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Heart failure (HF) is a leading cause of morbidity and
mortality in the Western world. Despite implementation of
current recommended therapies for the treatment of the HF
syndrome [1, 2], prevalence, mortality, and costs associated
with HF are rising. Expansion of our aging population with
high prevalence of such comorbidities as coronary artery
disease, myocardial infarction, hypertension, diabetes, and
obesity that predispose patients to this complex syndrome is
expected to increaseHF prevalence even further in the future.
Current treatment options and strategies [1, 2] predominantly
slow the progression of the HF syndrome. There is a need
to develop novel preventative and reparative therapy options.
However, development of these novel HF therapies requires
testing of the putative therapeutic strategies in appropriate
HF animal models [3]. The primary goal of experimental
animal HF models is to simplify an indeed complex syn-
drome into manageable research questions in reproducible
settings. The ultimate goal is to elucidate pathophysiological
mechanisms and identify key pathways that can be targeted
for developing therapies that can be tested in appropriate
translational animal models before evaluation in clinical
trials for prevention and improving outcome of HF in
humans.While there are multiple causes of HF, the dominant
ones are valvular heart disease, dilated cardiomyopathies,
hypertensive heart disease, and restrictive cardiomyopa-
thies.

The two major clinical phenotypes are HF with reduced
ejection fraction (HFrEF) and HF with preserved ejection
fraction (HFpEF) [4]. Right-sided HF and pulmonary hyper-
tension also play important roles in the HF phenotype.
Various small and large animal models have been used to
induce HF [3], including volume and pressure overload,
rapid pacing, myocardial infarction with or without coronary
reperfusion, coronary embolization, cardiotoxic drugs, or
genetic variations (in small animals).

The number of HF patients is increasing owing to the
deficiency of therapeutic approaches to treat this population
of patients. A discourse between clinicians and scientists
seems to be essential to develop novel experimental animal
models of HF that accurately imitate the complex clinical
syndrome of HF.

During the past decades, the use of experimental animal
models to examine complex cardiovascular pathophysiology
has been confirmed to be irreplaceable in this field [5]. As a
result of basic and translational experiments in small animal
models, our understanding of the pathophysiology of HF and
its treatment has advanced significantly.

In addition, the ability to manipulate the mouse genome
has simplified a particularly important approach to detect
novel therapeutic targets, offering a significant approach
to explore the mechanisms underlying development and
progression of the HF syndrome [5].
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Moreover, the adaptation of present experimental animal
models will be required to entirely translate scientific findings
into new drugs and therapeutic approaches. Future animal
models of HF will hopefully give mechanistic insights that
could lead to novel options of therapies.

Experimental animalmodels ofHF, as opposed to isolated
organ and/or cell preparations, do empower examination of
the physiological effects of cardiac functioning, which are of
excessive significance in the HF phenotype [3].

Moreover, manipulation of the mouse and rat genomes
has allowed significant mechanistic insights into different HF
phenotypes in humans.

Although mice are relatively economical and suitable,
substantial differences exist between mouse and human
heart physiology and especially during development and/or
progression of HF [5]. For instance, mouse hearts are very
small and do beat very fast (400–600 beats per minute)
[6] compared with human hearts (60–90 beats per minute).
These dissimilarities lead to important alterations in calcium
handling and ion currents between the two species.

Mutations in the giant sarcomeric protein titin (Ttn) are
a major cause for inherited forms of dilated cardiomyopathy
(DCM). In this issue, Q. Zhou et al. investigated a pattern of
DCM that can be induced by TAC-mediated pressure over-
load in a Ttn-truncated mouse model. This model expands
the resource of cardiac disease models, adding a valuable
tool to understand cardiac pathophysiological remodeling
processes and to develop therapeutic approaches to combat
HF.

J. Talavera et al. examined an improved protocol in
the rabbit model of anthracycline-induced cardiomyopathy.
Current protocols of anthracycline-induced cardiomyopathy
in rabbits had disadvantages for long-term studies such as
high prematuremortality and toxicities (e.g., nephrotoxicity).
With the aim of obtaining a more appropriate protocol for
this kind of research, the researchers developed a shortened
protocol of anthracycline-induced cardiomyopathy using
daunorubicin of 4mg/kg/week over a period of six weeks
resulting in high incidence of overt dilated cardiomyopa-
thy with more stable signs of congestive HF, associated
with reduced systemic compromise and very low premature
mortality. This refined model in rabbits can be very useful
for long-term studies aimed at evaluation of the functional
effects of novel therapies for HF in anthracycline-induced
cardiomyopathy.

E. Roussel et al. performed a gene expression profile of
the model of chronic volume overload in rats with severe
aortic valve regurgitation (AR) over a period of 9months.The
investigators focused on the study of genes associated with
myocardial energetics in that model. Their results displayed
that themyocardiumwith chronic volume overload sustained
significant metabolic stress and developed important ener-
getics adaptations. Clinicians currently follow those patients
without any intervention for a good number of years, simply
waiting for the left ventricle to become too dilated, for the
occurrence of symptoms, or until systolic function begins
to fall. The findings of E. Roussel et al. in this issue suggest
that those hearts develop severe metabolic abnormalities
even when systolic function appears to be preserved and

that intervention then can limit the dilation and metabolic
abnormalities. Focusing on myocardial metabolism by var-
ious interventions such as targeted drugs, specific diets, or
exercise may help this metabolically stressed myocardium to
improve its energy production and may prolong the pre-HF
state significantly. However, E. Roussel et al. have observed
that treatmentwith fenofibrate, a PPAR𝛼-agonist, normalized
both fatty acid and glucose uptakes while reducing left
ventricular dilation caused by AR.

Right ventricular (RV) dysfunction due to chronic pres-
sure overload is a common feature of congenital heart dis-
eases. Here, M. Hirata et al. propose an improved pulmonary
artery (PA) banding procedure using a half-closed clip (PAC)
instead of partial ligation in the rat model of RV dysfunction
secondary to chronic pressure overload.

T.-H. Chen et al. used the conditional HSP60 transgenic
mouse model to demonstrate neonatal death and HF with
transgenic HSP60 expression, likely due to atrial septal
defects, increased apoptosis, and myocyte degeneration and
other cardiac developmental defects. Since this mitochon-
drial heat shock protein is essential for maintaining life, they
suggest that the model can be useful for addressing other
important biological questions about HSP60.

There exists a solid body of evidence that the carotid
body (CB) chemoreflex is relevant during the progression of
chronic HF. Here, D. C. Andrade et al. reviewed the relevance
of CB chemoreflex during the progression of HF.The authors
emphasize that severalHF experimentalmodels also display a
heightened CB chemoreflex drive which correlates positively
with the severity of the disease. Moreover, recent exciting
studies indicate that ablation of the CB chemoreceptors not
only improves autonomic function and reduces disordered
breathing patterns in experimental CHF, but also improves
survival.

These findings raise the question of whether the CB
chemoreflex should be tested in all types of HF (i.e., HFrEF
and HFpEF). To sum up, future studies should discuss the
role of the CB in the progression of autonomic imbalance
and disordered breathing patterns in nonsystolic chronic HF
(HFpEF).

We hope that this special issue will help readers become
familiarized with recent progress regarding experimental
heart failure models and their pathophysiological mecha-
nisms.
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Current protocols of anthracycline-induced cardiomyopathy in rabbits present with high premature mortality and nephrotoxicity,
thus rendering them unsuitable for studies requiring long-term functional evaluation of myocardial function (e.g., stem cell
therapy). We compared two previously described protocols to an in-house developed protocol in three groups: Group DOX2
received doxorubicin 2mg/kg/week (8 weeks); Group DAU3 received daunorubicin 3mg/kg/week (10 weeks); and Group DAU4
received daunorubicin 4mg/kg/week (6 weeks). A cohort of rabbits received saline (control). Results of blood tests, cardiac
troponin I, echocardiography, and histopathology were analysed. Whilst DOX2 and DAU3 rabbits showed high premature
mortality (50% and 33%, resp.), DAU4 rabbits showed 7.6% premature mortality. None of DOX2 rabbits developed overt dilated
cardiomyopathy; 66% of DAU3 rabbits developed overt dilated cardiomyopathy and quickly progressed to severe congestive heart
failure. Interestingly, 92% of DAU4 rabbits showed overt dilated cardiomyopathy and 67% developed congestive heart failure
exhibiting stable disease. DOX2 andDAU3 rabbits showed alterations of renal function, withDAU3 also exhibiting hepatic function
compromise. Thus, a shortened protocol of anthracycline-induced cardiomyopathy as in DAU4 group results in high incidence of
overt dilated cardiomyopathy, which insidiously progressed to congestive heart failure, associated to reduced systemic compromise
and very low premature mortality.

1. Introduction

Anthracyclines (AC) such as doxorubicin and daunorubicin
are regarded as one of the most effective chemotherapeutic
groups ever developed for the treatment of malignancies,
with a broad spectrum of action encompassing solid and
haematologic tumours [1, 2]. Unfortunately, AC-induced
cardiomyopathy (AICM) is a frequent toxic consequence of
AC. It is estimated that in the USA alone there are at least

10 million cancer survivors, with a similar number in Europe
[3, 4]. Thus, the recent success of chemotherapy in clinical
oncology means that the population affected by AICM will
likely increase substantially in the future.

Several animal models and protocols for the induction
of AICM in rodents (e.g., mice and rats) and lagomorphs
(e.g., rabbits) have been published over the past decades. Of
note, rabbit models of cardiac disease appear to have several
advantages over animalmodels of other species. For example,
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whilst being medium size animals, rabbits maintain a cellular
electrophysiology and Ca+2 transport system, much like in
the human or larger animals (e.g., dogs and pigs), which is
not the case for mice and rats [5]. One of the first long-
term animal models of AICM was established in rabbits by
administering daunorubicin and demonstrating myocardial
damage and fibrosis [6]. Subsequent studies in rabbits char-
acterized the cumulative and delayed nature of myocardial
lesions secondary to administration of doxorubicin 2mg/kg
weekly at different time points [7]. Most studies using rabbit
models of AICM have focused on the evaluation of potential
cardioprotective agents aimed at preventing AICM develop-
ment [8–13]. However, with the current trend of increased
life expectancy of cancer patients and their associated risk of
long-term cardiovascular sequelae, the preclinical assessment
of novel therapies (e.g., stem cell therapy) to treat this
condition requires the refinement of current animal models
to maximise their potential.

One of the main disadvantages of current protocols of
induction ofAICM in rabbits is the highmortality rate during
the induction period (30–70%) [10, 14–16]. This not only
increases the number of animals required but also limits
their utility in the evaluation of the beneficial effects of
novel therapies for AICM. Another disadvantage is that even
though cardiac toxicity is readily reproducible with some
protocols using daunorubicin or doxorubicin concomitant
systemic toxicity (e.g., nephrotoxicity) occurs with these
protocols of induction [10, 17–20]. This systemic toxicity is
often responsible for the premature death of the animals
even before they can develop clinically evident signs of
overt dilated cardiomyopathy (DCM) and congestive heart
failure (CHF). The availability of an experimental model
that provides animals in a stable clinical stage of heart
failure would offer a valuable tool to researchers interested
in evaluating the benefits of therapies that require long-term
follow-up of the animals.

