ob and db/db models of
T2D, there is a reverse lipid profile compared with humans,
high high-density lipoprotein and low low-density lipopro-
tein, which results in high clearance of lipoprotein that
keeps atherosclerosis from developing spontaneously, as
seen in humans with T2D.81 Altered signaling in other tis-
sues/organs is not an issue in T1D-induced HFpEF mouse
models, as the pancreatic b-cells in the Akita, STZ, and
OVE26 mice are destroyed. The advantages of using the
Akita mice and OVE26 mice are that they develop T1D due
to genetic mutations. The Akita mouse develops T1D at 5 to
6 weeks of age, which is equivalent to humans who
developed T1D between 15 and 25 years of age and will
survive with insulin treatment until HFpEF occurs. OVE26
mice develop T1D after the first week of life, making it a
good model of childhood T1D. In addition, they can be aged
for a year without insulin treatment, allowing them to be a
model of T1D-induced HFpEF with untreated T1D. The
advantage of using STZ toxin to induce the onset of T1D
and HFpEF is that it can be given when the mice are at a
specific age, allowing researchers to study T1D-induced
HFpEF when T1D occurs at multiple ages. However, too
high a dose of STZ has off-target effects and can cause
toxicity outside of the pancreas because STZ is a potent
alkylating agent. These effects include direct and indirect
immunosuppressive effects through toxicity on lymphocytes
and B cells, as well as toxicity to the kidney, liver, and
brain.82

Obesity and aging models of HFpEF develop diastolic
dysfunction over time without directly causing the initiation
of any of the other precursors of HFpEF. This is advanta-
geous because there is no direct insult to the mouse’s system
through the ablation of a particular cellular population or by
injecting a toxin systemically. However, this means the
mice could develop multiple risk factors for HFpEF, such as
hypertension and diabetes, and the individual contribution
of each risk factor to HFpEF may be hard to parse out, as
each animal may not develop the same underlying
conditions.

Additional spontaneously developed insults, such as
myocardial infarction, in all models of HFpEF can cause
1602
further cardiovascular remodeling. In such instances, this
can drive extracellular matrix deposition, LV wall thinning,
and additional hypertrophy, resulting in systolic dysfunction
and HFrEF (Figure 1). Therefore, it is suggested that
echocardiographic analysis of all mice should be performed
during HFpEF studies to monitor diastolic dysfunction and
any potential systolic dysfunction occurring.
A key limitation of all the above preclinical HFpEF

models is that they largely reflect a temporary stage of
ejection fraction maintenance during the initial trajectory of
the disease and ultimately lead to the HFrEF phenotype. A
transition from HFpEF to HFrEF is not typical of all human
etiologies. Thus, these animal models of HFpEF fail to
accurately recapitulate all the HFpEF phenotypes observed
in humans. Overall, the attempts to developing novel and
relevant animal models of HFpEF have been disappointing.
This has seriously hampered our mechanistic understanding
of the fundamental biology of HFpEF. In humans, HFrEF
cardiomyocytes are characterized as a systolic deficit,
compromised contractile potential, with depleted Ca2þ re-
serves, whereas these characteristics are not featured in the
HFpEF cardiomyocytes. Unfortunately, the current pre-
clinical models of HFpEF have not yet facilitated the dis-
covery of fundamentally different biology of
cardiomyocytes or other cell types in the heart specific to
HFpEF. The emergence of a patient-specific human-induced
pluripotent stem cellederived cardiomyocyte and fibroblast
model system has brought new hope. Functional studies
with HFpEF patient-derived human-induced pluripotent
stem celleinduced cardiomyocytes or bioengineered
microtissues from them have the potential to revolutionize
the fundamental research of HFpEF biology, including the
fact that bioengineered tissue patches from HFpEF patients
can display a phenotype of relaxation defects and diastolic
dysfunction, with maintained contractility.83,84 However, as
of now, the field of human-induced pluripotent stem
cellederived cardiomyocyte biology is facing challenges of
relatively immature cardiomyocytes and difficulty in main-
taining a differentiated phenotype for long-term studies.
Therefore, although this model system has enormous po-
tential, only time will tell if it can accurately mimic the
HFpEF phenotype.
Mouse Models of HFrEF

