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Abstract Heart disease causing cardiac cell death due to

ischemia–reperfusion injury is a major cause of morbidity

and mortality in the United States. Coronary heart disease

and cardiomyopathies are the major cause for congestive

heart failure, and thrombosis of the coronary arteries is the

most common cause of myocardial infarction. Cardiac

injury is followed by post-injury cardiac remodeling or

fibrosis. Cardiac fibrosis is characterized by net accumu-

lation of extracellular matrix proteins in the cardiac inter-

stitium and results in both systolic and diastolic

dysfunctions. It has been suggested by both experimental

and clinical evidence that fibrotic changes in the heart are

reversible. Hence, it is vital to understand the mechanism

involved in the initiation, progression, and resolution of

cardiac fibrosis to design anti-fibrotic treatment modalities.

Animal models are of great importance for cardiovascular

research studies. With the developing research field, the

choice of selecting an animal model for the proposed

research study is crucial for its outcome and translational

purpose. Compared to large animal models for cardiac

research, the mouse model is preferred by many investi-

gators because of genetic manipulations and easier han-

dling. This critical review is focused to provide insight to

young researchers about the various mouse models,

advantages and disadvantages, and their use in research

pertaining to cardiac fibrosis and hypertrophy.

Keywords Ischemic reperfusion injury � Myocardial

infarction � Congestive heart failure � Cardiac remodeling �
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Introduction

Heart disease is the foremost cause of death in the United

States. Cell death induced by ischemia/reperfusion (IR) is a

major cause of morbidity and mortality among those suf-

fering from heart disease [1, 2]. Both survival and quality

of life in patients suffering from myocardial infarction (MI)

can be improved by minimizing events occurring due to IR.

The incidence, prevalence, and mortality, as well as the

economic cost, for MI and congestive heart failure (CHF)

are increasing due to an increase in life expectancy and a

decrease in mortality after such events. The prevalence of

CHF is 1–2 % in middle-aged people and 2–3 and 5–10 %

in person older than 65 and 75 years, respectively [3].

Currently in the United States, the prevalence of heart

failure exceeds 5.8 million cases and each year[550,000

new cases are diagnosed [4]. In 2013, in the United States,

1 of every 20 deaths was caused by stroke, 1 of every 7

deaths by coronary artery disease, and 1 of every 9 deaths

due to heart failure [5]. Coronary heart disease (CHD) is

the leading cause of CHF and accounted for 67 % cases in

the 1980s [6], and may contribute up to 73 % cases of heart

failure [7]. Other causes of CHF are valvular heart disease

(10 %); primary myocardial disease mainly dilated car-

diomyopathy (20 %); and arterial hypertension (HTN)

(57 %). Overall 5-year survival rates after heart failure

(HF) were found to be 25 % in men and 38 % in women in

& Devendra K. Agrawal

dkagr@creighton.edu

1 Department of Clinical & Translational Science, The Peekie

Nash Carpenter Endowed Chair in Medicine, Creighton

University School of Medicine, CRISS II Room 510, 2500

California Plaza, Omaha, NE 68178, USA

2 Department of Pathology, Creighton University School of

Medicine, Omaha, NE 68178, USA

123

Mol Cell Biochem (2017) 424:123–145

DOI 10.1007/s11010-016-2849-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-016-2849-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11010-016-2849-0&amp;domain=pdf


the Framingham study [6]. The causes of death in post CHF

patients were sudden death (approximately 40 % of

patients), worsening of HF (approximately 40 %) and other

factors (20 %) [8]. Duration and severity of the disease,

patient gender, and therapeutic strategies decide the sur-

vival of patients suffering from HF.

Ischemic injury to the heart leads to cardiac remodeling

and fibrosis, and causes HF as an end result. Advanced

heart failure syndrome presents a complex picture,

including disturbed myocardial function, ventricular

remodeling, altered hemodynamics, neuro-humoral acti-

vation, cytokine overexpression, and vascular and

endothelial dysfunction [8]. Insight into the complex

pathophysiology of cardiac remodeling, fibrosis, and HF

may help in understanding the disease and lead to devel-

opment of better therapeutic approaches. Cardiovascular

researchers are working in this direction and experimental

animal models are of immense help in understanding the

ongoing disease process. Animal models are also helpful in

understanding the effect of interventions on the disease

process, which in turn helps in development of better

therapeutic approach. Mouse model can be used to study

the transition process occurring in heart failure; the effect

of new pharmacological strategies on hemodynamics,

neuro-humoral activation, and survival under some pre-

clinical conditions; molecular alterations underlying dis-

eases; the pathophysiology of disease development;

molecular techniques used to correct sub-cellular processes

in failing heart; and for the study of consequence of gene

transfer. This review is focused on the various mouse

models used in cardiovascular research.

Normal myocardium of heart

To understand the changes in the myocardium after an

injury, the knowledge of the structure of the normal

myocardium is important. The structural support of the

heart is attributed to its extracellular matrix (ECM) net-

work. The heart’s pumping action is due to the force

generated by the cardiomyocyte. The ECM network mainly

consist of type I collagen with smaller amounts of type III

collagen. This collagen network facilitates the transmission

of a systolic force. Tensile strength is provided by thick

fibers mainly of type I collagen (85 % of total myocardial

collagen). Type III collagen (11 % of the total collagen

protein in the heart) forms thin fibers and is responsible for

the matrix network’s elasticity [9].

Morphologically, the cardiac matrix network can be

subdivided into three constituents: the epimysium, per-

imysium, and endomysium [10] (Fig. 1). The entire cardiac

muscle is enveloped by the epimysium and is located on

the endocardial and epicardial surface providing support

for endothelial and mesothelial cells. The perimysium

arises from the epimysium and surrounds groups of muscle

fibers. The individual muscle fibers are enwrapped by

endomysium, the final arborization of the perimysium.

Endomysial struts bind muscle fibers together to their

nutrient microvasculature. They also function as the sites

for connections to cardiomyocyte cytoskeletal proteins

across the plasma membrane. Increased perimysial depo-

sition of collagen results in interstitial fibrosis, and

involvement of the intramural coronary arterial vasculature

causes perivascular fibrosis in a fibrotic heart. In addition to

collagens, glycoproteins, glycosaminoglycans (hyaluro-

nan), and proteoglycans also form the cardiac ECM. Latent

growth factors and proteases in the cardiac ECM may

trigger the fibrotic response with their activation following

injury [11].

Post infarction myocardial repair

Post-infarction healing and scarring in the heart occurs as a

result of activation of the inflammatory response triggered

by the hypoxia-induced death of cardiomyocyte [12]. The

three overlapping phases in the process of cardiac repair

are the inflammatory phase, proliferative phase, and mat-

uration phase (Fig. 2; Table 1). Cardiomyocyte death due

to hypoxia triggers the initial inflammation modulated

through various steps involving initiation of the comple-

ment cascade, free radical generation, and activation of

nuclear Factor kappa B (NF-jB), release of endogenous

ligands called danger-associated molecular patterns

(DAMPs) [13] and toll-like receptor (TLR)-mediated sig-

naling pathways in the inflammatory phase. Neutrophils are

the first cells to arrive at the area of injury; they release

chemokines that induce the accumulation of monocytes.

They digest the damaged tissue and clear the cellular debris

by phagocytosis [14].