Our goal has been to study the benefits of stem cell
therapy in AICM, but in the process we have come across the
pitfalls of current protocols of induction, thus motivating us
to develop our own in-house protocol. Since cardiac toxicity
is directly related to the cumulative dose administered to
the subject of study [21] and rabbits are very sensitive to
myocardial damage by AC [7], we hypothesised that increas-
ing the weekly dose of daunorubicin and reducing the length
of the protocol of induction could result in a rabbit model
of AICMpotentially exhibiting reduced nonspecific toxicities
and lower mortality. Of the several experimental protocols
trialled, here we report the incidence of overt DCM, CHF,
premature mortality, and associated systemic toxicities when
using an in-house developed shortened protocol (daunoru-
bicin 4mg/kg per week for up to 6 weeks) compared to other
protocols reported in the literature which are frequently used
for the evaluation of cardioprotective agents.

2. Materials and Methods

2.1. Animals. The experiments in the present study were
performed in accordance with Directive 2010/63/EU of the
European Commission and were approved by the Ethical

Research Committee of the University of Murcia, Spain.
A total of 37 New Zealand Rabbits (2 months old, 1.5–
2.0 kg weight with 1 : 1 ratio of males/females) were randomly
allocated into one of the following three groups: 6 rabbits
were injected I.V. 0.9% saline weekly for up to 10 weeks
and constituted the age matched controls (control group);
12 rabbits constituted DOX2 group receiving doxorubicin
(Tedec-Meiji Farma, Madrid, Spain) 2mg/kg in weekly intra-
venous injections for 8 weeks; 6 rabbits constituted the DAU3
groupwhichwas injectedwith daunorubicin (Daunoblastina,
Pfizer, Madrid, Spain) 3mg/kg in weekly for 10 weeks; and 13
rabbits constituted the DAU4 group (daunorubicin 4mg/kg
per week for 6 weeks). Due to inherent differences in the
induction times for each protocol, three time points were
defined for the comparisons of biochemical, haematological,
and echocardiographic analyses between study groups: the
first time point is the baseline time point, just before starting
the first administration of anthracycline in treated groups
or saline in control group; the second time point is the
intermediate time point, two weeks before the end of the
protocol; thus intermediate time points were at 8 weeks for
control group, 6 weeks for DOX2 group, 8 weeks for DAU3
group, and 4 weeks for DAU4 group; and the third time
point is the final time point, the last measurement taken upon
completion of the protocol.

2.2. Mortality. The premature death of the animals dur-
ing the period of induction of cardiomyopathy (i.e., death
before completing the corresponding experimental induction
protocol of weekly AC injections) was classified as follows:
(1) deaths due to systemic toxicity (i.e., directly related to
the administration of AC) which manifested as diarrhoea,
weight loss, and emaciation and included animals that died
or required euthanasia for this cause, (2) deaths secondary to
CHF (see below), which were confirmed either by echocar-
diogram and/or by autopsy, (3) other causes such as respi-
ratory failure during anaesthesia or animals that required
euthanasia (e.g., spontaneous spinal fracture). Kaplan-Meier
survival analysis was performed throughout the induction
period and up to two weeks after completion of the respective
induction protocol for each group.

2.3. Incidence of Overt DCM and CHF. For the analysis
of incidence of overt DCM and development of CHF in
the different groups of study, these were defined as follows.
Overt DCM is defined as unequivocal echocardiographic
signs of cardiac remodelling and/or functional impairment
objectively assessed by the presence of several of the following
findings: eccentric hypertrophy of cardiac chambers, loss of
the oval shape of the left ventricle, ventricular wall thinning,
increased left atrial-to-aortic root ratio> 1.5 (2D-mode, short
axis view), fractional shortening (FS) < 20%, left ventricular
ejection fraction (LVEF) < 40%, and presence of atrioventric-
ular valve regurgitation (assessed by colour and/or spectral
Doppler) (Figures 1(c) and 1(d)). On the other hand, CHF
was defined as echocardiographic and/or postmortem evi-
dence of pleural, pericardial, and peritoneal effusions and/or
pulmonary oedema in conjunction with echocardiographic
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Figure 1: Echocardiograms in 2D and M-mode during induction of AICM. Echocardiograms in 2D parasternal long axis view (a, c, e) and
M-mode of the left ventricle (LV) at the level of the papillary muscles (b, d, f). (a-b) Baseline, normal rabbit. (c-d) Rabbit with overt DCM.
(e-f) Rabbit with CHF showing 4-chamber dilatation, pericardial effusion (PE), and severely reduced LV contractility. RV, right ventricle; LA,
left atrium; RA, right atrium.

signs of overt DCM and/or severe cardiomegaly confirmed
by postmortem study (Figures 1(e) and 1(f)).

2.4. Administration of Drugs and Blood Sampling. Animals
were immobilised in acrylic restrainers to reduce stress
and facilitate the administration of drugs. AC were diluted
according to the weight of the animal in 8mL of 0.9% sterile
saline for I.V. injections in AC treated groups, whilst in
control group 8mL of 0.9% sterile saline without AC were
injected at each time point. After hair clipping of the ear
and careful asepsis, a 24G catheter was advanced into one

of the marginal auricular veins and fixed with micropore to
the skin. A winged needle (21 G) with prolongator was then
inserted into the catheter and AC were administered at a
rate of 0.5mL/min. Blood samples from jugular vein were
collected before first dose of AC and then every 2 weeks until
the final administration at 8 weeks (DOX2 group), 10 weeks
(DAU3 group), or 6 weeks (DAU4 group).

2.5. Biochemical and Haematological Study. Haematological
parameters in plasma samples were analysed using the Advia
120 Hematology System (Siemens, Erlangen, Germany).
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Biochemical parameters were evaluated in plasma using the
analyser AU2700 (Olympus Corporation, Tokyo, Japan).

2.6. Echocardiographic Study. A transthoracic echocardio-
graphic examination using a HD7 XE System, equipped with
a 4–12MHz transducer (Philips, Andover, Massachusetts,
USA) under light anaesthesia (ketamine (Imalgene, Merial,
Villeurbanne, France) 10mg/kg, combined with dexmedeto-
midine (Domtor, Esteve, Madrid, Spain) 200𝜇g/kg), was
performed longitudinally at baseline and every two weeks
until the end of the study. The procedure was performed
by or under direct supervision of a European board-
certified veterinary cardiologist (MJFP), in a blinded fashion,
according to the recommendations of the Echocardiography
Committee of the American College of Veterinary Internal
Medicine and theAmerican Society of Echocardiography [22,
23]. Simultaneous 1-lead electrocardiographic tracings were
recorded during the study. Total circumferential shortening
area (CSA) was obtained using the following formula: CSA =
CSAd − CSAs/CSAd × 100. Fractional shortening (FS (%))
was calculated according to the following formula: FS =
(LVDd − LVDs)/(LVDd × 100). Left ventricular systolic and
diastolic volumes (LVVd and LVVs) were calculated using the
Teichholz formula (7 × (LVD)3)/(2.4 + LVD) and LVEF (%)
was calculated according to the following formula: LVEF =
(LVVd − LVVs)/(LVVd × 100).

2.7. Cardiac Troponin I Evaluation. Cardiac troponin I (cTnI)
levels were determined in plasma samples obtained from
the jugular vein using the Immulite Kit (Siemens, Germany)
according to the manufacturer’s instructions with a detection
limit <0.049 ng/mL.

2.8. Histopathological Study. Heart tissue blocks were sec-
tioned to cover 5 different anatomical regions in ascending
order: the apex, free wall bellow the papillary muscles,
at the level of the papillary muscles, end of papillary
muscles and beginning of chordae tendineae, and at the
atrial level [7]. Tissue was fixed for 24 h in 10% formalin,
dehydrated with increasing ethanol concentrations, which
was then substituted for xylene, and finally embedded in
paraffin using the Leica TP1050 cyclic tissue processor (Leica
Biosystems GmbH, Germany) and the Tissue-Tek thermal
console (Sakura, USA). Sections of 5 𝜇m were then obtained
with a microtome RM2155 (Leica Biosystems GmbH, Ger-
many) and stained with haematoxylin-eosin and Masson’s
trichrome. Two pathologists blinded to study group per-
formed the histopathological evaluations. Myocardial lesions
were assigned a score from 1–4 by lesion grade, and the
extension of myocardial lesions was classified 1–4 as pre-
viously described [7]. A similar lesion grade scoring (1–4)
and classification of extension of lesions (1–4) system was
followed for kidney and liver tissue.

2.9. Statistical Analysis. Statistical analysis was performed
using SPSS Statistics version 19 for Windows and GraphPad
Prism 6. Data are expressed as means ± SEM. One-way
ANOVA with Tukey’s post hoc test or paired 𝑡 test/Wilcoxon

DOX2
DAU3
DAU4

∗

∗
p < 0.05

0

20

40

60

80

100

Su
rv

iv
al

 ra
te

 (%
)

2 4 6 8 10 120

Time (weeks)

p < 0.008
#

#

Figure 2: Kaplan-Meier survival curves.

signed-rank test or two-way ANOVA to assess the global
effect of sex and treatment, where appropriate, was per-
formed. Survival curves were plotted using Kaplan-Meier
analysis (Log-Rank withMantel-Cox test). Values of 𝑝 ≤ 0.05
were considered statistically significant.

3. Results

3.1. Mortality. Survival analysis curves are shown in Fig-
ure 2. In the DOX2 group, 6 out of 12 animals (50%) died
prematurely (premature mortality defined as death of the
animal during the course of weekly I.V. administrations on
each group) during weeks 3–7 of the induction period (up
to 8 weeks), all secondary to systemic toxicity. In the DAU3
group, 33.3% died prematurely during the induction period
(up to 10 weeks); one of these deaths occurred secondary to
systemic toxicity at 4weeks and the other occurred secondary
to CHF at week 9. In the DAU4 group, only one animal
required euthanasia at week 5 due to spontaneous spinal
fracture resulting in a premature mortality of 7.6% during
the induction period (up to 6 weeks). No deaths occurred in
the control group. Gender of the animal did not influence
mortality in all AC treated groups since this did not differ
substantially from that of whole cohort within each group.
Thus, of the six deaths in group DOX2 during the induction
period, three corresponded to males and three to females.
Similarly, one death occurred in males and one in females in
the DAU3 group during the induction period, whilst for the
DAU4 group the premature death occurred in a male rabbit.
Cumulative mortality up to two weeks after completion of
the induction period continued to increase in all groups
(Figure 2). However, whilst one additional rabbit died in
the DOX2 group from 8 to 10 weeks, secondary to systemic
toxicity, and 4more deaths occurred in theDAU3 group from
10 to 12 weeks, 3 of these secondary to CHF, resulting in a
cumulative mortality of 58.3% and 100%, respectively, only
one more death secondary to CHF occurred in the DAU4
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Table 1: Selected biochemical parameters.