The following sections discuss mouse models that routinely
result in HFrEF (Table 1). Some of these models initially
cause HFpEF, with the eventual development of systolic
dysfunction indicative of HFrEF.
Surgical Models of HFrEF

LV Pressure Overload
Hypertension is the single most important risk factor for the
development of HFrEF in the United States.85 To study
ajp.amjpathol.org - The American Journal of Pathology
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Mouse Models of HFpEF and HFrEF
HFrEF induced by chronic pressure overload of the LV,
various surgical approaches have been developed to mimic
the adaptations associated with hypertension in patients.
Rockman et al54 first described the transverse aortic
constriction (TAC) method, and this is currently the most
prevalent method of studying LV pressure
overloadeinduced HF. TAC causes an increase in LV
afterload, resulting in concentric hypertrophy, interstitial
fibrosis, and increasing LV stiffness, eventually leading to
systolic failure.42,54,85 The severity of the TAC procedure is
assessed by measurement of pulsed wave Doppler images of
the aortic arch and comparing these with sham animals.43

The TAC model has allowed for the discovery of many
underlying causes of HF, including that NOS3�/� augments
LV remodeling.44 However, the TAC procedure is not
without its drawbacks, as it is highly operator dependent,
has poor reproducibility, and is technically demanding,
which can lead to variable degrees of aortic constriction.
The hypertrophic response to TAC and the progression to
HF depends on the sex, weight, age, and genetic back-
ground of the mice. This is exemplified by C57BL/6J mice
developing HFrEF, with a similar expression pattern to
human dilated cardiomyopathy, more readily post-TAC than
129/Sv mice.43 In addition, the range of mortality of TAC
varies between studies as much as 6% to 45% when a large
TAC is induced.43,86,87

More recently, a modified TAC technique, the double
loop-clip technique, was developed to decrease variability
during the surgical procedure. Merino et al45 measured the
mid aortic arch’s luminal diameter during presurgery
echocardiography to calculate the interknot span of the su-
ture for the modified double loop-clip technique. This
allowed for the customization of the constriction to the
mouse somatometry. This new procedure results in a far
more accurate, reproducible stenosis that decreases mouse
mortality and increases the homogeneity of structural and
molecular features after aortic constriction.45

Ischemic Injury
Coronary artery ligation is the most common mouse model
used to mimic myocardial infarction (MI).46 Ligation of the
left anterior descending artery results in HF, with HFrEF
developing by 6 weeks after infarction. Myocyte death and
extracellular matrix deposition leading to a collagenous scar
can be assessed by Evans Blue and 2,3/5-triphenyltetrzolium
chloride double staining, where the typical infarct area is
between 50% and 60% of the total LV wall area.42,47 This
results in thinning and dilation of the infarcted area, causing
reactive hypertrophy and fibrosis in the nonaffected
myocardium and eventual LV dilation and impaired systolic
function.48,49 In addition, PH develops in these mice, with
severity proportional to the size of the infarct.50 Although
coronary artery ligation is a reliable model to induce tissue
damage that leads to HFrEF, it does not reflect the devel-
opment of HF in patients, as the underlying factors that cause
MI in humansdcoronary artery disease, atherosclerosis,
The American Journal of Pathology - ajp.amjpathol.org
thrombus formation, and hypertensionddo not exist in this
model.