The proliferative phase starts as soon as the dead car-

diomyocytes and matrix are removed. Suppression in

expression of inflammatory mediators occurs during the

proliferative phase of healing. Timely repression of

inflammatory mediator synthesis is important for the tran-

sition to the proliferative phase. This mechanism is poorly

understood however the probable role of Npr 1 in

repressing the expression of cardiac pro-inflammatory

mediators, hypertrophic markers, and NF-jB/AP-1 medi-

ated mechanisms, in an Npr1 gene-dose-dependent manner

has been discussed [15]. In the proliferation phase,

fibroblasts, lymphocytes, mast cells, and endothelial pro-

genitor cells infiltrate the wound. Upregulation of angio-

genesis factors, such as CXCL12 and CXL1, in this phase

allows endothelial progenitor cells to promote vascular-

ization of the tissue. Activated myofibroblasts form the
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ECM providing support to the newly formed microvascu-

lature. This is followed by apoptosis of fibroblasts and

vascular cells, and loss of most cellular components. The

maturation phase consists of formation of a scar containing

cross-linked collagen bundles, myofibroblast stem cells,

and newly formed vessels (Fig. 2). Cellular and molecular
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Fig. 1 Normal myocardium of heart: cardiac wall consists of pericardium, myocardium, and endocardium from outside to inside. Pericardial

cavity is present in between visceral and parietal pericardium. Myocardium consists of epimysium, perimysium, and endomysium
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Fig. 2 Cardiac fibrosis following ischemic injury: myocardial injury

results in death of cardiomyocyte and apoptosis. Cardiac repair

consists of three phases: inflammatory phase, proliferative phase and

maturation phase. Inflammation mediated by cytokines, chemokines,

and other inflammatory mediators causes wound clearing and

apoptosis of dead cells followed by formation of collagen and then

cross linkage of collagen fibers leads to formation of scar. ROS

reactive oxygen species; ECM extracellular matrix; TGF (transform-

ing growth factor)-beta; IL-(interleukin)-4; TLR toll-like receptor;

NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells;

MMP matrix metalloproteinase
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events associated with infarct healing influence the left

ventricular remodeling and the prognosis in patients

[14, 16]. Understanding cellular and molecular processes

after MI may provide therapeutic options to control wound

healing and scar formation, and mouse models may play an

important role in such studies.

Post-injury cardiac remodeling, fibrosis,
and regulation

The changes in size, shape, and function of the left ven-

tricle in response to neuro-hormonal activation, changes in

hemodynamic loading conditions and induction of local

mediators that alters the structural characteristics of the

myocardium are collectively called ‘‘ventricular remodel-

ing.’’ Although mostly seen after MI, ventricular remod-

eling develops in response to a variety of forms of

myocardial stress and injury [17]. Activation of cellular

and molecular pathways involving the cardiomyocytes,

ECM, and fibroblasts leads to ventricular remodeling.

Role of transforming growth factor-b

Transforming growth factor (TGF)-b is a key mediator in

the inflammatory and fibrotic phase of post-infarcted

myocardium and, critically, modulates the cellular steps in

remodeling (Fig. 3). Markedly induced and activated TGF-

b plays a crucial role in modulating fibroblast phenotype

and gene expression, which in turn promotes ECM depo-

sition in the infarcted myocardium by up-regulating

collagen and fibronectin synthesis and by decreasing

matrix degradation through induction of protease inhibi-

tors. TGF-b suppresses inflammatory mediator synthesis

from macrophages by repression of inflammatory gene

synthesis regulated by TGF-b signaling, while simultane-

ously enhancing myofibroblast differentiation and matrix

deposition through Smad3-dependent pathways [16, 18].

TGF-b-induced connective tissue growth factor (CTGF)

may promote cardiomyocyte hypertrophy in the remodel-

ing heart [19] and may enhance fibrosis through synergistic

interactions with TGF-b. TGF-b 1 also networks with the

renin-angiotensin system (RAS) to promote cardiomyocyte

hypertrophy, fibroblast proliferation, and expression of

ECM proteins in cardiac remodeling [20]. Because of the

wide range of actions mediated by TGF-b, TGF-b blockade

using a novel orally active TGF-b type I receptor inhibitor

(activin receptor-like kinase-5) is a promising therapeutic

target for MI and cardiomyopathic conditions associated

with fibrosis and hypertrophy [21]. By stimulating growth

of cardiomyocyte and inducing interstitial fibrosis, TGF-b
plays an important role in the pathogenesis of hypertrophic

and dilative ventricular remodeling [14]. Post-infarction

ventricular remodeling results in dilation, hypertrophy, and

enhanced sphericity of the ventricle and is associated with

adverse prognosis [22].

Role of chemokines and cytokines

Following MI, reparative fibrosis and cardiac remodeling is

mediated by several members of the chemokine family.

The fibrotic process may be regulated by cytokines

Table 1 Three consecutive phases of cardiac fibrosis

Phase 1- inflammatory phase Phase-2 proliferation phase Phase-3 maturation phase

Cardiomyocyte death and hypoxia

;

ROS generation

Complement cascade initiation

NF-kB activation

Activation of TLR mediated signaling pathways

;

Upregulation of adhesion molecules expression in

endothelial cells

Infiltration of neutrophil, macrophage, monocyte and

lymphocyte

Chemokines and cytokines synthesis

Debris clearance

Suppression of inflammatory mediators

Inhibition of inflammation

Apoptosis of inflammatory cells

Infiltration of fibroblast and endothelial cells in

wound area

Activation of myofibroblast

Collagen synthesis

ECM formation

Microvascular network formation

Cardiac cells regeneration

Fibroblast and vascular cell

apoptosis

Collagen cross linkage

formation

Formation and maturation of

scar

Cardiac fibrosis consists of three overlapping phase, namely inflammatory phase, proliferation or granulation phase and maturation phase.

Specific events occurring in each phase lead to extracellular matrix formation, collagen formation, scar formation, and maturation of scar. ROS

reactive oxygen species, TLR toll like receptors, ECM extra-cellular matrix
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exerting direct effect on resident fibroblasts, recruitment

and activation of mononuclear cell subsets and fibroblast

progenitors (fibrocytes), and modulating angiogenesis [23].

Post-ischemic injury, monocytes/macrophages, mast cells,

lymphocytes, vascular cells, and cardiomyocytes contribute

to the fibrotic response by secreting important fibrogenic

mediators. These mediators include inflammatory cytoki-

nes (TNF-a, IL-1b, IL-6) and chemokines (CC, CXC, XC,

CX3C) regulating the recruitment, chemotaxis and activa-

tion of monocytes, lymphocytes and neutrophils.

Endothelin-1, matricellular proteins, matrix metallopro-

teinases (MMP)-12, mast cell-derived proteases, reactive

oxygen species, the rennin-angiotensin-aldosterone system,

and growth factors such as platelet-derived growth factors

(PDGF-AA, -BB, -AB, -CC, -DD) and TGF-b also play an

important role in fibrotic response [11]. MCP-1 is a most

studied chemokine and plays a role in ischemic car-

diomyopathy, ischemic fibrotic cardiomyopathy, and car-

diac fibrosis in pressure and volume overloaded heart [23].

CXCL10/IP-10 prevents premature angiogenesis and

fibrous tissue deposition until the debridement of infarct

and formation of granulation tissue [24]. Interleukin (IL)-1

mediates adverse dilative remodeling in the post-infarction

inflammatory reaction. IL-1 regulates post-infarction repair

and remodeling through cell-specific actions on leukocytes

and fibroblasts. Saxena et al. [25] proposed that IL-1

induces pro-inflammatory leukocyte infiltration and regu-

lates the fibroblast phenotype in the infarcted myocardium.

Premature activation of a matrix-synthetic contractile

phenotype until the wound is cleared can be prevented by

early stimulation of fibroblast IL-1R1 signaling during the

inflammatory phase. These studies suggest the potential

role of cardiac fibroblast involvement in post-injury

myocardial repair.

Role of fibroblast in post-injury myocardial repair

Fibroblasts are mainly involved in the process of fibrosis

and regulate the turnover of collagen in tissue, and some-

times changes into myofibroblast by activation and phe-

notypic transition. Myofibroblasts are the main cells in the

fibrotic process. In normally healing wounds, myofibrob-

lasts are involved in tissue repair but activated myofi-

broblasts act as cellular effectors of the fibrotic process.

Contractile proteins, like a-smooth muscle actin expres-

sion, characterize the phenotype of the myofibroblast.

TGF-β ac�va�on and its role in cardiac fibrosis and remodeling
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Fig. 3 Role of TGF-beta in cardiac fibrosis: TGF-b is activated by

MMP-2, MMP-9, TSP-1, ROS and activated TGF-b plays an

important role in infarct healing, cardiac fibrosis, ECM formation,

angiogenesis, cardiac remodeling and cardiac hypertrophy. MMP

matrix metalloproteinase; TSP (thrombospondin)-1; ROS reactive

oxygen species; ECM extracellular matrix
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Endocrine hormones in circulation and autocrine and

paracrine factors formed within the myocardium regulate

the process of conversion of fibroblasts to myofibroblasts

and myofibroblast-mediated collagen turnover. TGF-b1,

angiotensin II and endothelin-1 are the main regulators

involved in these processes [26].