Parameter Basal Intermediate§ Final
Cholesterol (mg/dL)

Control 41.5 ± 10.3 37.5 ± 10.2 44.7 ± 3.8
DOX2 36.10 ± 11.25 70.46 ± 16.66bc#¶ 241.04 ± 59.5bc#¶

DAU3 40.80 ± 4.34 45.66 ± 6.40 79.73 ± 8.20bc

DAU4 35.24 ± 7.71 44.38 ± 4.05 59.08 ± 7.81bc

Triglycerides (mg/dL)
Control 72.3 ± 22.9 45.3 ± 7.3 55.3 ± 7.1
DOX2 68.23 ± 17.48 184.70 ± 47.74b¶ 405.88 ± 38.80bc¶

DAU3 78.09 ± 20.39 150.31 ± 65.32b¶ 446.22 ± 102.9bc¶

DAU4 72.50 ± 22.85 85.04 ± 12.35 115.88 ± 15.72bc

Creatinine (mg/dL)
Control 0.86 ± 0.10 0.77 ± 0.11 0.83 ± 0.10
DOX2 0.93 ± 0.06 1.08 ± 0.08 1.62 ± 0.22bc

DAU3 0.79 ± 0.04 1.06 ± 0.10 2.54 ± 0.50bc∗¶

DAU4 0.98 ± 0.10 0.92 ± 0.10 0.87 ± 0.07
BUN (mg/dL)

Control 37.00 ± 4.95 38.54 ± 6.62 41.79 ± 8.50
DOX2 36.43 ± 3.45 30.50 ± 3.74 39.40 ± 8.69
DAU3 26.61 ± 2.99 30.92 ± 2.47 85.47 ± 12.34bc∗¶

DAU4 35.42 ± 4.57 28.35 ± 1.38 29.96 ± 2.50
Total Proteins (g/dL)

Control 5.39 ± 0.21 5.37 ± 0.22 5.33 ± 0.24
DOX2 5.48 ± 0.17 4.90 ± 0.37 3.92 ± 0.37bc¶

DAU3 5.31 ± 0.17 5.90 ± 0.30 4.42 ± 0.81bc

DAU4 5.55 ± 0.16 5.20 ± 0.12 4.96 ± 0.17
AST (U/L)

Control 23.02 ± 4.90 18.47 ± 4.10 20.77 ± 4.34
DOX2 27.59 ± 4.71 24.36 ± 6.86 30.42 ± 1.01
DAU3 20.96 ± 2.93 22.72 ± 5.82 270.9 ± 124.0bc∗¶

DAU4 35.94 ± 5.73 23.30 ± 3.84 28.31 ± 5.67
ALT (U/L)

Control 44.67 ± 8.16 39.97 ± 7.89 37.45 ± 7.37
DOX2 53.02 ± 5.34 36.98 ± 7.45 35.46 ± 4.30
DAU3 48.75 ± 6.47 54.56 ± 12.34 226.70 ± 97.2bc∗¶

DAU4 58.25 ± 13.44 45.03 ± 5.96 42.19 ± 6.88
§Intermediate time point values were from blood samples obtained on week 8 of the study in control group, on week 6 in DOX2 group, on week 8 in DAU3
group, and on week 4 in DAU4 group. BUN, blood urea nitrogen; AST, aspartate aminotransferase; ALT, alanine aminotransferase. Data expressed as mean ±
SEM. Statistical significance is at p < 0.05; bcompared to basal value; ccompared to control; ∗compared to DOX2; #compared to DAU3; ¶compared to DAU4.

group from 6–8 weeks, resulting in a cumulative mortality of
15.3%.

3.2. Incidence of DCM and CHF. None of the animals from
the DOX2 group developed overt DCM or CHF, which on
the contrary were greatly affected by general toxicity. In the
DAU3 group, 4 out of 6 animals (66%) developed overt DCM
and CHF, of which two were males and two were females.
In the DAU4 group, 12 out of 13 animals presented with
overt DCM (92%), whilst CHF was confirmed in 8 animals
(61%). In DAU4 group, the incidence of overt DCM and CHF
according to sex of the animal revealed that 6 out of 7 males
and 6 out of 6 females presented with overt DCM, whilst HF
was present in 4 out of 7 males and 4 out of 6 females.

3.3. Biochemical Study. Selected biochemical parameters are
shown in Table 1. No differences were observed between the
different groups at baseline. Triglycerides and cholesterol plus
triglycerides were significantly increased at the intermediate
time point in theDOX2 andDAU3 groups, respectively, com-
pared to basal values and control group, whilst in the DAU4
group no significant differences were observed. Also, there
were slight increases in other biochemical parameters such
as creatinine for DOX2 and DAU3 groups at the intermediate
time point; however, these remained within the normal range
for the species [24]. Groups DOX2 and DAU3 developed
marked changes in several biochemical parameters at the
final time point of the study. Thus, rabbits in the DOX2 and
DAU3 groups exhibited a significant increase in creatinine
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and marked combined hyperlipidaemia associated with a
concomitant reduction of total proteins. In addition, the
DAU3 group also showed significant increases in blood
urea nitrogen (BUN), aspartate aminotransferases (AST), and
alanine aminotransferases (ALT). Apart frommild combined
hyperlipidaemia, no significant changes were observed in
biochemical parameters in the DAU4 group at the final time
point (Table 1). Supplemental Table 1 in SupplementaryMate-
rial available online at http://dx.doi.org/10.1155/2015/465342
shows the subanalysis of selected biochemical parameters in
male and female animals from all groups at final time point.
Consistent with the general analysis, both male and female
rabbits in the DOX2 and DAU3 groups had comparable
increases in creatinine values, marked combined hyperlipi-
daemia, and reduction of total proteins in blood relative to
control group, suggesting that none of these alterations had
an underlying causality associated with sex of the animal.
However, even though these changes were marked enough
compared to control group, they were only significant in
DOX2 group, provided the low 𝑛 of animals in DAU3 group
at this time point (type II error). Similarly, and in linewith the
findings of the general analysis, DAU3 group also presented
marked alterations in BUN, AST, and ALT values in both
males and females, although low 𝑛 at this time point in DAU3
group leads to type II error (Supplemental Table 1). Male and
female rabbits from the DAU4 group only exhibited mild
hyperlipidaemia.

3.4. Haematological Study. In all AC treated groups, a sig-
nificant reduction in red blood cells (RBC), haemoglobin,
and haematocrit and increased red cell distribution width
(RDW) were observed at the intermediate time point relative
to basal time point and control group. However, whilst
in groups DOX2 and DAU4 these parameters returned to
normal levels at the end of the induction period, these
remained abnormal or even worsened in the DAU3 group at
the end of the induction period (Table 2). Consistent with
increased haematological toxicity with the DAU3 protocol,
white blood cell (WBC) count also was significantly affected
at the intermediate time point compared to baseline values
and those of control group, although these values returned to
nearly normal at the end of the induction period (Table 2).

3.5. Echocardiographic Study. All groups of the study had
comparable LVEF, FS, and total CSA at basal time point
(Figures 3(a)–3(c)). A repeated measures test within the
control group demonstrated no significant differences on
these parameters of ventricular function at the different time
points of the study. In the DOX2 group, a decrease in LVEF
and FS was observed at the intermediate time point (6 weeks)
and final time point (8 weeks), but this was only statistically
significant for LVEF at the intermediate time point (Figures
3(a) and 3(b)). Whilst at the intermediate time point LVEF,
FS, and total CSA remained unchanged in DAU3 and DAU4
groups compared to basal time point and control group,
all these parameters of ventricular function were markedly
and significantly reduced in rabbits from these groups at
the final time point (Figures 3(a)–3(c)). These changes were
also significantly different in DAU4 group when compared

to DOX2 at this time point (Figures 3(a)–3(c)). Subanalysis
of ventricular function in all groups at the final time point
indicated thatAC-inducedmyocardial damage affectedmales
and females in DAU3 and DAU4 groups to a similar extent.
Thus, marked alterations in LVEF, FS, and total CSA in males
and females were observed at final time point (Supplemental
Figures 1(A)–1(C)). However, whilst these changes were sig-
nificant in DAU4 group, low 𝑛 at final time point in DAU3
group resulted in type II error. On the contrary, ventricular
function remained equally unaffected in males and females
from DOX2 group (Supplemental Figures 1(A)–1(C)).

3.6. Cardiac Troponin I Evaluation. At the basal time point,
no differences in cTnI levels were observed among all groups.
Significant elevations were observed at intermediate time
points in all AC treated groups relative to basal time point
and control group (Figure 3(d)). The levels of cTnI further
increased at the final time point in all groups, although the
most marked increase was observed in the DAU4 group
to the extent of being statistically significant at this time
point compared to values for the DOX2 group (Figure 3(d)).
The cTnI levels in males and females were also analysed at
final time point in all groups (Supplemental Figure 1(D)).
In line with the findings for the general population, marked
elevations of cTnI were observed in both males and females
from all groups, whilst males and females from DAU4 group
exhibited the highest levels of cTnI elevation relative to
control (Supplemental Figure 1(D)).

3.7. Histopathological Examination. Figure 4 shows repre-
sentative photomicrographs of grades 1 and 4, within the
spectrum of AC induced lesions in the myocardium, kidney,
and liver, according to the grading scale used to determine the
score of lesions per organ [7]. The myocardial lesions from
all groups showed similar scores in grading scale as shown
in Table 3. Thus, the myocardium of most animals presented
predominantly with moderate myocytolysis associated with
atrophy and degeneration of myofibrils and replacement
fibrosis (Figures 4(b) and 4(c)). However, the extent of
myocardial lesions was different for all groups. Whilst DOX2
group animals presented mostly circumscribed lesions in
isolated myofibrils, myocardial lesions in animals from the
DAU3 group affected focal groups of myofibrils at 1 level,
and animals of the DAU4 group exhibited lesions involving
more extensive (diffuse) groups of myofibrils at 2 or more
levels (Table 3). Nonpurulent myocarditis associated with the
presence of mononuclear cell infiltration was also a frequent
observation in animals from all groups. Kidney and liver
lesions from all groups showed similar scores, as well as
similar extension of lesions (see Table 4).

4. Discussion

An animal model of AICM suitable to test novel thera-
pies aimed at ameliorating this condition not only should
reproduce the cardiomyopathic effect of AC in scheduled
intravenous injections, thus simulating clinical scenarios
[25], but also should have low mortality at the end of
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Table 2: Haematological parameters.

Parameter Basal Intermediate§ Final
RBC (106/𝜇L)

Control 5.95 ± 0.24 5.93 ± 0.12 6.12 ± 0.20
DOX2 6.06 ± 0.20 4.76 ± 0.26bc 5.44 ± 0.74
DAU3 6.29 ± 0.27 4.87 ± 0.19bc 3.83 ± 0.87bc∗¶

DAU4 6.33 ± 0.25 4.84 ± 0.20bc 5.23 ± 0.23
Haematocrit (%)

Control 36.93 ± 1.76 36.88 ± 0.61 39.53 ± 0.90
DOX2 37.11 ± 1.75 28.42 ± 1.54bc 33.29 ± 2.67
DAU3 36.47 ± 1.10 29.56 ± 0.65 25.40 ± 3.56bc∗¶

DAU4 39.36 ± 0.98 29.16 ± 1.32b 33.94 ± 2.46
Hemoglobin (g/dL)

Control 12.52 ± 0.47 11.75 ± 0.23 12.82 ± 0.30
DOX2 12.21 ± 0.63 9.14 ± 0.32b 10.40 ± 1.23
DAU3 12.18 ± 0.24 8.68 ± 0.24b 6.83 ± 1.08bc∗¶

DAU4 13.07 ± 0.44 9.19 ± 0.40b 9.57 ± 0.59bc

MCV (𝜇m3)
Control 62.17 ± 2.12 62.35 ± 1.41 62.75 ± 1.78
DOX2 61.18 ± 1.87 59.95 ± 3.18 62.40 ± 3.27
DAU3 58.08 ± 1.52 60.88 ± 1.33 62.33 ± 5.03
DAU4 62.29 ± 1.75 60.28 ± 1.36 64.73 ± 3.15

RDW
Control 13.37 ± 0.74 13.95 ± 0.72 13.42 ± 1.14
DOX2 13.08 ± 0.38 18.44 ± 1.15bc 17.32 ± 1.34bc