Ischemia/reperfusion (IR) injury during MI is a major
cause of morbidity and mortality of patients with HF.88 IR
injury in the heart results in cardiac remodeling and fibrosis,
resulting in HFrEF. In mice, IR injury is simulated by
temporarily occluding the left anterior descending artery to
produce transient ischemia to the LV.51 This procedure re-
sults in a smaller injury than is achieved by coronary artery
ligation.52 Furthermore, the IR mouse model closely parallels
the clinical scenario where reperfusion of the occluded vessel
occurs during coronary angiography after an acute MI.
Other Surgical Models

Increasing clinical evidence has shown that ischemic heart
disease and accompanying hypertension result in additional
risk factors for developing HFrEF.80 Previously studied in
dogs and rats, a mouse model has been developed where a
moderate TAC is performed on mice followed by a small MI
(myocardial injury is <25% of infarct size).53 In this model,
LV remodeling after MI is exaggerated because of increased
wall stresses from the induced hypertension. This leads to
progressive LV dilation, interstitial fibrosis, and an increase
in LV mass 28 days following the procedures. This model
more accurately models the comorbidities of arterial hyper-
tension and ischemic heart disease than TAC or MI alone.

Pulmonary aortic banding in mice mimics PH and pul-
monary stenosis in humans and is used as a model of right
ventricular hypertrophy and HF in mice.54 Pulmonary aortic
banding results in concentric hypertrophy, increased heart
weight, and myocardial fibrosis 8 weeks after injury.55 The
severity of the pulmonary aortic banding correlates with the
progression of cardiac dysfunction and mortality.56

CKD is often a common underlying cause of HFrEF
because of increased hypertension and other cardiopulmo-
nary dysregulation associated with impaired kidney func-
tion. In a study of the Acute Decompensated Heart Failure
National Registry, 60% of the patients studied had CKD.89

Considering these data, CKD mouse models are being used
to study the effects of CKD on myocardial dysfunction
during HF. Common models of CKD, such as Ang II
administration, salt loading, and uninephrectomy, result in
HFrEF with systolic dysfunction, pulmonary congestion,
cardiomyocyte hypertrophy, and an increase in fibrosis 6
weeks after injury.57
Pharmacologic Models of HFrEF

Toxin-induced HF models have been increasingly used to
study the underlying causes of HFrEF, including chemo-
toxicity, hypertension, renal injury, and liver injury.58,62,64

These models aim to induce a systemic injury to the
mouse instead of specifically targeting the cardiovascular
system. This section will summarize the mechanisms of
1603
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action, cardiovascular effects, and disadvantages associated
with several commonly used toxin-induced models of HF.

Chronic adrenergic stimulation is a hallmark of chronic
HF.90 To isolate this stimulation, isoproterenol (ISO), a
nonselective b-adrenergic agonist, is administered to mice
using an implanted osmotic pump or continuous injections.
Echocardiography illustrates that cardiac hypertrophy,
dilation, and ventricular dysfunction develop after 3 weeks
of continuous ISO administration.58 ISO additionally causes
cardiomyocyte apoptosis, leading to a decreased ability of
the ventricle to contract.58 Mice of different genetic back-
grounds have varying increases in LV mass, hypertrophy,
and dilation, as well as variable decreases in ejection frac-
tion, suggesting that dosing of ISO must be matched to the
genetic background of the mice being used.59

Phenylephrine is an a-adrenergic agonist that causes
vasoconstriction, resulting in an increase in afterload and a
decrease in ventricular function. When given in mouse
models, phenylephrine causes myocardial hypertrophy of
the LV, increased LV weight, systolic dysfunction, and
increased expression of HF markers atrial natriuretic peptide
and brain natriuretic peptide.60 When Ang II, another potent
vasoconstrictive hormone, is given as a s.c. infusion over 14
days, mice develop hypertension, vascular inflammation,
and fibrosis.61 Phenylephrine and Ang II have also been
given in conjunction to increase total vasoconstriction in the
cardiovascular system and exacerbate HFrEF. The main
drawback of adrenergic and Ang IIeinduced HFrEF is that
they only recapitulate one component of the disease.