Proliferation and activation of fibroblast in the myo-

cardium results in origin of the activated myofibroblasts

during fibrosis; however, the proliferating fibroblast-like

cells in the process of reactive interstitial fibrosis and

hypertrophy may be from the neighborhood of blood ves-

sels [27], fibrocytes [28], endothelial cells, pericytes [29],

circulating monocytes [30], and bone marrow progenitor

cells [31]. TGF-b, platelet-derived growth factor, and

fibroblast growth factors mainly stimulate the acquisition

of a fibroblast phenotype [32]. Epithelial–mesenchymal

transition (EMT) and endothelial–mesenchymal transition

(EndMT) are mainly responsible for the production of

cardiac fibroblasts from epithelial and endothelial cells

during embryonic development [33] (Fig. 4). The role of

EndMT in cardiac fibrosis has been suggested by fate

mapping studies demonstrating that while in the normal

adult heart, there is no significant endothelial contribution

to the fibroblast population [34], endothelial origin may

contribute up to 30 % of fibroblasts in the damaged myo-

cardium [35]. EndMT causes emergence of fibroblasts

from endothelial cells and fibroblast causes excessive

deposition of ECM resulting in cardiac fibrosis character-

ized by decreased extent of microvasculature and disrup-

tion of normal myocardial structures. TGF-b1 induces

endothelial cells to undergo EndMT, whereas bone mor-

phogenic protein (BMP)-7 preserves the endothelial phe-

notype by inhibiting EndMT [35]. Further, the monocytic

origin of the fibroblast is mediated by sequential Th1 and

Th2 induction promoting polarization of the analogous M1

(classically activated) and M2 (alternatively activated)

macrophage. The pre-dominant Th2 and M2 responses

involving MCP-1 stimuli increase IL-13 playing a role in

fibrosis [36].

Effect of cardiac fibrosis on cardiac function

Cardiac injuries ultimately result in the development of

cardiac fibrosis due to the negligible regenerative capacity

of the heart. Cardiac fibrosis is associated with increased

deposition of matrix proteins in the myocardium. The

expansion of the cardiac interstitial space in the absence of

Fibroblast
Smooth Muscle cell

PericyteProgenitor cells

Fibrocyte

Epithelial cell Endothelial cellProto-myofibroblast

TGF-β

Myofibroblast

Collagen synthesis & 
ECM forma�on

Fibrosis and scar 

Fig. 4 Origin of myofibroblast and cardiac fibrosis: myofibroblast

can originate from circulating fibroblast, fibrocytes, pericytes,

endothelial cells, progenitor cells, smooth muscles cells. Origin of

myofibroblast results due to the stress, EMT epithelial–mesenchymal

transition and EndMT endothelial–mesenchymal transition. TGF-b
aids in transformation of promyofibroblast to myofibroblast. Myofi-

broblast helps in collagen synthesis, ECM formation, and fibrosis and

scar formation

128 Mol Cell Biochem (2017) 424:123–145

123



significant cardiomyocyte loss is known as ‘‘reactive

interstitial fibrosis’’ and the formation of a scar in response

to myocardial infarction is called ‘‘reparative fibrosis’’

[37, 38]. Increased deposition of endomysial and per-

imysial collagen leads to interstitial fibrosis in the fibrotic

heart (Fig. 5). Increased collagen deposition in the adven-

titia of intramural coronary arterioles is caused by

perivascular fibrosis. The initial reactive perivascular

fibrosis progressing without loss of cardiomyocytes is

found in an animal model of left ventricular pressure

overload [26].

The adaptive response to preserve cardiac output while

normalizing wall stress consist of reactive interstitial

fibrosis and initial reactive perivascular fibrosis, along with

cardiomyocyte hypertrophy. Eventually, however, car-

diomyocytes undergoing necrosis and apoptosis cause

reparative fibrosis [39]. Interstitial fibrosis of the heart

plays an important role in the pathogenesis of ischemic

cardiomyopathy, contributing to systolic and diastolic

dysfunction. Cardiac fibrosis may lead to heart failure due

to loss of contractile function and rhythm disturbances.

Atrial fibrillation (AF) is the most common abnormal

rhythm for hospital admissions and atrial fibrosis plays an

important role in the development of AF [40]. A novel

transgenic LKB1 (cardiac-specific liver kinase B1)

knockout mouse model is useful in understanding the

mechanism of atrial electroanatomical remodeling in the

generation of AF [41].

Mouse models in cardiac research

Animal models are used to better understand the patho-

genesis of cardiovascular diseases to improve diagnosis,

prevention and therapy of ischemic heart disease and to help

develop and test new diagnostic, preventive and therapeutic

procedures. The advent of sophisticated microsurgical

instruments and microscopes favored the shift from rat to

mouse model in cardiovascular research. Previously, rat

was used due to its larger size. Increased popularity of

mouse models to use in cardiac research studies is due to its

short gestational period, smaller size, easy to handle and

Plaque in 
Coronary 
Artery

A

B

CD

Fig. 5 Pathogenesis of cardiac fibrosis: Ischemic injury to the heart is

caused by coronary artery disease due to plaque formation and

reduced blood supply. Ischemic injury is followed by a cascade of

mechanism consisting of three overlapping phases, to heal the

infarcted heart and results in cardiac fibrosis. a Plaque formation, b,

c healed scar in a post MI heart with normal myocyte in upper portion

of the image, and d collagen deposition
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breed large litter size, low maintenance cost, extensive

characterization of its genome, and less criticism regarding

animal protection, so larger number of animals can be used

(Table 2). Also mouse is being used in gene-targeted

knockouts and transgenic overexpression experiments [42].

Electrocardiography and high resolution echocardiography

allow accurate evaluation of heart function, determination

of infarct size and characterization of post-infarct remod-

eling in mouse [43, 44]. Also the procedures, including

examination of electrophysiological aspects of heart rhythm

and hemodynamic function, the failing or infarcted rodent

myocardium in isolated perfused organ (ex vivo), can be

done in Langendorff apparatus [44].

Mouse models for cardiovascular research can be pro-

duced surgically, pharmacologically, or electrically. Phar-

macological and electrical methods had limitations. The

three main surgical procedures being used in research labs

for a myocardial infarction mouse model are aortic con-

striction, pulmonary artery banding, and myocardial

infarction with ischemic-reperfusion (I/R) injury. Genetic

models have been developed via gene overexpression,

deletion, or mutation. These genetic models overcome the

need of administering factors or their inhibitors, whose

quantification could be problematic and difficult. There is

better tolerance to prolonged monoclonal antibody treat-

ments in genetic mouse models. Increased interest to use

these mouse models in research studies is due to the

availability of a broad variety of genetically altered mice

[45]. With various studies, it has now been established that

the development of heart and vasculature is being regulated

by similar genes and signaling pathways in both mice and

human and molecular genetics can play a crucial role in

diagnosing and treatment of cardiovascular diseases [46].

While comparing to transgenic model, there can be more

biological variation with surgical models, due to the vari-

ability in the surgical procedure. So, it is crucial to mini-

mize experimental variability to keep the number of

required independent biological replicates and cost of

experiment to a minimum. Biological variations are influ-

enced by genetic and/or environmental factors. Limiting the

experimental variability will enhance the reproducibility

[46, 47]. These mouse models have helped a lot in under-

standing the mechanism of cardiac fibrosis (Table 3), and in

paving a way in the development of newer therapies.

Surgical mouse models of I/R injury

Ischemic-reperfusion mouse models

Occlusion of one of the coronary artery exposes the heart to

ischemia and results in acute coronary syndrome. IR of left

ventricle (LV) can be created by the temporary occlusion

Table 2 Advantages and limitations of rat and mouse models in cardiac research

Model Rat Mouse

Advantage 1. Relatively inexpensive 1. Large availability

2. Short gestational period 2. Short gestational period

3. Large sample size can be produced in short

period of time

3. Smaller size

4. Ease of handling 4. Easy to handle

5. Large size facilitate surgical procedure 5. Large litter size

6. Known sequencing of genome 6. Low maintenance cost

7. Availability of various strains and transgenic

models

7. Availability of knockout and transgenic mouse

8. Ease of investigating the cardiovascular

pharmacology in long term

8. Easier genetic manipulation with vectors

9. Ease of investigating the cardiovascular pharmacology

Limitations/

disadvantage

Problems with post-surgical viability Small size of the heart and the structural differences with respect to the

human cardiovascular system (contractile function)

1. Short action potential lacking plateau phase

2. Different calcium removal channel (mainly sarcoplasmic reticulum calcium pump)

3. Less relevant activity of Na?/Ca?? exchange pump

4. Shifting towards the b-myosin isoform from a- myosin heavy-chain isoform during hemodynamic load and hormonal

changes

5. Resting heart rate is very high (approximately five times) in rodents compared to human and force frequency relation is

inverse
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of the LAD coronary artery [57] and produces transient

ischemia of the LV. The ischemic condition is reversible if

it is for a short duration (\20 min) and is followed by

reperfusion, but if the ischemic condition is prolonged, the

process of necrosis starts and progresses from sub-endo-

cardium to sub-pericardium. Reperfusion of ischemic tis-

sues is often associated with microvascular dysfunction,

which manifests as impaired endothelial-dependent

dilatation in arterioles and leukocytes plugging in capil-

laries [45].