DAU3 13.48 ± 0.28 20.26 ± 0.83bc¶ 20.47 ± 1.44bc∗

DAU4 12.27 ± 0.41 15.98 ± 0.76bc 19.78 ± 0.78bc

WBC (103/𝜇L)
Control 5.08 ± 1.22 4.86 ± 0.69 5.05 ± 0.82
DOX2 5.77 ± 0.99 6.52 ± 1.14 5.53 ± 0.76
DAU3 4.42 ± 0.64 2.88 ± 0.46bc∗¶ 7.41 ± 0.62bc∗

DAU4 5.43 ± 0.63 4.80 ± 0.72∗ 8.59 ± 1.92bc∗

Differential count (%)
Neutrophils
Control 15.55 ± 2.52 17.57 ± 1.91 22.78 ± 5.20
DOX2 18.20 ± 3.66 12.78 ± 2.49 25.70 ± 9.89
DAU3 14.10 ± 2.19 10.18 ± 4.35 11.10 ± 0.95
DAU4 31.16 ± 9.79 6.58 ± 1.60bc 27.44 ± 3.03

Lymphocytes
Control 68.55 ± 5.25 65.48 ± 2.97 63.50 ± 4.68
DOX2 68.38 ± 4.55 70.63 ± 5.21 55.90 ± 10.34
DAU3 73.27 ± 2.67 76.52 ± 5.47 72.20 ± 1.30
DAU4 55.86 ± 8.73 82.56 ± 2.14 57.15 ± 3.47

§Intermediate time point values were from samples obtained on week 6 in DOX2 group, on week 8 in DAU3 group, and on week 4 in DAU4 group. RBC, red
blood cells; MCV, mean corpuscular volume; RDW, red cell distribution width;WBC, white blood cells. Data expressed as mean ± SEM. Statistical significance
is at p < 0.05; bcompared to basal value; ccompared to control; ∗compared to DOX2; ¶compared to DAU4.

the induction period, thereby allowing sufficient time to
complete experiments to evaluate their efficacy in recover-
ing myocardial function and animal well-being. It also is
desirable that nonspecific toxicities, such as nephrotoxicity,
which do not occur in humans treated with AC [18], are
reduced or absent from the model to avoid the potential

confounding effect of comorbidities in the outcome of the
experiments. Such an animal model is currently unavailable.
The present study presents an experimental protocol for
AICM that generates a high percentage of animals with overt
DCM and CHF with mild manifestations of systemic toxicity
and very low mortality both premature (7.6%) and within
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Figure 3: Changes in echocardiographic parameters and cTnI values during induction of AICM. (a) Left ventricular ejection fraction (LVEF).
(b) Fractional shortening (FS). (c) Total circumferential shortening area (CSA). (d) Cardiac troponin I (cTnI) levels. Data expressed as mean
± SEM. Statistical significance is at 𝑝 < 0.05; (B), compared to basal; (C), compared to control; (∗), compared to DOX2; (#), compared to
DAU3; (¶), compared to DAU4.

Table 3: Scores for grade and extension of histopathological lesions
in the heart.

Group Lesion grade Lesion extension
DOX2 2.65 ± 0.39 1.65 ± 0.44
DAU3 2.63 ± 0.43 2.68 ± 0.47∗

DAU4 2.76 ± 0.32 3.18 ± 0.43∗#

Data expressed as mean ± SEM. Statistical significance is at p < 0.05;
∗compared to DOX2; #compared to DAU3.

two weeks of completing the induction protocol (15.3%).
Furthermore, the occurrence of CHF manifests insidiously
whilst cardiogenic death did not occur abruptly at the end
of the induction period, thus allowing time for functional
evaluation of the animal over an extended period of time.
These qualities result in an improvement over previously
published protocols of AICM in rabbits particularly in the
setting of evaluation of novel therapies for AICM (e.g., stem

Table 4: Scores for grade and extension of histopathological lesions
in kidney and liver.

Group Lesion grade Lesion extension
Kidney

DOX2 3.50 ± 0.71 3.50 ± 0.71
DAU3 2.75 ± 0.50 3.50 ± 0.58
DAU4 3.35 ± 0.57 3.17 ± 0.65

Liver
DOX2 3.00 ± 0.10 3.00 ± 0.10
DAU3 3.00 ± 0.75 3.00 ± 0.71
DAU4 2.88 ± 0.90 3.04 ± 0.75
Data expressed as mean ± SEM.

cell therapy). This refined model is in line with the principles
of the 3Rs and the guidelines of the National Centre for
the Replacement, Refinement and Reduction of Animals in
Research. Thus, lower premature mortality translates into
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Figure 4: Myocardial, renal, and hepatic lesions induced by anthracyclines. (a–c) Representative photomicrographs of myocardial damage.
(a) DOX2 group, grade 1: primary damage of the left ventricular myocardium. Highly intense eosinophilia of the cytoplasm, pyknotic
nuclei [P], and diffuse vacuolar degenerations in cardiomyocytes [∗] are present. (b) DAU3 group, grade 4: conspicuous disperse toxic
myocardial damage. Extensively vacuolated cardiomyocytes [∗] with intense eosinophilic cytoplasm are present. Necrotic cardiomyocytes
[N] phagocytized by macrophages [M] were gradually replaced by proliferated connective tissue (e.g., thick wavy collagen fibers [arrows]).
Mononuclear infiltrate [I] is present within the bundles of these fibers. (c) DAU3 group, grade 4: extensive fibrosis [arrows] in areas with
myocytolysis and necrosis of cardiomyocytes. (d–f) Representative photomicrographs of renal damage. (d) DOX2 group, grade 1: initial renal
tubular necrosis. Lesions of nephrosis with tubular degeneration [∗] are present. (e) DAU3 group, grade 4: focal severe nephropathy. Lesions
of nephrosis with tubular degeneration [∗] and extensive necrosis [N] of tubular cells are frequent. Fibrosis [arrow] andmononuclear infiltrate
[I] are present in these areas. (f) DAU3 group, grade 4: extensive fibrosis [arrows] in areas of toxic nephropathywith degenerations and tubular
necrosis. (g–i) Representative photomicrographs of hepatic damage. (g) DOX2 group, grade 1: initial damage of the liver. Some hepatocytes
show diffuse vacuoles inside cytoplasm [∗]. (h) DAU3 group, grade 4: hepatocytes revealed an extensive toxic damage. Necrotic hepatocytes
are present [N] and abundant hepatocytes show numerous and extensive vacuoles inside cytoplasm [∗]. (i) DAU3 group, grade 4: diffuse
fibrosis [arrows] in areas with necrotic hepatocytes. (a-b), (d-e), and (f-g): haematoxylin and eosin; (c), (f), and (i): Masson’s blue trichrome.

lower number of animals required to complete a study
(reduction), and reduced nonspecific toxicities translate into
reduced unnecessary suffering and improved well-being of
the rabbits throughout the study (refinement).

One of the salient findings of our study is that, in contrast
to the high attrition rate associated with the protocols of

induction used in DOX2 and DAU3 groups (Figure 2),
the DAU4 group exhibited very low premature mortality
(7.6%) during the induction period (with prematuremortality
defined as death of the animal during the course of weekly I.V.
administrations on each group). DAU4 group also exhibited
a significantly higher survival rate within two weeks after
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completion of the induction protocol (Figure 2). Mortality
associated with the induction of heart failure secondary to
AICM in animal models using rabbits is rarely reported.
Among the studies that do reportmortality using protocols of
induction similar to those employed in our DOX2 and DAU3
groups, the premature mortality is consistent with our find-
ings (30–50%) [10, 14, 19]. The significantly lower mortality
in DAU4 group compared to that of DAU3 could be in part
attributable to the fact that whilst higher weekly doses were
administered in DAU4 (3mg/kg/week in DAU3 compared
to 4mg/kg/week in DAU4), these were administered over a
shorter period of time (10 weeks in DAU3 versus 6 weeks
in DAU4). This likely minimises the period of AC exposure,
thus reducing the overall total cumulative dose at the end of
the induction period (30mg/kg in DAU3 group compared to
24mg/kg in DAU4). This resulted in comparable myocardial
damage between DAU4 group and DAU3 group, whilst it
reduced extracardiac toxicity/compromise in DAU4 (see also
relevant discussion below). Other protocols experimentally
trialled by us (e.g., 6mg/kg/week for 4-5 weeks) resulted in
mortalities above 50%, primarily due to toxicity, and were
therefore stopped for ethical reasons and deemed inadequate.

Another important finding of our study is that the
induction protocol used in the DAU4 group is less prone
to induce nonspecific toxicity such as nephrotoxicity and
hepatotoxicity compared to the induction protocols used in
the DOX2 and DAU3 groups. Thus, whilst the DAU4 group
did not exhibit changes in renal or hepatic function, animals
from the DOX2 and DAU3 groups presented changes in
renal function suggestive of nephrotic syndrome. Similarly,
the DAU3 group showed increased levels of AST and ALT,
suggesting compromised liver function in this group. Taking
into account these findings, it is likely that the high mortality
rate observed in the DOX2 and DAU3 groups is, at least
in part, explained by the increased incidence of nonspecific
toxic effects also observed in these groups (see also relevant
discussion below). The sensitivity to the nephrotoxic effects
of AC in rodents, which is not observed in humans [18],
has been extensively used as a model of nephrotic syndrome
which replicatesmost of the pathological features of focal and
segmental glomerulosclerosis seen in humans [26, 27]. The
nephrotoxicity observed in the DOX2 and DAU3 groups is
consistent with previous reports [10, 19, 28, 29]. Hepatotox-
icity induced by doxorubicin in rabbits has been described
previously in one report [20]; however, we did not find alter-
ations in biochemical markers of liver function in the DOX2
group. Interestingly, previous studies that used a protocol of
induction as in the DAU3 group in the present study did
not report alterations in liver function tests [10, 19]. The
reasons for these differences are unknown. Nevertheless, the
changes in AST and ALT at the final time point in the DAU3
group suggest marked hepatocellular damage. Whilst this
could be a consequence of direct AC-induced hepatotoxicity,
other mechanisms could be partially responsible as well (see
also relevant discussion below). Given the shorter period of
exposure in the DAU4 group and the absence of nonspecific
toxicities/compromise such as nephrotoxicity and hepatotox-
icity as suggested by elevations in biomarkers of kidney and
liver damage, it is reasonable to conclude that these toxicities

are in part related to the length of exposure to AC, as opposed
to cardiotoxicity, which is directly related to the cumulative
dose received, although other potential explanations are also
possible (see also relevant discussion below) [21].

In our study, haematological toxicity mostly affected red
blood cells and was common to all groups of this study
even though for most altered parameters this was transient
since this was observed at the intermediate time point and
recovered to normal or near normal levels at the final time
point in the DOX2 and DAU4 groups, whilst it remained
altered in the DAU3 group (Table 2). Haematological toxicity
consistent with myelosuppression (i.e., reduced number of
RBC, WBC, and platelets) has been reported previously
in patients treated with AC [30, 31] and appears to be a
common feature of many antineoplastic drugs [32]. We did
not observe alterations in platelet count in any of the groups
studied and only transient leukopenia in the DAU3 group,
which is consistent with previous studies using protocols of
induction similar to those used in the DAU3 group [10, 19].
The finding that this is also observed in the DAU4 group
suggests that this toxicity is independent of the scheduled
dosing of AC. Indeed, given the high activity of AC in
haematological malignancies, this toxicity could be related to
their therapeutic benefits [1, 2].