Alcohol is one of the most commonly abused substances
in the United States. Although its effects on liver injury have
been studied in-depth, there is a smaller amount of research
looking at the secondary development of alcohol-induced
cardiotoxicity. Injection of ethanol into mice has been
developed as a model of alcohol-induced cardiac disease.91

This method results in reduced cardiac contractility,
enlarged cardiomyocytes, myocyte apoptosis, and mito-
chondrial damage. These were also all increased with
overexpression of alcohol dehydrogenase transgene in mice
with a decreased LV diastolic pressure.62

Doxorubicin (DOX) is a widely used chemotherapeutic
agent used as a treatment for many cancers (eg, breast,
ovary, thyroid, and bone tumors).92 Dose-dependent DOX-
induced cardiotoxicity has been noted in these patients a
short time after treatment.93 Mice differing in sex, age, or
genetic background react differently to DOX administration,
but all experienced some degree of cardiac injury that
worsened over time, even after DOX treatment was hal-
ted.63,64 Chronic DOX toxicity in these mice presents with
interstitial fibrosis, pervasive fibril atrophy and disorgani-
zation, collagen remodeling, and dense infiltration of mac-
rophages and myofibroblasts most commonly observed in
the atria as atrial lesions.64 These mice additionally expe-
rience toxic adverse effects in their bone marrow and
gastrointestinal systems, making this model less than ideal
for the investigation of immunologic impacts on HF.
1604
Genetic Models

Transgenic mouse models have become the norm when
investigating the impact of specific genes on cellular and
molecular pathways during HF. The two most popular
methods to generate whole-body gene deletions and con-
ditional knockouts are the Cre/loxP and Flippase/FRT-
mediated recombination methods. These methods combine
Cre/loxP or Flippase/FRT with a specific promoter (eg,
periostin) that is unique to a target cardiac cell type.94 These
models have been useful in studying the various underlying
causes of dilated cardiomyopathy, which can lead to HFrEF.
Dilated cardiomyopathy is the leading cause of HF and has
been linked to mutations in >40 different genes. These
mutated genes can be grouped broadly into four categories:
nuclear envelope, sarcomere, cytoskeletal, and other pro-
teins.95 This section will discuss an example of commonly
used genetic models of dilated and hypertrophic
cardiomyopathy.
The LINC complex is composed of proteins that interact

with the nuclear envelope that form the physical link be-
tween the cytoskeleton and the interior of the nucleus. Many
diseases have been associated with mutation in LINC
complex proteins, including nesprin-1 and nesprin-2, which
lead to X-linked Emery-Dreifuss muscular dystrophy and
cardiomyopathy.96 D/DKASH mice are homozygous for a
nesprin-1 allele but lack the KASH domain, and instead
have an alternative sequence that is not homologous to any
known protein domain.65 At 52 weeks of age, D/DKASH
mice exhibited longer P duration, an elongated QRS dura-
tion, and an increased atrial effective refectory period,
which indicate the development of conduction defects.66 In
addition, fractional shortening at 52 weeks is decreased,
indicating HFrEF. This mimics systolic dysfunction seen in
patients with dilated cardiomyopathy with conduction sys-
tem defects.
Another genetic model interferes with myosin-binding

protein-C (MYBPC), a thick filament accessory protein that
is present in sarcomeres. Mutations in this protein result in
20% to 30% of all mutations in familial hypertrophic car-
diomyopathy.67 Mybpc3�/� mice exhibited significant car-
diac hypertrophy with interstitial fibrosis at 8 weeks of age,
along with systolic dysfunction. Impaired contractile func-
tion was also exhibited in these mice, as myocytes had
increased Ca2þ sensitivity of tension.67