Open-chest ischemia–reperfusion model

With the development of genetically altered mice, there is

intense interest in developing murine models to study

mechanisms operative in cardiovascular disease. To study

the effect of coronary artery occlusion and reperfusion on

the myocardium and the methods involved in performing

such studies both acutely and chronically, Michael et al.

[58] developed the open-chest mouse model using male

FVB mice. The LAD coronary artery was occluded per-

manently or for 30–60 min followed by reperfusion. It was

suggested that, as compared with permanent occlusion,

there was a significant decrease in infarct size as a per-

centage of the area at risk in reperfusion. Infiltration of

leukocytes into the ischemic region as well as contraction

bands was found in the re-perfused myocardium. With the

help of this model, the complex pathophysiology, area at

risk, infarct size and cardiac function in mouse can be

assessed. This model allows the induction of myocardial

infarctions of varying degrees and the long-term survival of

mouse. It also allows the study of the effect of the absence

Table 3 Mouse models of cardiac fibrosis

Mouse model Objective of the study Mechanism

Conditional

knockout

Mice

Cardiac myocyte-specific FAK-

KO mouse [48, 49]

Cardioprotective role of FAK in stress-

elicited cardioprotective signaling and

ischemic-preconditioning

FAK plays an important role in

cardioprotective signaling, loss of FAK can

inhibits the IP-induced stimulation of PI3 K/

Akt signaling

Genetically modified SR-BI/

apoE double KO (dKO) mice

[50]

Cardioprotective role of apolipoprotein D

(apoD) from hypoxia/reoxygenation injury

Antioxidant effect of ApoD

Syndecan-1 null mice [51] Cardioprotective role of syndecan-1 Prevention of uncontrolled inflammation and

reduction of adverse cardiac remodeling and

dysfunction

Transgenic

mice

Mouse model of cardiac

pressure overload due to TAC

for inflammatory and fibrotic

response [52]

Essential role of late induction of inhibitory

mediators (TGF-b) in the transition from

inflammation to fibrosis mediated by

inducing matrix deposition and suppressing

inflammatory gene synthesis,

TAC induce pro-inflammatory cytokines and

chemokines, infiltration of macrophage, late

upregulation of TGF-b, activation of the

Smad2/3 and Smad1/5 pathways, induction

of matricellular proteins and deposition of

collagen

EC-SOD-overexpressing mice

[53]

To study the effects of daily repetitive brief

(15 min) myocardial I/R on fibrosis, fibrotic

remodeling and ventricular dysfunction in

ischemic cardiomyopathy

Repetitive brief I/R induces fibrosis and

regional ventricular dysfunction in the

absence of MI, cardiac fibrosis and

ventricular dysfunction are reversible after

discontinuation of the ischemic insults,

extracellular ROS from repetitive I/R can

mediate the inflammatory response

Close chest

model

Close chest chronic rat model of

infarction [54]

To study the expression and protein

localization of TNF-a and its receptors

(TNF-R1/R2)

TNF-a is persistently expressed in the

myocardium post infarction, intactness of

signal transduction pathways necessary for

TNF-a signaling with increasing levels of

TNF-a

Murine closed-chest model with

hanging weights [55]

To study the pre- and post- myocardial

conditioning and the role of innate

immunity in myocardial IR

Ease of using volatile anesthesia, Infarct size

assessment and morphometric studies

IR with IP

mouse

model

PKC-d knockout mice [56] Effect of IP on cardiac remodeling IP can exaggerate cardiac remodeling

TAC transverse aortic constriction, EC-SOD extracellular superoxide dismutase, ROS reactive oxygen species, IR ischemia–reperfusion, IP

ischemic-preconditioning
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or overexpression of a gene product in the progression of

injury and inflammation in ischemic reperfusion in a

transgenic mouse.

Minimal invasive ischemia–reperfusion model or close

chest mouse model

Percutaneous transluminal coronary angiography and

thrombolysis are widely used in the treatment of acute MI

in humans, but they can have the side effects of cardiac

dysfunction resulting from IR injury or ‘‘myocardial stun-

ning.’’ Myocardial stunning can also occur in mouse

models in cardiac surgery as reperfusion cannot be avoided

in operations using extracorporal circulation and cardio-

plegia techniques. The duration of coronary artery occlu-

sion is crucial for the pathophysiological outcome.

Increasing the duration of occlusion increases the risk for

infarction of the stunned myocardium. Regional I/R in the

anesthetized animal is the standard model to induce

ischemia, which can be verified by the sudden regional

paleness of the myocardium and changes in ECG. Reper-

fusion is verified by the appearance of hyperemia in the

previously pale region developed during ischemia [59]. In

comparison to the permanent occlusion model, the reper-

fusion MI model leads to a higher infiltration of inflam-

matory cells, attenuated fibrotic remodeling, and enhanced

neo-vascularization in the area of infarction [60].

In order to minimize interfering inflammatory effects

induced by surgery, Nossuli et al. [61] developed a ‘‘closed

chest’’ ligation model of myocardial I/R injury in the

mouse. After thoracotomy, a thin suture is passed under the

LAD and the ends of the suture are threaded through a 0.5-

mm piece of PE-10 tubing resulting in a loose snare around

the LAD. The ends of the suture are exteriorized through

each side of the chest wall; the chest is closed and the

suture ends are tucked under the skin. The ultimate I/R

experiment is performed a few days later by pulling and

releasing the free suture ends, when inflammatory cytoki-

nes have returned to baseline. It was found that the levels

of tumor necrosis factor (TNF)-a and IL-6 mRNA in this

sham-operated animal had decreased through day 3 to

week 1 after instrumentation. The advantages of develop-

ing the in vivo minimally invasive IR model were the

implantable device for occlusion of LAD coronary artery

and the ability to overcome the problems of high-level

background inflammation due to surgical trauma. In addi-

tion, this technique enables a more accurate and inter-

pretable response of the involvement of different cytokines,

endothelial cells, and other mediators in the I/R injury of

the myocardium. Elevated levels of TNF-alpha are found in

advanced heart failure not only in the infarcted and peri-

infarct zone but also in the myocardium contra-lateral to

infarct and play an important role [54].

Different mechanisms involved in IR can be modified by

immune responses after the surgical trauma by thoraco-

tomy in open-chest models of coronary ligation. The

immune response includes secretion of endogenous ligands

of innate immune receptors and cytokine expression and

can modulate infarct size. A modified murine closed-chest

model using hanging weights used for studying myocardial

pre- and post-conditioning and the role of innate immunity

in myocardial IR demonstrated that mice can recover from

surgical trauma before the onset of myocardial ischemia.

The advantage is that volatile anesthetics can be used in a

controllable way for instrumentation in a chronic closed-

chest model, since their preconditioning effect lasts up to

72 h in contrast to an open-chest model of coronary artery

ligation, in which these pre-conditioning protective effects

prevent its use. Further, the infarct size assessment and

perfusion fixation of the heart for morphometric studies, in

addition to histology and immunohistochemistry, can be

done in this model [55]. Gao et al. [62] developed a novel

and rapid surgical method for inducing MI without

requiring ventilation in mice, representing a more efficient

and less damaging model of myocardial ischemic injury.

Ischemia without reperfusion mouse model

This model is similar to the open-chest model; the only

difference is that the LAD ligation suture is done with an

8-0 silk and is not removed, as reperfusion is not needed.

With any chosen time of ischemia, per the protocol, mice

can be sacrificed after transmural MI. Just like the open-

chest models, these models are interesting for studying the

pathophysiology of heart failure [45].