Evaluation of left ventricular function by echocardio-
graphy is a reliable noninvasive method for diagnosis of
AICM, which has good correlation with invasive catheter-
based functional analysis in rabbit models of AICM [10]. It
is interesting to note that in this study the echocardiographic
studies were planned and supervised by European board-
certified veterinary cardiologists with extensive clinical expe-
rience, which adds value to the results and ensures the
rigorousness of the studies. Monitoring of LVEF and FS
demonstrated progressive reduction in these parameters only
in the DAU3 and DAU4 groups. On the other hand, with
the exception of a transient decline in LVEF at the interme-
diate time point (6 weeks) in animals of the DOX2 group,
these parameters remained almost unchanged throughout
the induction period, and none of the animals from this
group developed overt DCM or CHF. This is in contrast to a
previous study by Gava et al. who used an induction protocol
as in theDOX2 group in our study, which found a progressive
decline in both LVEF and FS from as early as 6 weeks [15].
Similar to our findings, another study, using even higher
doses of doxorubicin (doxorubicin 3mg/kg per week for 10
weeks), also failed to demonstrate significant changes in left
ventricular function [19]. The reasons for these discrepancies
are unknown at present, however, since our histopathological
studies indicate that this group exhibited the lowest score of
extension of myocardial damage (see also relevant discussion
below); the cause of death in this groupwas exclusively due to
systemic toxicity, andmortality in the study of Gava et al. was
70% (causes and timing of these deaths were not reported) as
opposed to 50% in our study [15]; we suggest that this proto-
col of induction may not be suitable for exploring the poten-
tial benefits of novel therapies for HF secondary to AICM.

The incidence of overt DCM for the DAU3 and DAU4
groups was 66% and 92%, respectively, which ultimately
translated to an incidence of CHF of 66% (group DAU3) and
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61% (group DAU4). Of note, whilst the development of overt
DCM and CHF in the DAU3 group was simultaneous in all
cases, this was usually full blown severeCHF and very quickly
(within a couple of days) resulted in the death of the animal, in
contrast to a more insidious presentation in the DAU4 group,
in which incidence of overt DCM was very high followed in
most cases within days by CHF, which persisted for several
weeks before death ensued. Other parameters of myocardial
damage were also more exacerbated in DAU4 group. Thus,
whilst an elevation of cTnI, a marker of myocardial cellular
damage, was observed in all groups, much higher levels
were detected in the DAU4 group at the final time point
(Figure 3(d)). Of note, none of the differences observed in
LVEF, FS, total CSA, or cTnI between DAU3 and DAU4
groups were statistically significant, despite a clear trend
(Figure 3). Elevation of cTnI has been documented previously
in rabbits treated with an induction protocol as in the DAU3
group in our study [33].

Histopathological examination revealed that whilst ani-
mals of all groups have a similar grade of myocardial lesions,
these were more conspicuous in the DAU4 group, since the
score of extension of lesions observed in this group was sig-
nificantly higher than that in the other groups (Table 3). The
histopathological findings of the heart, kidney, and liver in the
DOX2 andDAU3 groups are consistent with previous reports
[10, 15, 19]. Of note, despite marked elevations in surrogate
biomarkers of renal injury in DOX2 and DAU3 groups and
of liver injury in DAU3 group compared to DAU4 group
and control group at final time point, the scores of kidney
and liver lesions in grade and extension of damage amongst
the AC treated groups were similar upon histopathological
examination (Table 4). Whilst nephrotoxicity and hepatotox-
icity have been described in rabbits treated with AC, these
may not completely explain this lack of correlation between
blood biomarkers and histopathology findings and it is worth
elucubrating about other potential explanations. The rabbits
from DOX2 group were greatly affected by general toxicity
and exhibited the highest mortality (50%). Rabbits from
this cohort were often observed to be asthenic, subsequently
developed anorexia, and near the end of the protocol (or end
of their life) appeared cachectic, which likely resulted from an
increased catabolic state, leading to emaciation, a condition
often associated with multisystem organ failure, including
kidney damage. These observations could explain, at least in
part, the elevated creatinine observed in this group. On the
other hand, 66%of rabbits fromDAU3group developed overt
DCM which was quickly followed by progression to a severe
form of CHF, which resembled acute severe decompensated
CHF, with death ensuing within days. Hepatic (retrograde)
congestion could in part explain the increased elevations
of ALT and AST. Hypoperfusion secondary to poor pump
performance and neuroendocrine activation (which is more
marked in some forms of CHF such as acute decompen-
sated CHF) and associated peripheral and renal-splanchnic
vasoconstriction could contribute to increased renal damage
(even though renal damage secondary to CHF (cardiorenal
syndrome) is multifactorial) [34] and thus explain to some
extent elevated biomarkers of kidney injury (e.g., creatinine
and BUN) in the setting of AC treatment in this group.

Some long-term association studies indicate that among
childhood cancer survivors treated with AC girls appear
to have increased risk of developing long-term AICM [35,
36]. Interestingly, amongst adults, men appear to be more
sensitive than women to AICM [37]. Gender differences also
appear to play a role in rodent models of AICM and AC
nephropathy, with males and ovariectomized females being
more affected than females [38–40]. Although evidence is still
inconclusive, with recentmetaregression analyses and associ-
ation studies indicating that female sex is not a risk factor for
AICM [41, 42], most of the current available evidence points
to the conclusion that oestrogen could have a protective role
in AICM. We did not find any clear difference attributable
to gender in terms of mortality, incidence of overt DCM, or
congestive heart failure, as suggested by a similar percentage
of males and females from DAU3 and DAU4 groups being
affected in the present study. Similarly, at the final time point,
we did not find any significant differences in biomarkers of
cardiac (i.e., LVEF, FS, total CSA, and cTnI levels), renal (e.g.,
creatinine and BUN), or hepatic (i.e., AST and ALT) function
amongst males and females on each of the AC treated groups
(Supplemental Table 1 and Supplemental Figure 1). Thus, in
contrast to experimental studies in rodents, taken together,
our data do not support a link between gender differences
and AC toxic sensitivity in rabbits. Of note, beyond a clear
ACmediated toxicity, our studywas not powered to assess sex
differences to AC sensitivity in theDAU3 group, thus limiting
our conclusions in this respect.

Taken together, our results suggest that during the
induction of AICM the overall extracardiac physiology of
rabbits from DOX2 and DAU3 groups was more severely
compromised compared to that of the rabbits from DAU4
group, whilst DAU4 induced comparablemyocardial damage
to that of DAU3 group (Figure 3). We believe that the
refined induction protocol used in the DAU4 group could be
better suited for evaluation of novel therapies (e.g., stem cell
therapy) aimed at ameliorating the condition, given the high
incidence of overt DCM and the insidious and more stable
form of CHF that follows, which translates into increased
survival at the end of the induction period. As a note added
in proof, we have recently reported that, using the protocol
of induction as in DAU4 group and successful induction of
AICM, stem cell therapy with amniotic membrane-derived
mesenchymal stem cells (AM-MSC), administered percuta-
neously via intramyocardial injection, significantly improved
ventricular function at 2 and 4 weeks after transplant and
also significantly improved survival compared with control
group [43]. We also believe that the protocol used in DAU3
group is still very valuable in evaluation of novel cardiopro-
tective drugs, aimed at preventing development AICM in the
preclinical setting and serving as a model for the study of
pathophysiological aspects of AICM.

5. Conclusion

Our results indicate that, compared to other protocols of
induction of AICM (as in the DOX2 and DAU3 groups), a
protocol using daunorubicin 4mg/kg per week for 6 weeks
(as in the DAU4 group) results in a high percentage of
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animals with overt DCM (92%) and CHF (61%), with mild
manifestations of nonspecific systemic compromise, very low
premature mortality (7.6%) during the induction period,
and low cumulative mortality within the two weeks after
completion of the induction protocol, which translated into
a significantly higher survival rate at this stage, whilst devel-
opment of CHF was more insidious (compared to the DAU3
group, in which abrupt development of CHF was quickly
followed by death of the animals). We propose that this
refinement of the model of AICM in rabbits, which translates
into a more predictable cardiotoxicity, represents a useful
tool for the preclinical evaluation of novel therapies (e.g.,
drugs or stem cell therapy) for the treatment of heart failure
secondary to AICM, as well as the study of the molecular
mechanisms involved in the development of AICM. This
refinement is also in line with the guidelines of the National
Centre for the Replacement, Refinement and Reduction of
Animals in Research and the 3Rs principles, since the reduced
nonspecific toxicity and lower mortality would ultimately
translate into improved overall well-being of the animals
and reduced amount of animals required for this type of
research. However, we believe that the protocol used in
DAU3 group is still very valuable in evaluation of novel
cardioprotective drugs, aimed at preventing development
AICM in the preclinical setting, and for the study of the
pathophysiology of AICM.
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Chronic heart failure (CHF) is a global health problem affecting millions of people. Autonomic dysfunction and disordered
breathing patterns are commonly observed in patients with CHF, and both are strongly related to poor prognosis and highmortality
risk. Tonic activation of carotid body (CB) chemoreceptors contributes to sympathoexcitation and disordered breathing patterns
in experimental models of CHF. Recent studies show that ablation of the CB chemoreceptors improves autonomic function and
breathing control in CHF and improves survival. These exciting findings indicate that alterations in CB function are critical to the
progression of CHF.Therefore, better understanding of the physiology of the CB chemoreflex in CHF could lead to improvements
in current treatments and clinical management of patients with CHF characterized by high chemosensitivity. Accordingly, themain
focus of this brief review is to summarize current knowledge of CB chemoreflex function in different experimental models of CHF
and to comment on their potential translation to treatment of human CHF.

1. Introduction

Chronic heart failure (CHF) is a disease condition character-
ized by highmortality, frequent hospitalizations, poor quality
of life, multiple comorbidities, and complex therapeuticman-
agement [1]. Accordingly, CHF is considered a major public
health problem throughout the world [2]. In addition, it has
been estimated that approximately 20% of the worldwide
population will suffer a certain degree of cardiac failure at
some point in their lifetime [3].

CHF is characterized by a progressive decrease in cardiac
function, which severely impacts blood and oxygen supply
to several organs [4–6]. Two pathophysiological hallmarks
of CHF are the presence of autonomic imbalance and
disordered breathing patterns, both of which are strongly
related to the progression of the disease [7–10]. In addition,

a heightened carotid body (CB) chemoreflex drive has been
shown to play a pivotal role in the development of cardiores-
piratory disorders in CHF [11, 12].

Remarkably, it has been shown that CHF patients with
an enhanced CB chemoreflex sensitivity have significantly
higher mortality rates compared to patients with normal
CB chemoreflex sensitivity [12]. In experimental CHF, Del
Rio et al. (2013) [13] has shown that elimination of the
CB chemoreflex markedly attenuated deterioration of car-
diac function and improved survival. Together, these results
strongly support a crucial role of the CB chemoreflex in the
progression of CHF.The physiological mechanisms related to
heightened CB chemoreflex drive in CHF and its deleterious
effects are not completely known. Therefore, understanding
the contribution of the CB chemoreflex in the pathophys-
iology of CHF is important to improve current treatments
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Table 1: Incidence of autonomic imbalance, breathing disorders and carotid body chemoreflex potentiation in experimental CHF.