Advantages and Disadvantages of HFrEF Models

Mouse models of HFrEF provide several advantages and
disadvantages to researchers. Surgical models, such as TAC
and MI, are technically demanding, can be hard to repro-
duce, and have a large degree in variability in the injury that
occurs.97 However, with new alteration to past techniques,
such as the double loop-clip technique to the TAC surgery,
the reproducibility of consistent injury severity is increased.
Surgical models of HFrEF work by generating an acute
ajp.amjpathol.org - The American Journal of Pathology
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injury to the heart either directly, as in MI and IR, or
indirectly, as in TAC. As a result, the systemic factors
associated with chronic disease leading to HFrEF are not
recapitulated in these surgical models. However, these
mouse models do allow for study of fibrotic and hypertro-
phic remodeling that are a direct response to the acute car-
diac injury. These models have been used in studies such as
those involving Xinji’erkang, a medication used clinically to
treat coronary heart disease and myocarditis, to show Xin-
ji’erkang has a cardioprotective effect following MI in mice
by reducing oxidative stress and improving endothelial
dysfunction.98

DOX, alcohol, Ang II, and toxin-induced models of
HFrEF, cause a systemic injury that leads to the develop-
ment of HFrEF. These models are advantageous in that they
cause the mice to develop one of the underlying conditions
that lead to HF (namely, hypertensive heart disease). They
allow for the accurate study of disease progression and are
more representative of the development of HFrEF in
humans. This was demonstrated recently, where blocking
toll-like receptor 2 was identified as a potential therapeutic
strategy for the treatment of DOX-induced dilated cardio-
myopathy. Toll-like receptor 2 isotype-matched IgG anti-
body administration resulted in reduced mortality,
decreased cardiac dysfunction by 13%, and diminished
cardiac fibrosis.63 Although systemic injury allows for tar-
geting of the underlying cause of HFrEF, this introduces
many variables into these studies that can result in
confounding data. ISO and phenylephrine are more specific
and act as adrenergic agonists, limiting some of the off-
target cardiovascular injuries while allowing for the study
of HF progression.

With an increase in genetic testing and knowledge of ge-
netic mutations that result in HF, genetic mouse models are an
ideal way to study these diseases and their resulting pathol-
ogies. By generating models of known cardiomyopathies due
to genetic mutations, such as nesprin-1 and MYBPC, re-
searchers can more easily explore altered protein expression
and molecular pathways to discover potential new mecha-
nisms of action and treatment strategies. In addition, Cre/loxP
and Flippase/FRT systems can be used to study the knockout
or overexpression of proteins in specific cell types. In
conjunction with surgical or toxin-induced models of HFrEF,
the Cre/loxP system has allowed for the study of cardiac
fibroblasts and the immune system in fibrotic remodeling
during HFrEF after MI. The Cre/loxP model has been used to
selectively knock out glycogen synthase kinase-3b in cardiac
fibroblasts, resulting in cardiac fibroblasts adopting a myofi-
broblast phenotype and mice developing LV dysfunction and
fibrosis after MI.99

Although mouse models have allowed for advancement
in the study of HF, they have limitations. Mice are inbred,
resulting in little heterogeneity, which does not reflect the
vast genetic diversity seen in humans. In addition, most
mouse studies of HF are performed in male adolescent mice.
Because HF disproportionately affects elderly individuals,
The American Journal of Pathology - ajp.amjpathol.org
changes in the cardiovascular system due to aging are not
recapitulated in these models.

Summary and Conclusion

In summary, the mouse models of HFrEF are well estab-
lished and characterized; however, the ideal HFpEF animal
model is yet to be developed and optimized. Nonetheless,
mouse models of HFpEF and HFrEF are effective tools for
researchers investigating novel pathologies and therapies in
HF. These models mimic various aspects of the underlying
conditions that cause HFpEF and HFrEF to help decipher
numerous underlying contributing mechanisms of the dis-
ease. Although several limitations of these mouse models
warrant the interpretation of the results of the studies per-
formed with caution, mouse models of HFpEF and HFrEF
have advanced the understanding of the pathogenesis of HF.
On the basis of advancements in gene editing, numerous
transgenic mouse models will further advance our knowl-
edge in this area in the near future. These models in com-
bination with surgical and toxin-induced models of HFpEF
and HFrEF will continue to facilitate the identification of
new targets and development of novel treatment strategies
for HFpEF and HFrEF patients.
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