Ischemia–reperfusion with ischemic pre-conditioning

mouse model

Various studies have suggested that myocardial infarct size

can be limited by ischemic preconditioning [56, 63]. In this

model, LAD ligation is done using an 8-0 silk suture with a

U-shaped needle passed under the LAD after dissecting the

pericardium. Discoloration of the left ventricle will become

evident after LAD ligation. For preconditioning, the knot

on top of the 1 mm PE-10 tube is tightened carefully and

loosens after the given time, and the mouse undergoes

three cycles of 5 min. artery occlusion followed by 5 min.

reperfusion, respectively. After 10, 30 min. of coronary

artery occlusion followed by 2 h of reperfusion is done. A

reduction of the infarct size of about 50 % is demonstrable

using the ischemic preconditioning protocol. The mecha-

nism responsible for this reduction is still not fully eluci-

dated. Some of the possible signaling pathways may be

reactive oxygen species, isoforms of protein kinase C

(PKC) and adenosine [45]. PKC plays an important role in
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ischemic pre-conditioning by providing some cardiac pro-

tection to the myocardium undergoing IR; however,

ischemic pre-conditioning can also exaggerate cardiac

damage [56].

Langendorff model

In this ex vivo mouse model, animals are given heparin

(1000 U/kg, i. p.) 20 min prior to the experimental proto-

col. The heart is removed from anesthetized animals and

placed in a weigh bath with some Ca2?-containing buffer.

The heart is lifted from the buffer by holding the aorta with

two forceps and is placed on a perfusion cannula with

buffer running at a slow rate. The buffer flow rate can be

increased after clamping the aorta to the perfusion needle.

The heart will begin to beat rhythmically and the beat

drops will become clear in a successfully performed pro-

cedure [45].

Coronary ligation model of mice

In murine models of MI or ischemic injury, permanent or

temporary occlusion of the left main descending coronary

artery is performed by coronary ligation [59]. The coronary

ligation model requires significant expertise in the tech-

niques and proper anesthesia, thus limiting the performance

of large-scale experiments. Additional problem with this

model is that the artificial effects from the operation and

anesthesia cannot be avoided and it does not have

atherosclerotic lesions. The standard murine models for

atherosclerosis, apolipoprotein E (apoE) KO mice [64], and

LDL receptor knockout [65], exhibit atherosclerotic lesions

in the aorta but usually do not develop MI. To overcome

these problems, Braun et al. [66] reported a HDL receptor

scavenger receptor class B type I (SR-BI)-deficient and

apoE-deficient double knockout mice murine model

exhibiting coronary lesions, multiple MIs, cardiac dys-

function, and strong atherogenicity. However, all of these

mice died early (by 8 weeks of age, 50 % mortality:

6 weeks). A ‘‘HypoE mice’’ SRBI-deficient and hypo-

morphic apoE (ApoeR61 h/h) mouse model was reported

by Zhang et al. [67]; it exhibited diet-induced hyperc-

holesterolemia, coronary atherosclerosis, and MI but with

premature death (50 % mortality: 33 ± 4.9 days). Overall,

the major problem with these mouse models was premature

death, prompting to develop better models, as discussed

below.

Using SR-BI KO/ApoeR61 h/h mice (mixed C57BL/

66129 background) Nakaoka et al. [68] established a novel

murine model called as ‘‘modified HypoE mouse’’ of

ischemic cardiomyopathy with multiple diffuse coronary

lesions. They shortened the sustained Paigen diet for the

HypoE mice causing mice to survive longer. Longer

survival of the modified HypoE mouse makes this model

suitable for cardiac research involving cardiac remodeling

on a highly atherogenic background. They can also be used

to investigate pharmacological targets in MI and cardiac

remodeling, and to evaluate pharmacological effects. Fur-

ther to evade the limitations of the coronary ligation model,

Weinheimer et al. [69] described a surgical mouse model

of pressure overload by a combination of TAC and distal

left anterior coronary ligation. The advantage of this model

is its progressive deterioration of cardiac structural and

functional properties leading to gradual and pre-

dictable progression of adverse LV remodeling with HF.

Genetic mouse models

Transgenic mice models of cardiac fibrosis

Transgenic mouse encompasses an additional, artificially

introduced genetic material in every cell; this addition may

result in either gain of function (production of new protein)

or in loss of function (alteration or loss of protein) if

integrated DNA interrupts another gene. DNA integration

via injection into the pro-nucleus of a fertilized ovum can

be done anywhere in the genome with multiple copies

integrating in a head-to-tail fashion. It is not necessary for

there to be a homology between the injected DNA and the

host genome [45]. Transgenic mouse models are serving an

important role in understanding the mechanisms involved

in the pathogenesis of cardiac fibrosis. The clustered reg-

ularly interspaced short palindromic repeats (CRISPR)

method has further added the advantage of genotyping and

genome editing to answer queries and rapid edition of gene

of interest to generate desired mouse models [70, 71].

Manipulating the mouse genome for the desired effect is

important and researcher must understand the methodol-

ogy, limitations, and pitfalls [72]. Transgenic mice with the

modulation in the promoter-specific expression of various

genes, including fibroblast-specific protein-1; c-fos; acti-

vating transcription factor 3; cre expression, have been

used to study altered heart function and cardiac fibrosis

[33, 73–75].

Knockout mice

Knockout mice are produced by gene targeting in mouse

embryonic stem (ES) cells. Gene targeting is replacement

of a gene sequence of the mouse’s own genome with a

modified related one with a mutation; replacement is done

by lining up two similar DNA sequences next to each other

to exchange parts (homologous recombination). Knockout

mice are enormously useful in studying gene function but

there are limitations due to developmental defects, which

can cause death in the embryonic period. It is also
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expensive to produce and take care of knockout mice in

special facilities. In these knockout mice, both alleles are

knocked out and the gene is entirely absent from all cells

[45].

Conditional knockout mice

Conditional knockouts are more advanced types of

knockouts with gene deletion in a particular organ, specific

cell type, or stage of development. The generation of mice

that harbor floxed alleles, containing LoxP recognition

sequences flanking a critical exon- essential for the

expression or function of the gene of interest, is the most

successful approach [76]. Homologous recombination of

targeting vectors in ES cells brings the LoxP sites into the

germ line and is used to generate conditional knockout

mice. Due to the splicing of introns containing LoxP sites

during RNA processing, the floxed allele mice express the

normal gene product. However, the expression of CRE

recombinase, brought into the genetic background of the

floxed allele mice via interbreeding, can excise the inter-

vening sequences between the LoxP sites. By controlling

the expression of CRE recombinase to a specific tissue, the

role of a given gene within the myocardium can be

examined.

Mouse models of cardiac fibrosis

Understanding the mechanism of cardiomyocyte hyper-

trophy is growing area of research because cardiac hyper-

trophy causes most of the sudden cardiac death, and the

signaling pathways involved in the cardiac hypertrophy are

still emerging. Cardiac fibrosis is a feature of remodeling

heart as well as an outcome of excess ECM deposition and

a common histological finding in various cardiomyopathies

[77–79]. Mouse models (in vivo or in vitro) could play an

important role in understanding these signaling pathways.

In vitro models help in understanding the morphology,

characterization and phenotypic change in the myocardial

fibroblast, ECM synthesis, collagen synthesis, cell prolif-

eration, autocrine and paracrine effects of the cell–cell

interactions and the sources of fibroblasts, and are used for

drug development. In vivo models help in understanding

and testing the effects of genetic changes, drugs, signaling

pathways on hypertrophy and fibrosis, and are best to study

a specific disease [77].

Mouse models for heart failure and hypertrophy

Animal models of heart failure and hypertrophy have

played a major role in understanding the pathophysiology

and treatment of CHF. Various animal models (coronary

ligation model, aortic banding model, Dahl salt-sensitive

rat model, spontaneous hypertensive rat model and spon-

taneous hypertensive with heart failure) have been used in

research labs, discussed in the literature and each one has

its unique advantages and disadvantages. Which model and

species should be used in cardiac research to create CHF

depends on various factors such as reproducibility and

accessibility of the model, ethical and economical consid-

erations, and the question being dealt with. This scientific

question decides the proximity of the model in mimicking

the CHF syndrome in human beings [8]. Various models

being used in cardiovascular research for heart failure are

rat, dog, pig, rabbit, guinea pig, Syrian hamster, cat, turkey,

bovine, and sheep. Animal models for hypertrophy include

rat, rabbit, dog, pig, cat, hamster, ferret, sheep, baboon,

guinea pig, mouse, and transgenic (gene overexpression,

gene mutation, and knock out gene) animals. Other than

ethical concern, the use of animal models for cardiovas-

cular research (fibrosis, heart failure, and hypertrophy)

depends on following factors: (1) feasibility of the animal

(2) similarity to human anatomy and physiology (3) asso-

ciation of disease with pain and discomfort to animal and

(4) whether the results from animal studies can be readily

transferred to heart failure situations in human being.