Autonomic imbalance Breathing disorders Altered CB chemoreflex References
MI-CHF ∙ ∙ ∙ [13]
RP-CHF ∙ ∙ ∙ [35]
AB-CHF ∙ — — [39]
G-CHF ∙ ∙ ∙ [41]
ACS-CHF ∙ — — [44]
∙: described in the literature; —: not described in the literature. MI-CHF: myocardial infarct chronic heart failure; RP-CHF: rapid pacing chronic heart failure;
AB-CHF: aortic banding chronic heart failure; G-CHF: genetic chronic heart failure; ACS-CHF: aortocaval shunt chronic heart failure.

and clinical management of CHF patients and to further
develop new therapeutic strategies intended to normalize
CB chemoreflex function in CHF. Accordingly, the main
focus of this review is to summarize current knowledge of
CB chemoreflex function in several CHF models and com-
ment on the potential translational significance to human
CHF.

2. Carotid Body Chemoreflex and
Heart Failure

TheCB are the main arterial chemoreceptors involved in car-
diovascular and ventilatory adjustments following changes
in blood levels of O

2

, CO
2

, pH, and blood flow [14–17].
The CB is organized in clusters of chemoreceptor cells
(type I) in charge of sensing bloodstream stimuli, which
are surrounded by sustentacular glial cells (type II). The
current model of CB chemotransduction theorizes that a
chemoreceptor stimulus elicits depolarization of the glomus
cells which in turn triggers an increase in [Ca2+]i and the
release of several neurotransmitters which act on sensory
nerve endings projecting centrally from the petrosal ganglion
[18]. Chemosensory nerve fibers from the CB project to the
nucleus tractus solitarius (NTS), which integrates the CB
afferent input [19–21]. Central CB chemoreflex integration
takes place in the NTS which in turn sends projections to
the respiratory neuronal network and key autonomic nuclei
in the brainstem, such as the rostral ventrolateral medulla
(RVLM) [22]. In experimental CHF, CB chemoreceptors
become tonically active resulting in hyper-activation of
RVLM presympathetic neurons and subsequent increases in
sympathetic outflow [9, 23].

Importantly, CB chemoreflex activation in CHF is associ-
ated with the severity of the disease [12]. Recent studies using
selective ablation of the CB chemoreceptors indicate that the
CB chemoreflex plays a pivotal role in the cardiorespiratory
alterations in experimental CHF [9, 24]. To date, several
experimental models of CHF have been used to characterize
the molecular and physiological pathways associated with
tonic activation of the CB chemoreflex in CHF and its
influence on disease progression.

3. Experimental Heart Failure Models

There are numerous experimental models of CHF that reca-
pitulate many of the pathophysiological abnormalities that

occur in human CHF (Table 1). While murine models are
the most widely used, rabbits, sheep, and dogs have also
been used to study CHF. In the paragraphs to follow we
review what is known about the role of CB chemoreflex
function in autonomic and respiratory alterations. Also, we
discuss the potential mechanisms related to the development
of heightened CB chemosensory function in CHF.

3.1. Myocardial Infarction Model. In the myocardial infarc-
tion-induced CHF model (MI-CHF), heart failure is gener-
ated through the surgical induction of ischemia in cardiac
tissue. Two experimental approaches have been used. The
first approach is characterized by electrocauterization of the
epicardial surface to induce small focal infarctions [25]. The
second and more frequently used experimental approach
requires ligation of the descending coronary artery [26].
It has been shown that MI-CHF rats display an increase
CB chemoreflex and CB chemoreceptor activity within 6–8
weeks of infarction [9, 27]. In addition, MI-CHF rats develop
autonomic imbalance characterized by changes in heart rate
variability, increased renal sympathetic nerve activity, and
increases in circulating norepinephrine levels (Table 2) [28–
30]. Moreover, an increased incidence of respiratory disor-
ders is also observed in MI-CHF rats (Table 3) [31]. Impor-
tantly, Del Rio et al. (2013) [13] showed for the first time that
selective bilateral CB denervation in MI-CHF rats decreased
the activity of presympathetic neurons of the RVLM, reversed
autonomic imbalance, and markedly reduced mortality risk.
Taken together, these findings indicate that CB chemoreflex
plays an important role in the pathophysiology of the MI-
CHF model.

3.2. Rapid Ventricular Pacing Model. The rapid-pacing CHF
(RP-CHF) model is characterized by a tachycardia-induced
cardiomyopathy. This CHF model produces elevated ven-
tricular filling pressures and reduced systolic and diastolic
ventricular function. Additionally, this model is associated
with intense neurohumoral activation and disordered breath-
ing patterns (Shinbane et al. 1997) [32]. Sun et al. (1999)
[23] showed that 3 weeks of rapid pacing was necessary
to induce CHF in rabbits. Li et al. (2005) [33] showed
that RP-CHF rabbits displayed enhanced CB chemoreflex
function evidenced by increases in both sympathetic nerve
activity [33] and ventilatory responses to acute hypoxic
stimulation [34]. Additionally, cardiac autonomic imbalance
was also shown in this model by means of reductions in the
total power of heart rate variability (Table 2) [35]. Recently,



BioMed Research International 3

Table 2: Hemodynamic, autonomic balance, and baroreflex function in CHF models.

Hemodynamic Autonomic balance Baroreflex References
BP HR U-NE HRV Blockers Oxford BRS

MI-CHF — — ↑ ↓

Symp. ↑
Parasymp. ↓ ↓ ↓ [13, 55, 61]

RP-CHF ↓ ↑ ↑ ↓

Symp. ↑
Parasymp. ↓ — ↓ [33–35, 61, 62]

AB-CHF ↑ ↑ ↑ ND — ND — [39]
G-CHF ND — ND ↓ ND ND ND [41]
ACS-CHF ↓ — ↑ ND ND ↓ ND [39, 42]
BP: blood pressure; HR: heart rate; HRV: heart rate variability; U-NE: urinary norepinephrine; Blockers: Propranolol/Atropine test; Oxford: baroreflex test
address by phenylephrine and sodium nitroprusside i.v. infusion; BRS: spontaneous baroreflex sensitivity; ND: not described; ↑: increased; ↓: decreased; and
—: without difference compared to control healthy condition. MI-CHF: myocardial infarct chronic heart failure; RP-CHF: rapid pacing chronic heart failure;
AB-CHF: aortic banding chronic heart failure; G-CHF: genetic chronic heart failure; ACS-CHF: aortocaval shunt chronic heart failure.

Table 3: Periodic breathing, breathing irregularity, and apnea/hypopnea score in experimental CHF.

Periodic
breathing

Breathing
irregularities

Apnea/hypopnea
index References

MI-CHF ND ↑ ↑ [26]
RP-CHF ↑ ↑ ↑ [35]
AB-CHF ND ND ND
G-CHF ND ↑ ↑ [41]
ACS-CHF ND ND ND
ND: not described; ↑: increased; ↓: decreased; and —: without difference compared to control healthy condition. MI-CHF: myocardial infarct chronic heart
failure; RP-CHF: rapid pacing chronic heart failure; AB-CHF: aortic banding chronic heart failure; G-CHF: genetic chronic heart failure; ACS-CHF: aortocaval
shunt chronic heart failure.

Marcus et al. (2014) [24] provided compelling evidence that
the CB chemoreceptors play a pivotal role in the progression
of RP-CHF. In this model, CB denervation performed after
the development of CHF significantly reduced renal sympa-
thetic nerve activity and incidence of disordered breathing
patterns, restored cardiac autonomic balance, and reduced
exaggerated respiratory-sympathetic coupling (Table 3) [10,
24].

3.3. Ascending Aortic Constriction Model. Banding of the
ascending aorta is an experimental technique to produce
a pressure-overload form of CHF (AB-CHF). This surgical
approach requires reducing aortic diameter by tying a suture
around the ascending aorta [36]. Banded animals develop
hypertension and left ventricular hypertrophy.After 18weeks,
the banded animals have clear signs of CHF [37]. The
CB chemoreflex has not been studied in AB-CHF animals;
however it has been shown that hypoxic stimulation induced
an increase in the left ventricular end diastolic pressure [38].
This result suggests that CB activation may play a role in
the regulation of cardiac function in AB-CHF. In addition,
results showing that AB-CHF rats displayed an increased
renal sympathetic nerve activity in response to hypercapnic
stimulation suggest a plausible contribution of central and/or
CB chemoreflex pathways in the regulation of sympathetic
outflow [39]. Further studies are needed to determine if the
CB chemoreflex pathway plays any role in the progression of
AB-CHF.

3.4. Dilated Cardiomyopathy Genetic Model. Genetic models
of CHF are less common; however one genetic CHF model
(G-CHF) expresses a dominant-negative form of the basic
leucine zipper CREB transcription factor CREBA133 (Ser-
Ala133) [40]. Mutant mice showed clear signs of CHF with
the presence of cardiac hypertrophy and neurohumoral
activation. Importantly, G-CHF mice showed an increased
CB chemoreceptor activity and chemoreflex response to
hypoxia [41]. Additionally, breathing regularity wasmarkedly
impaired compared to the ventilatory rhythm observed in
normal mice (Table 3). Also, G-CHF mice displayed ventric-
ular arrhythmias that were normalized by denervation of the
CB chemoreceptors [41].This result strongly suggests that the
CB chemoreflex contributes to the development of cardiac
arrhythmias.

3.5. Aorto-Caval Shunt Model. Volume overload is com-
monly used to induce CHF with preserved ejection fraction
[42]. The most used animal model is the aorto-caval shunt
CHF model (ACS-CHF). Here an arteriovenous shunt is
surgically created between the inferior vena cava and the
abdominal aorta to induce a significant cardiac volume
overload [43]. This experimental approach leads to diastolic
CHF and is characterized by neurohumoral activation and
sympathetic hyperactivity (Table 2) [44]. The contribution of
the CB chemoreflex in the development of cardiorespiratory
impairment in ACS-CHF has not previously been studied.
Kristen et al. (2002) [39] showed that hypercapnic stimulation
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triggered a modest sympathetic response in rats with ACS-
CHF.This result suggests that central and/or CB chemorecep-
tors may regulate autonomic balance in ACS-CHF. To date,
breathing instability has not been evaluated in this model
(Table 3). Future studies should focus on the understanding
of the contribution of the CB and central chemoreceptors in
the progression of autonomic imbalance in ACS-CHF.

4. Mechanisms of Altered Carotid Body
Function in CHF

While the mechanisms underpinning CB potentiation in
CHF are not fully understood it has been widely accepted
that angiotensin peptides and oxidative stress both play a
major role in the enhanced CB chemoreflex drive observed
in CHF (for review see [45–48]). Circulating angiotensin II
(AngII) levels are significantly higher during the progression
of CHF. In addition, the presence of a local angiotensin
production system in the CB has been described [47] and
could contribute as well. In support of this notion, AngII
levels are higher in the CBs from CHF rabbits compared to
controls [33]. It has been proposed that AngII could alter
CB function in CHF by altering redox balance, as increased
circulating or local AngII could increase production of
superoxide (O

2

∙−) radical via activation of the AT1R [33].
Indeed, it has been shown that AT1R blockers effectively
reduced CB afferent activity in CHF [33]. The mechanisms
that subsided the effects of AngII on CB function have
been related to NADPH oxidase-dependent O

2

∙− produc-
tion since application of phenylarsine oxide (an NADPH
oxidase inhibitor) significantly reduced CB chemosensory
afferent activity [49]. Furthermore, themolecularmechanism
that relates AngII with changes in CB chemoreceptor cell
excitability has also been described [50]. In CHF, increases
in AngII-dependent oxidative stress inhibit voltage gated K+
channels and depolarize CB glomus cells [50]. In addition
to increases in prooxidant factors, during CHF the CBs
also undergo a marked reduction in the expression of
antioxidant enzymes. Indeed, CuZn- andMn-SOD enzymes,
two important cellular scavenger of O

2

∙− [51], have been
shown to be downregulated in the CB from CHF rabbits
[52]. Accordingly, in vivo CB transfection with CuZn- and
Mn-SOD transgenes restores normal CB chemoreceptor cells
excitability by normalizing resting membrane potential to
values comparable to the ones obtained in control CBs [53].
Taken together, these findings show that AngII and oxidative
stress contribute to altered CB function in CHF.