Replacement, reduction, and refinement must also be taken

into consideration [8, 80].

Pressure and volume overload mouse models

Cardiac fibrosis is a feature of remodeling, whereas cardiac

hypertrophy is a physiological response of the pressure or

volume overload resulting in increased cardiac myocyte

size. Minimally invasive transverse aortic banding

(MTAB) pressure/volume overload mouse model has been

used to study the cardiac hypertrophy [78]. Similarly,

transverse aortic constriction (TAC) mouse model of

pressure overload has been used to study the fundamental

signaling processes playing a role in cardiac hypertrophy

[81], Pressure overload can also be induced by ascending

as well as abdominal aortic constriction. Ascending aortic

constriction results in extreme and more rapid overload,

whereas abdominal aortic constriction leaves the possibil-

ities of compensation. Similarly, pulmonary hypertension

can cause right ventricular pressure overload and subse-

quent right ventricular failure as well as the left ventricular

systolic and diastolic dysfunction [82, 83]. Pulmonary

artery banding (PAB) model for pulmonary hypertension

has the advantages of having a constant overload with fixed

constriction, and not having any systemic or toxic effects.

However, the systemic effects in PAB model depend on

tightness of the constriction [84]. PAB causing right- and

left heart failure and heart dysfunction may lead to cardiac

fibrosis [85, 91, 92] (Table 4).
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Transgenic mouse models of cardiac fibrosis

Cardiac fibrosis and hypertrophy often co-exist in car-

diomyopathies and understanding their contribution is

challenging. However, with the advent of transgenic mice,

the pathophysiology of heart failure and fibrosis can be

studied in detail. These models are also useful in the

identification of various genes and mechanisms responsible

for the development of congestive heart failure and fibrosis.

ECM and ECM-cardiomyocyte adhesion play important

role in transduction of contractile force, structural align-

ment of cardiomyocytes, and intracellular signaling, cell

growth, hypertrophy, and survival respectively. In response

to physical and chemical stimuli, cardiac fibroblast

remodels the ECM through MMPs and tissue inhibitors of

metalloproteinases (TIMPs) by changing its phenotype to

cardiac myofibroblast. Further, cardiac fibroblast increases

the secretion of TIMPs in response to increased damage-

associated molecular patterns after a cardiac injury [93].

Upregulation of TIMP1 expression has been associated

with increased cardiac fibrosis due to collagen deposition

in human as well as in mouse models [94–96]. TIMPs have

an impact on cell growth and hypertrophy, and severe

cardiac fibrosis and hypertrophy due to pressure overload

has been shown using mice lacking TIMP2 and TIMP3.

TIMP2-/- and TIPM3-/- mice are helpful in studying the

myocardial hypertrophy and fibrosis independently, as well

as the effect on cardiac dysfunction [79].

A new MLP knockout mice model for dilated car-

diomyopathy (DCMP) and HF with myocardial hypertro-

phy, interstitial cell proliferation, and fibrosis has been

developed with resemblance for sign and symptoms to

human [97]. Similarly, knockout of myogenic factor-5,

overexpression of the cardiac stimulatory G protein a-

subunit [98], and overexpression of tropomodulin [99] in

mice can also lead to development of cardiomyopathy.

Collagen mutant mouse model

Proliferation of the extracellular matrix and collagen

deposition plays a major role in cardiac fibrosis. As men-

tioned earlier, MMPs and TIMPs regulate the collagen

deposition as well as cardiac fibroblast activity thus regu-

lating the fibrosis, and a balance between MMPs and col-

lagen is essential for the integrity of ECM. Studies

involving mouse models (TIMP gene knockout, MMP-9

gene knockout, TGFb-1 knockout, p53 knockout, ACE2

knockout, db/db Smad3 null mice) have shown that dis-

ruption of this balance would lead to cardiac remodeling,

fibrosis, and dysfunction [16, 18, 74, 100, 101]. Mouse

models with Collagen1a1-GFP transgene to recognize the

cells producing Collagen-I matrix in wild-type mice

Table 4 Surgical mouse models (MI, pressure overload and volume overload) in cardiac research [85, 86]

Surgical model Methodology Advantage

Myocardial

ischemia model

Coronary artery ligation

Ischemic-reperfusion model (open

and close chest)

Ischemia without reperfusion model

Chronic ischemia model

Ischemia–reperfusion with ischemic

preconditioning model

Langendorff model

Facilitates a precise timing, location and extent of the coronary event

Increased reproducibility

Allows to study haemodynamic function and electro-physiological aspects of heart

rhythm of the failing or infarcted myocardium

Pressure overload

model

Transverse aortic constriction (TAC)

[86]

Ascending aortic constriction

Abdominal aorta constriction

Pulmonary artery banding

TAC with distal left anterior coronary

ligation [69]

TAC model has high surgical survival rate and is effective in studying left

ventricular hypertrophy

Mimics human aortic stenosis

Stimulus for heart failure (pressure overload) is gradual in onset

Progression from compensated

hypertrophy to decompensated heart failure mimics the clinical relevance to heart

failure progression in human

Progressive deterioration of cardiac structural and functional properties

Volume overload

model

Aortocaval fistula (ACF) model

[87–89]

Aortic insufficiency model [90–92]

Pure volume overload (as in isolated MR and AR) without concomitant increases in

aortic pressure or heart rate

Biventricular hypertrophy

MR mitral regurgitation, AR aortic regurgitation
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exposed to injury, and those mutated at the dystrophin gene

locus (mdx) as a model for Duchenne muscular dystrophy

(DMD) have been used to elucidate the cellular and

molecular mechanisms responsible for fibrosis. Increased

fibrosis and attenuated repair phase due to conditional

expression of the constitutively active PDGFRa D842 V

mutation in Collagen-I ? fibroblasts during injury/repair

have been reported making PDGFRa pathway as a poten-

tial new target for treatment of progressive DMD [102].

Diabetic mutant mouse model

Diabetes increases the risk of myocardial infarction and

hypertrophy. Diabetic-cardiomyopathy-related complica-

tions are the major cause of morbidity and mortality in

diabetes. Diabetes not only affects the heart causing dia-

betic-cardiomyopathy independent of coronary artery dis-

ease, hypertension, and hyperlipidemia but also exacerbate

the cardiac injury after myocardial infarction or IR.

Association of cardiac fibrosis, hypertrophy, and car-

diomyocyte apoptosis has been discussed in literature.

Diabetic mouse models have been used in cardiac research

to elucidate the underlying cellular and molecular mecha-

nism of fibrosis and hypertrophy [103]. Hyperglycemia of

the left ventricular wall in diabetes stimulates cardiac

remodeling and disrupts contractile function, thereby

impairing the heart function by declining the systolic and

diastolic function of the heart [104]. The mutation in dia-

betic (db/db) mice results in expression of a non-functional

truncated long-form of the leptin receptor leading to

hypothalamic resistance to leptin. This results in voracious

appetite, marked obesity and overt diabetes at a young age

in mice. Obesity and diabetes at young age (4–6 months)

results in cardiac interstitial fibrosis in db/db mice and has

been documented using both histological and biochemical

techniques. Activation and expansion of the resident car-

diac fibroblast in diabetes may result in cardiac fibrosis

[105]. Further the cardiac fibroblast-dependent matrix

accumulation in type II diabetes has been reported using

the genetically induced mouse model of type II diabetes

(db/db murine model). Increased expression of collagen

type I, TIMP2 and TGF-b, and phenotypic changes in

diabetic db/db fibroblast isolated from diabetic mouse was

associated with collagen accumulation, myocardial stiff-

ness and diastolic dysfunction [106].

Mouse models for hypertrophic cardiomyopathy

Cardiomyopathies are a heterogeneous group of diseases

affecting the heart muscle and frequently lead to progres-

sive heart failure-related disability or cardiovascular death.

Since genetics have been shown to play an increasingly

important role in the onset of cardiomyopathies [107],

mouse models have emerged as the most commonly used

animal model for cardiomyopathy research, based on the

availability of genetic information and technologies to

manipulate the mouse genome [108, 109]. Hypertrophic

cardiomyopathy (HCM) is a disease of the cardiac muscle

that occurs due to mutations in genes encoding for the

cardiac sarcomere. To date, approximately 1400 mutations

have been identified as responsible for HCM pathology.

About 70 % of these mutations are in the sarcomere genes

encoding cardiac b-myosin heavy chain (MYH7) and car-

diac myosin-binding protein C (MYBPC3). Other sarcom-

eric genes, such as regulatory myosin light chain (MYL2),

cardiac troponin T (TNNT2), cardiac troponin I (TNNI3),

and actin (ACTC) account for the other cases of HCM [19].

The phenotypic expression of HCM includes massive

hypertrophy primarily involving the ventricular septum.

The mechanisms of HCM are complex and include

dynamic LV outflow tract obstruction due to bulging of the

thickened basal anterior septum beneath the aortic valve,

mitral regurgitation, diastolic dysfunction, myocardial

ischemia, and cardiac arrhythmias that may lead to sudden

death [8]. The microscopic hallmarks are myocyte hyper-

trophy and disarray together with expansion of the inter-

stitial fibrosis. Myocyte disarray is characterized by

architectural disorganization of the myocardium, in which

adjacent hypertrophied myocytes are aligned perpendicu-

larly or obliquely to each other around central cores of

collagen in either a pinwheel configuration or herringbone

pattern (Fig. 6).

A number of myosin heavy chain transgenic animal

models of HCM have been created in an attempt to

understand the pathogenesis of HCM phenotypes typically

seen in humans. A transgenic mouse model with a point

mutation of the Arg403 –Gln in a-myosin heavy chain

shows similarities with familial HCM in humans [110]. A

similar phenotype has been seen in transgenic mice lacking

the light chain-binding domain of b-myosin heavy chain

[111]. These models will help in understanding the

pathophysiology of HCM. Overexpression of the H-ras

gene targeted to the ventricle with MLC2v promoter causes

ventricular hypertrophy with myofiber disarray, which

causes left ventricular outflow tract obstruction leading to

diastolic dysfunction [112]. Cardiac hypertrophy is asso-

ciated with the overexpression of calmodulin [113], and

interleukin (IL)-6 receptor is associated with activation of

gp-130 in transgenic mice [114], overexpression of a-1

adrenergic receptor [115] and knocking out; these may act

as a novel therapeutic approach.

Knockout of heart/muscle isoform of adenine nucleotide

translocator (Ant 1) can also result in a transgenic mouse

model for mitochondrial myopathy exhibiting skeletal

muscle and cardiac hypertrophy [116]. There is a con-

founding effect of background genetics and lifestyle or
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environmental differences between subjects even from the

same family or phenotype of HCM. Blakenburg et al. [117]

studied the effect of bMHC Val606Met substitution (VM)

on a different phenotype of HCM; they proposed that

b-myosin heavy chain variant (Met606Val) causes mild

hypertrophic cardiomyopathy in mice, but exacerbates

HCM phenotypes in mice having a combination with other

HCM activators, causing a wide variation in clinical

outcome.

Studies indicate that tropomyosin (Tm) phosphorylation

status varies in different mouse models of cardiac disease.

To study the beneficial effects of decreasing a-Tm phos-

phorylation in the context of a chronic, intrinsic stressor,

Schulz et al. [118] used the familial hypertrophic car-

diomyopathy (FHC) a-TmE180G mouse model and

showed that a-Tm E180G/S283A double mutant transgenic

mice show no signs of cardiac hypertrophy and display

improved cardiac function. Increased phosphorylation of

phospholamban Ser-16 and Thr-17 as compared with the a-

Tm E180G mice was also present in the hearts of these

double mutant transgenic mice. This study demonstrated

for the first time that decreasing phosphorylation of tro-

pomyosin can prevent a hypertrophic cardiomyopathic

phenotype. Recently, Zhao et al. [119] suggested the DBA/

2J (D2) mouse model for in-depth genetic analysis of

hypertrophic cardiomyopathy vulnerability and modifier

screens. Davis et al. [120] recently described a tension-

based (calcium-dependent tension generation within the

sarcomeres due to the familial mutations in genes-encoding

sarcomeric proteins) mouse model that is advantageous in

distinguishing HCM from DCP.

Mouse models for dilated cardiomyopathy

Surgical interruption of coronary arteries either through

permanent coronary ligation [121, 122] or re-perfused

infarction (IR) [58, 123] results in myocardial injury in

mice and leads to development of a DCM phenotype pro-

gressively. In place of surgery, cryo-injury is often used as

an alternative technique to interrupt coronary blood flow; it

can give a more reliable area of injury and can be used as

an efficient tool in cardiovascular translational research

Congestive Heart 
Failure

Hypertrophic Cardiomyopathy

Ischemic injury
Inflammation

Pressure overload

Genetic abnormality

TGFβ

TGFβNormal Heart
Dilated 
Cardiomyopathy

Microfiber Disarray in HCM

Fig. 6 Pathogenesis of cardiomyopathy: Pressure overload, inflam-

mation or ischemic injury results in congestive heart failure and

dilated cardiomyopathy. Genetic abnormality can result in hyper-

trophic cardiomyopathy (HCM asymmetrical left ventricular hyper-

trophy). TGF (transforming growth factor)-b plays an important role

in both dilated cardiomyopathy as well as hypertrophic cardiomy-

opathy and can be a target for therapeutic approach. Timing of

targeting the TGF- b by pharmacological agents in an infarcted heart

is very important
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[124, 125]. Drugs can also induce DCM in a dose-depen-

dent manner, leading to HF. Mouse models of DCM with

doxorubicin [126, 127] or isoproterenol [128, 129] have

been reported in this context. Toxic models are character-

ized by oxidant stress and myocyte apoptosis [130] and are

useful in assessing cardiac responses to stress.

Myocarditis is an inflammatory disease of the cardiac

muscle, and is associated with development of dilated

cardiomyopathy and heart failure [131, 132]. Knocking out

the gene encoding interferon regulatory factor (IRF)-1

[133], knockout of the TGF-b1gene [134], immunization of

CAF1/J mice with monoclonal anti-dog sarcoplasmic

reticulum Ca2? ATPase antibody [135], experimental-au-

toimmune -myocarditis induced by immunization of

autoimmune-susceptible-SWXJ-or parental -SJL/J and

SWR/J -mice-with whole cardiac alpha-myosin heavy

chain [136] have been documented in various studies.

Mouse models of restrictive cardiomyopathy

Restrictive cardiomyopathy (RCM) is a disease of the

cardiac muscle that is characterized by restricted ventric-

ular filling due to high ventricular stiffness. While RCM

cases are less common than both HCM and DCM and

represent about 2–5 % of all pediatric cardiomyopathies,

they have the worst prognosis and are associated with cases

of sudden death. Primary RCM includes RCM due to

idiopathic causes or genetically inherited or sporadically

acquired mutations. Primary RCM is confined to the

myocardium. Secondary RCM develops from extrinsic

factors and includes infiltrative disorders (amyloidosis and

sarcoidosis); storage diseases (hemochromatosis, glycogen

storage disease, and Fabry disease); inflammatory diseases

such as Loeffler cardiomyopathy, endomyocardial fibrosis,

and eosinophilic endomyocardial disease and radiations

[116, 137–139]; and scleroderma (systemic sclerosis).

Fibrillin-1 overexpression as a responsible factor for

excessive fibrosis has been demonstrated using a tight skin

(Tsk) mouse as a model of scleroderma [140].

Transgenic mouse models with an R192H mutant of

cTnI (R193H in the mouse genome) and R145W cTnI

mutant with a worst prognosis for RCM has been descri-

bed. Similarly, transthyretin mice (V30M ATTR and

CMV-c6 transgenic mice) overexpressing amyloidogenic

proteins can also mimic systemic amyloidosis causing

amyloid deposition in the heart and resulting in diastolic

and systolic dysfunction, CHF, and death [141, 142].