In addition to AngII, endothelin 1 (ET-1), another potent
vasoactive peptide, has been shown to be constitutively
expressed within the CB tissue along with its type A (ET-AR)
and B (ET-AR) receptor [54–56]. Furthermore, ET-1 medi-
ated signaling through the ET-AR has been shown to enhance
the CB afferent activity [54]. Moreover, in intermittent
hypoxia mimicking obstructive sleep apnea (OSA) model,
ET-1 and ET-AR have been shown to mediate CB chemosen-
sory potentiation [54, 55]. Interestingly, OSA and CHF are
both characterized by the presence of an enhanced CB affer-
ent activity and autonomic imbalance [27, 57]. Despite this
evidence, the contribution of ET-1 and endothelin receptors

in CHF has not been studied. However, ET-1 levels have
been found to be increased in the plasma of CHF patients
[58]. Therefore, it is plausible that increased ET-1 levels in
experimental CHF could also play a role in enhancing CB
chemosensory afferent activity. Further studies are needed to
uncover the role of ET-1 on CB chemosensory function in
CHF.

Recently, a CB type II cell-dependent modulation of
glomus cell function has also been described [59, 60]. This
novel mechanism seems to be related to the activation of
the type II cell and the further paracrine secretion of the
putative neurotransmitter ATP to the vicinity of glomus cells
and sensory nerve endings [60]. Interestingly, type II cells as
well as glomus cells display AT1R expression [59]. Then, it is
plausible that local and/or systemic increases in AngII levels
during the progression of CHF could activate type II cells
causing ATP release and chemosensory excitation. Future
studies should focus on the role of CB type II cells in the
augmented CB chemosensory afferent activity during CHF.

5. Conclusions and Perspective

CHF is characterized by sympathetic hyperactivity indepen-
dent of the etiology of the cardiac failure. In addition, it has
been shown that a significant proportion of CHF patients
displays elevated CB chemoreflex drive [12]. Several CHF
experimentalmodels also display heightenedCB chemoreflex
drive, and this is positively correlated with the severity of
the disease. Recent exciting studies indicate that ablation
of the CB chemoreceptors not only improves autonomic
function and reduces disordered breathing patterns in exper-
imental CHF but also improves survival. More importantly,
Niewiński et al. (2013) [53] has recently shown the relevance
of the CBs in human CHF. In a pilot study with one CHF
patient (NYHA class II) they show that CB denervation is
an effective therapeutic strategy to reduce the progression of
the disease. Two and six months after CB denervation the
patient showed clear signs of an improvement in autonomic
control (total heart rate variability and baroreflex gain),
sleep breathing disorders (apnea/hypopnea score), exercise
tolerance, and an important improvement in his quality
of life [51]. Together, preclinical and clinical studies unveil
the relevance of the CB chemoreflex in the progression of
systolic CHF. These findings raise the question of whether
the CB chemoreflex should be tested in all forms of CHF
(i.e., systolic versus diastolic). Unfortunately, CB chemoreflex
function has not been investigated in experimental models
of diastolic CHF. Taking into account the impressive results
of previous studies showing the benefits of CB denervation
in experimental and human systolic CHF, future studies
addressing the role of the CB in the progression of autonomic
imbalance and disordered breathing patterns in nonsystolic
CHF are important for the development of future strategies
intended to improve quality of life and survival in these
patient populations.
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Patients with left ventricle (LV) volume overload (VO) remain in a compensated state for many years although severe dilation
is present. The myocardial capacity to fulfill its energetic demand may delay decompensation. We performed a gene expression
profile, a model of chronic VO in rat LV with severe aortic valve regurgitation (AR) for 9 months, and focused on the study of
genes associated with myocardial energetics. Methods. LV gene expression profile was performed in rats after 9 months of AR
and compared to sham-operated controls. LV glucose and fatty acid (FA) uptake was also evaluated in vivo by positron emission
tomography in 8-weekAR rats treated or not with fenofibrate, an activator of FA oxidation (FAO).Results.Many LV genes associated
with mitochondrial function and metabolism were downregulated in AR rats. FA 𝛽-oxidation capacity was significantly impaired
as early as two weeks after AR. Treatment with fenofibrate, a PPAR𝛼 agonist, normalized both FA and glucose uptake while
reducing LV dilation caused by AR. Conclusion. Myocardial energy substrate preference is affected early in the evolution of LV-
VO cardiomyopathy. Maintaining a relatively normal FA utilization in the myocardium could translate into less glucose uptake and
possibly lesser LV remodeling.

1. Introduction

Aortic regurgitation (AR) is associated with a long asymp-
tomatic period during which the left ventricle (LV) pro-
gressively dilates and hypertrophies in response to chronic
volume overload. This process is accompanied by a decrease
in LV function, occurrence of symptoms, and eventually heart
failure [1]. No medical therapy has yet been clearly shown to
be effective to slow dilation, hypertrophy, and loss of function
or to have any impact on morbidity or mortality [2]. Chronic
AR often secondary to rheumatic fever is a condition still
frequent in developing countries and in populations having
less than adequate access to health care [3, 4].

Gene expression profiles have been established in several
animal models of LV eccentric hypertrophy, including by
us in a rat model after two weeks of severe AR, a period
characterized with intense LV remodeling [5–8]. A similar
profile has not been performed at a later stage of the disease.
Considering that AR is a chronic condition often evolving
over decades in human, the study of animals later in the
disease is of great interest. Contrary to the fast evolution of
other VO models such as aortocaval fistula (ACF), severe
AR in rats is associated with important LV hypertrophy
and dilation, moderate loss of systolic function, diastolic
dysfunction, and a low rate of congestive heart failure [9–
11]. Significant LV fibrosis and increased myocardial collagen
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content are present later in the evolution of this disease which
is associated with increased mortality [9].

Abnormalities in energy metabolism in the rat ARmodel
are consistent with a pattern of substrate utilization favoring
glucose instead of fatty acid oxidation (FAO) [12–14]. These
changes have been associated with a general decrease in
the activity of enzymes implicated in FAO and PPAR𝛼
expression, a transcription factor controlling a number of
genes implicated in this process [14, 15].

Here, we present LV gene expression profiling late (9
months) during the evolution of this eccentric hypertrophy
model caused by severe aortic valve regurgitation in male
Wistar rats. We show a general downregulation of genes
involved in fatty acid oxidation and bioenergetics. These
anomalies occur early in the disease and result in observ-
able changes of in vivo myocardial substrate preference as
investigated by micropositron emission tomography.We also
demonstrate that this can be countered by treating AR rats
with a PPAR𝛼 agonist, fenofibrate.

2. Methods

2.1. Animal Experiments. Six groups of Wistar male rats
(350–375 g) purchased from Charles River (Saint-Constant
QC, Canada) were studied for either 2, 14, or 270 days. For
each end-point time, the animals were divided in two groups:
sham-operated animals or AR. Groups were composed of 8
animals with the exception of the 270-day AR group which
is composed of 15 animals. The protocol was approved by
the Université Laval’s Animal Protection Committee and
followed the recommendations of the Canadian Council
on Laboratory Animal Care. Severe AR was induced by
retrograde puncture of the aortic valve leaflets under echocar-
diographic guidance as previously described [16–18]. Only
animals with >65% regurgitation were included in the study.
A complete echo exam was performed before AR induction
and at the end of the protocol as previously described [13, 14].
Left ventricular and arterial pressures and 𝑑𝑃/𝑑𝑡 (positive
and negative) were measured invasively using a dedicated
catheter under 1.5% isoflurane anesthesia (5 animals/gr.) [10,
11, 16].The hearts were harvested as previously described [13].

2.2. Microarray Analysis. Total LV RNA was extracted from
stored LV tissues (Sham and AR-sed (𝑛 = 5/group)) as
previously described [8]. The biotin-labeled cRNA prepara-
tions were hybridized to BeadChip RatRef-12 microarrays
(Illumina; San Diego, CA) according to supplier’s protocol
(11286340 rev. A), using 750 ng per array. After hybridiza-
tion and washes, arrays were incubated in streptavidin-Cy3
solution and washed, and fluorescence data were collected
on a BeadArray reader (Illumina). Treatment of data was
performed with the FlexArray software package (version
1.6.3, http://genomequebec.mcgill.ca/FlexArray). Raw fluo-
rescence data were processed and normalized with the
lumi Bioconductor package (http://bioconductor.org/) ver-
sion 1.1.0., and differential expressionwas determined accord-
ing to the random variance model of Wright and Simon
(SAManalysis) [19]. Complete data (complyingwithMIAME

guidelines) are available at the GEO database (NCBI) under
the Accession number GSE17050. Genes were considered
regulated when their fold change value was greater than 1.5
or less than 0.67. The change 𝑝 value had to be below 0.01
for regulated genes. The comparative analysis of expression
data using the gene ontology (GO) vocabularywas performed
using the EASE software [20].

2.3. Analysis of mRNAAccumulation byQuantitative RT-PCR.
The analysis of LV mRNA levels by quantitative RT-PCR
has been described in detail elsewhere [8]. QuantiTect and
IDT (Coralville, Iowa) Primer Assays (preoptimized specific
primer pairs (see Tables 1 and Supplementary Table S1 in
Supplementary Material available online at http://dx.doi.org/
10.1155/2015/949624)) and QuantiFast SYBR Green PCR kits
(Qiagen) were used. We also used one pair of nonpre-
optimized primers for ECHS1 (5-GCTTTCAGGGTGTCT-
TGATTTG-3 and 5-GAGCTATGCACTGCAGATAGT-3;
95 bp transcript). Cyclophilin A (PPIA) was used as the
control “housekeeping” gene.

2.4. Enzyme Activity Determination. Left ventricle samples
were kept at −80∘C until assayed for maximal (𝑉max) enzyme
activities as described elsewhere [12–15].

2.5. Mitochondrial DNA Quantification. LV tissue DNA was
isolated using standard procedure and ten nanograms of each
sample were analyzed in triplicate using theQuantiFast SYBR
Green PCR kit. QuantiTect primers (QT00371308) for the
rat Edn1 intronless gene were used for the relative quan-
tification of nuclear DNA, whereas the mitochondrial DNA
was quantified with a rat Cox1 (GenBank AY172581) specific
primer pair: forward, 5-AGAAGCTGGAGCTGGAACAG-
3; reverse, 5-AGATAGAAGACACCCCGGCT-3.

The relative cell mitochondrial DNA copy number was
calculated in a similar way as for gene expression analysis.

2.6. Staining for Capillaries DensityMeasurement. Sections of
8 𝜇m thickness were cut from the frozen left ventricle and
were stained with isolectin B4 from Bandeiraea simplicifolia
coupled with horseradish peroxidase (Sigma, Mississauga,
ON, Canada), and capillary density was analyzed in the
subendocardial region of the LV myocardium (inner third)
as described elsewhere [21].