Overexpression or mutation of various genes gives differ-

ent phenotypes and results in cardiac hypertrophy, hyper-

plasia, and heart failure [8]. Thus, the transgenic mouse

model of hypertrophy can be used for identification of

genes involved in the process of heart failure and the

molecular mechanism involved in development and disease

progression.

Dewald et al. [143] reported a murine model of ischemic

cardiomyopathy induced by repetitive IR using C57/BL6

mice. They demonstrated that cardiomyopathy induced by

brief repetitive myocardial IR in mouse is associated with

reversible regional systolic dysfunction and interstitial

fibrosis. Repetitive brief myocardial I/R induce the rever-

sible fibrotic remodeling and ventricular dysfunction

without MI and necrosis. This model induces cardiomy-

opathy with features of myocardial hibernation and can be

used in investigating mechanisms responsible for the pro-

gression and regression of ischemic segmental myocardial

dysfunction.

Recent development in therapeutic approaches

Cardiac hypertrophy and fibrosis as a result of myocardial

injury are the leading cause of the cardiac mortality. Mouse

models are effective in understanding the pathogenesis of

hypertrophy and fibrosis and developing the therapeutic

approach to delay, prevent, or reverse the process of

hypertrophy and fibrosis. Studies have suggested the pre-

vention of apoptosis, the leading cause of heart failure and

cardiac mortality, using C57BL/6J wild-type mice and

syngenetic lpr mice and gld mice with coronary ligation

[144], reversal of hypertrophy and fibrosis using a mouse

model of human HCM transgenic cTnT-Q92 mice

[145, 146], and prevention of trans-endothelial migration to

decrease fibrosis using mice lacking the FcRc chain protein

(FcR-/-) [147].

The cardioprotective effect of decreased iNOS levels in

iron dextran-treated mice from I/R injury to the myo-

cardium due to iron deposition or overload suggests that

short-term iron overload can protect the heart from I/R

injury [148]. Reduction in infarct size and improvement in

left ventricular function can also be caused by proteasome

inhibition [149], inhaled nitric oxide [150], and FR167653

[151]. Proteasome inhibition can also cause regression of

left ventricular hypertrophy [152]. Similarly, IKKbeta

inhibition attenuates myocardial injury and dysfunction

following IR injury [153]. The important role of type-3 p90

ribosomal S6 kinase (RSK3) in concentric myocyte

hypertrophy and cardiomyopathy under in vivo pathologi-

cal conditions resulting in myocardial interstitial fibrosis

and heart failure was described using mice of a mixed

C57BL/6: FVB/N background [154]. Improved cardiac

function with reduced interstitial fibrosis shown with

TM180: RSK3-/- mice suggests that specific inhibition of

RSK3 should be considered as a potential novel therapeutic

strategy.
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The role of transgenic (TG) expression of either

Ca2?/calmodulin-dependent protein kinase IV (CaMKIV),

CaMKIIdeltaB, and CaMKIIdeltaC in the pathogenesis of

dilated cardiomyopathy and heart failure was demonstrated

using adult C57BL/6 male mice. The potential role of the

multifunctional Ca2? calmodulin (CaM)-dependent protein

kinase II (CaMKII) in treatment of myocardial dysfunction

and arrhythmias in the setting of structural heart disease

has been reported [155, 156]. The role of nucleotide-

binding oligomerization domain-2 (NOD2) deficiency in

promoting cardiac hypertrophy and fibrosis was demon-

strated using C57/BL6 mice and NOD2-knockout mice

(C57BL/6 background). NOD2 deficiency was also asso-

ciated with the enhanced activation of TLR4 and the

MAPKs, NF-jB and TGF-b/Smad pathways in NOD2-

knockout (KO) mice. These results suggest the attenuating

role of NOD2 in hypertrophy and fibrosis [157].

Along with cardioprotective approaches, mouse models

are also useful in studying approaches for cardiac regen-

eration through stem cell therapy. Endogenous regenera-

tion in an infarcted myocardium by the stimulation of

cardiomyocyte proliferation can be initiated by adenoviral

delivery of cyclin A into the infarct border zone; this leads

to improved cardiac function [158]. There are promising

results of transplantation of exogenous cells, such as

embryonic cells [159] and adult bone marrow-derived

cells, in cardiac regeneration. The metabolism of bone

marrow-derived stem cells by the cytokine granulocyte-

colony stimulating factor in mouse models [160] also has

demonstrated the prevention of apoptosis of myocytes,

electrophysiological coupling stabilization between the

infarcted area, and improved vascularization in the

infarcted area [160, 161]. Transplantation of mesenchymal

stem cells, umbilical cord blood cells, skeletal myoblasts,

endothelial progenitor cell, cardiac stem cells, embryonic

stem cells, and induced pluripotent cells and their roles in

cardioprotection, cardiac regeneration, and re-endothelial-

ization have been described in mouse and porcine models

[162–164].

The role of the coronary adventitial cells and TGFb1 in

the formation of perivascular fibrosis and TGFbR1 sig-

naling inhibition in collagen synthesis using mouse model

of DMD suggests that coronary adventitia can be a

promising target for anti-fibrotic therapy development

[165]. Further, because DMD leads to DCM, a female

mdx-XistDhs mice model has been used to study the

required levels of dystrophin in the heart to prevent or

delay cardiomyopathy in mice. Mosaic expression of

4–15 % dystrophin in the heart is sufficient to delay onset

and ameliorate cardiomyopathy in mice [166].

Pathological hypertrophy is mal-remodeling of the

mammalian heart in response to mechanical and patho-

logical stress. Pathological hypertrophy is associated with

upregulation of fetal genes, resulting in increased cardiac

fibrosis and reduction of cardiac dysfunction. Using miR-

155 mutant mice and calcineurin transgenic mice

(Tg(Myh6-Ppp3ca)37Eno), Hu et al. [167] suggest that

miR-155 is an inducer of pathological cardiomyocyte

hypertrophy. Inhibition of endogenous miR-155 might

have a clinical perspective to suppress cardiac hypertrophy

and heart failure. Similarly, severe DCM progression with

downregulation of miR-669a has been shown in Sgcb-null

dystrophic mice. Treatment with miR-669a causes a

decrease in hypertrophic remodeling, fibrosis, and car-

diomyocyte apoptosis and an increase sarcomere organi-

zation. It also has been shown to reduce ventricular atrial

natriuretic peptide levels and ameliorate gene/miRNA

profile of DCM markers. It also leads to significantly

reduced adverse remodeling and enhanced systolic frac-

tional shortening of the left ventricle, suggesting that

adeno-associated viral (AAV)-mediated miRNA therapy

can be beneficial in a transgenic model of severe, chronic

MD-associated DCM [168]. Similarly, the inhibition of

miR-154 is cardioprotective in a mouse model of pressure

overload, and may be a novel target for treating the

pathologies associated with cardiac fibrosis, hypertrophy,

and dysfunction [169]. These studies suggest the role of

epi-genetics in developing novel therapeutic approaches

for cardiovascular disease; combining epi-genetics with

mouse models may play an important role [170].

Conclusion

Ischemic heart disease is the most common cause of cardiac

disease resulting in death in the United States, and there are

increasing trends for heart disease. Cardiac disease or CHF

results in increased morbidity and decreased quality of life,

so there is a need to understand the etiology, pathogenesis,

progression, and healing of the ischemic heart, as well as

post-infarction remodeling and cardiac hypertrophy. Ani-

mal models are of immense importance for better under-

standing and insight into the genetic basis of cardiac disease

in human beings. Various animal models have been used in

the past; however, at present, researchers have a preference

for the mouse model due its genetic homology with humans.

In mouse models, the closed-chest model is more com-

monly used due to its advantages. The choice of the animal

model to be used depends on the investigator; it should be

made carefully and ensure that the selected model will serve

the purpose of study. Mouse models can help researchers

understand the cellular and molecular events occurring

during fibrosis and remodeling; as an outcome, various

therapeutic approaches can be developed. Targeting Treg

cells [171] for cell therapy; using TGF-b blockers; blocking

transcriptional factors and involved pathways; blocking the
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regulators of fibrosis; using gene therapy, stem cell therapy,

and bone marrow-derived stem cell transfer; or transplant of

exogenous cells provide insight into some of the therapeutic

approaches that can be developed based on studies done on

mouse models.
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