2.7. Small Animal𝜇PETProtocol. AdultmaleWistar rats were
divided into 3 groups as follows: (1) Sham-operated control
animals (Sham; 𝑛 = 5); (2) AR controls (AR; 𝑛 = 5);
(3) AR rats treated with fenofibrate (100mg/kg/day PO in
unsweetened fruit gelatin daily; SF; 𝑛 = 5). Fenofibrate was
started one week before surgery and continued for 9 weeks
until sacrifice [15]. Imaging experiments and data analysis
were performed essentially as described before [13, 14, 22–26]
on a LabPET avalanche photodiode-based small animal PET
scanner (GammaMedica, Northridge, CA) at the Sherbrooke
Molecular Imaging Centre. [18F]-fluorodeoxyglucose ([18F]-
FDG) or [18F]-fluorothioheptadecanoic acid ([18F]-FTHA)
(30–40MBq, in 0.3mL plus 0.1mL flush of 0.9% NaCl) was
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Table 1: Primer assays used in Q-PCR analysis of gene expression.

mRNA Symbol Cat. number Amplicon (bp)
Acetyl CoA acyltransferase 2 Acaa2 Rn.PT.58.5300756 111
Acyl CoA dehydrogenase, very long chain Acadvl Rn.PT.58.13279450 147
Acetyl CoA acetyltransferase 1 Acat1 Rn.PT.58.18447027 102
Carnitine O-acetyltransferase Crat Rn.PT.58.36282119 97
Carnitine palmitoyltransferase 1b, muscle CPT1b QT01084069 98
Carnitine palmitoyltransferase 2 CPT2 QT00186473 150
Cyclophilin a Ppia QT00177394 106
2,4-dienoyl CoA reductase 1 Decr1 Rn.PT.58.44352482 120
Enoyl-CoA hydratase 1 Ech1 Rn.PT.58.33832465 99
Enoyl-CoA delta isomerase 1 Eci1 Rn.PT.58.37662439 119
Hydroxyacyl-CoA dehydrogenase Hadh Rn.PT.58.17867024 135
Hydroxyacyl-CoA dehydrogenase alpha Hadha Rn.PT.58.46222281 138
Hydroxyacyl-CoA dehydrogenase beta Hadhb Rn.PT.58.7613498 130
Methylmalonyl CoA epimerase Mcee Rn.PT.58.10789169 101
Peroxisome proliferator activated receptor alpha PPAR alpha QT00176575 66
Peroxisome proliferator activated receptor gamma, coactivator 1 alpha PGC1alpha QT00189196 108
Retinoid X receptor alpha Rxra Rn.PT.58.33966638 103
Retinoid X receptor beta Rxrb Rn.PT.58.7033263 89
Retinoid X receptor gamma Rxrg Rn.PT.58.6519292 103
Solute carrier family 22, member 5 Slc22a5 Rn.PT.58.6675481 131
Solute carrier family 25, member 20 Slc25a20 Rn.PT.58.6247859 116

injected via the caudal vein over 30 s. A 45min dynamic PET
data acquisition followed by a 15min static acquisition was
done to determine glucose utilization [myocardial metabolic
rate of glucose (MMRG)] usingmulticompartmental analysis
as previously described [25, 27]. The static scan served to
draw regions-of-interest (ROIs) on each segment of the LV
wall. Blood samples were taken before and after the scans
to determine an average blood glucose level. In another
experiment, a 45min dynamic acquisition with [18F]-FTHA
was used to determine myocardial nonesterified fatty acid
(NEFA) uptake (𝐾

𝑚
). Myocardial NEFA fractional uptake

(𝐾
𝑖
) was determined by a Patlak graphical analysis of the

[18F]-FTHA data.

2.8. Statistical Analysis. Results are presented asmean± SEM
unless specified otherwise. Intergroup comparisons were
done using Student’s 𝑡-test or Mann-Whitney 𝑡-test for 𝜇PET
protocol. One-waywas also used for the analysis of data when
required with Dunnett’s posttest. Statistical significance was
set at a 𝑝 < 0.05. Data and statistical analysis were performed
usingGraph Pad Prism version 6.04 forWindows, Graph Pad
Software (San Diego, CA).

3. Results

After 9 months, eight of fifteen (8/15) AR animals were
still alive whereas all sham-operated animals were alive. No
differences in body weight were observed between the sham
and AR groups. Overall growth was similar between groups
(similar tibial lengths, results not shown). Indexed wet heart

tissue weights were significantly increased in the AR group
compared to controls (Table 2).

3.1. Hemodynamics. Systolic arterial pressure was similar
between 9-month AR and sham-operated rats (Table 2). As
expected, diastolic arterial pressure was significantly lower
in AR animals resulting in a significantly increased pulse
pressure and lowered mean arterial pressure.

Invasive measurements showed a decrease in both neg-
ative (an index of diastolic function) and positive (systolic
function) 𝑑𝑃/𝑑𝑡 in AR after 9 months (35% and 24%,
resp.). Left ventricular end-diastolic pressure was signifi-
cantly increased in AR rats.

3.2. Echocardiographic Data. LV end-diastolic and end-
systolic diameters were significantly increased in AR rats
(Table 3). Stroke volume was also increased. The same was
true for diastolic LV wall thickness.

3.3. Microarray Study. Changes in the profile of LV gene
expression in AR rats after 9 months of severe volume
overload were evaluated using microarray analysis. Fold
change level threshold between AR LV samples and sham
controls was arbitrarily fixed to 1.5 times with a 𝑝 value
below 0.01 in order to consider a gene as regulated. Three
hundred and ninety-four transcripts met these criteria (230
were upregulated and 164 were downregulated). As listed in
Tables 4 and 5, gene ontology analysis showed that the most
significantly upregulated gene categorieswere associatedwith
extracellular space and matrix and the most downregulated
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Table 2: Heart remodeling and hemodynamics at 9 months.

Parameters Sham (𝑛 = 8) AR (𝑛 = 8) 𝑝 value
Ind heart, mg/mm 21.3 ± 2.7 40.1 ± 1.6 <0.0001
SAP, mmHg 120 ± 4.0 120 ± 3.3 0.84
DAP, mmHg 90 ± 4.6 64 ± 2.0 <0.0001
PP, mmHg 30 ± 2.1 56 ± 2.4 <0.0001
MAP, mmHg 99 ± 4.3 83 ± 2.5 0.007
𝑑𝑃/𝑑𝑡min, mmHg/sec −5994 ± 327 −3871 ± 143 <0.0001
𝑑𝑃/𝑑𝑡max, mmHg/sec 7483 ± 328 5657 ± 277 <0.0001
LVEDP, mmHg 9.6 ± 1.6 14.4 ± 1.4 0.044
Measurements obtained under inhaled 1.5% isoflurane anesthesia in sur-
viving animals. Ind heart: indexation was made using tibial length; SAP:
systolic arterial pressure; DAP: diastolic arterial pressure; PP: pulse pressure
(SAP-DAP); MAP: mean arterial pressure; 𝑑𝑃/𝑑𝑡min: minimal derivative of
pressure/time; 𝑑𝑃/𝑑𝑡max: maximal derivative of pressure/time; LVEDP: left
ventricular end-diastolic pressure. Values are mean ± SEM of the indicated
number of animals with the exception of 𝑑𝑃/𝑑𝑡 and LVEDP values (𝑛 = 5).

Table 3: Echocardiographic data at 9 months.

Sham (𝑛 = 8) AR (𝑛 = 8) 𝑝 value
EDD, mm 9.2 ± 0.08 12.2 ± 0.24 <0.0001
ESD, mm 4.5 ± 0.07 7.6 ± 0.09 <0.0001
SW, mm 1.6 ± 0.03 1.8 ± 0.02 <0.0001
PW, mm 1.5 ± 0.42 1.8 ± 0.02 <0.0001
RWT 0.34 ± 0.004 0.29 ± 0.006 <0.0001
FS, % 51 ± 0.3 39 ± 1.3 <0.0001
SV, 𝜇L 232 ± 4.8 372 ± 22.2 <0.0001
Measurements obtained under inhaled 1.5% isoflurane anesthesia after 9
months. EDD: end-diastolic diameter, ESD: end-systolic diameter, SW:
septal wall, PW: posterior wall, RWT: relative wall thickness, FS: fractional
shortening, and SV: stroke volume. Values are expressed as mean ± SEM of
the indicated number of animals.

were those associated with themitochondria andmetabolism
(Tables S2 and S3). This general downregulation of genes
associated with mitochondrial function was present for most
of the enzymes implicated in the utilization of fatty acids as
an energy substrate (Figures 1(a) and 1(b)). The microarray
results were corroborated with quantitative RT-PCR deter-
minations (Figures 1(b) and S1). Peroxisome proliferator
activated receptor alpha (PPAR𝛼) is the principal regulator
of the expression of fatty acid 𝛽-oxidation FAO enzymes and
transporters [28]. After 9 months of AR, gene expression
of PPAR𝛼, and its coactivator, PGC1𝛼 was strongly down-
regulated (Figure 1(c)). PPAR𝛼 binds to sequence-specific
target elements as a heterodimer with the retinoid X receptor
(RXR). In our microarray, we identified the RXR gamma
isoform as the most expressed in the rat myocardium and the
most downregulated in AR (not shown). We confirmed this
using quantitative RT-PCR (Figure 1(c)). The other isoforms
of RXR (alpha and beta) were also downregulated but less
strongly.

3.4. Myocardial Capillaries Density. Long-term LV volume
overload is associated with increased perivascular fibrosis
as demonstrated before [9]. An additional factor that can

influence oxygen and metabolic fuel availability and delivery
to cardiomyocytes is capillaries density. Myocardial capillar-
ies density was measured and the results can be found in
Figure 1(d). Capillaries density was significantly lower in rats
with aortic regurgitation after 9 months compared to the
sham animals.

3.5. Mitochondrial DNAContent. Considering the important
number of downregulated genes related to the mitochondria
after 9 months of AR, we evaluated the amount of mitochon-
dria in the LV of AR rats. To do so, the relative content of
mitochondrial (mt) DNA was measured and compared to
nucleus (n)DNA.TheLV ratio ofmtDNA to nDNA remained
constant (sham: 3305 ± 130.5 units versus AR; 3276 ± 113.8)
suggesting a stable proportion of mitochondria.

3.6. Fatty Acid Beta Oxidation (FAO) in Acute AR Rats.
We then studied the expression of the same set of genes
tested in the 9-month AR animals in the LV of rats with
acute AR (2 and 14 days). As illustrated in Figure 2(a),
heart hypertrophy had not already developed two days after
AR whereas, after two weeks, indexed heart weight had
increased by 22%. Eccentric LV remodeling as illustrated by
the decrease of the relative wall thickness (as evaluated by
echo) was also present. We measured the activity of a central
enzyme in FAO, hydroxyacyl-Coenzyme A dehydrogenase
(HADH), and the hexokinase (HK), the first step of glycolysis
in myocardial tissue of AR rats 2 and 14 days after the
surgery. As illustrated in Figure 2(b), a shift in the activity
of these enzymes is apparent two weeks after AR, a period
of very rapid and active development of LV hypertrophy
and remodeling [17]. We did not observe this after 48 hours
of AR although a trend for favoring increased FAO was
present as demonstrated by an increased HADH/HK ratio.
As for the expression of the FAO genes studied at 9 months
(Figure 2(c)), the general downregulation begins to appear
after twoweeks of severe AR. Interestingly, several FAO genes
(ACADVL, HADHA, and HAHDB) were upregulated 2 days
after AR. LV gene expression for PPAR𝛼 and its activator
PGC1𝛼 was downregulated at 14 days. On the other hand,
at two days, PPAR𝛼 expression was significantly increased.
The expression of RXR gamma followed a similar trend as
illustrated in Figure 2(d).

3.7. Treatment with a PPAR𝛼 Agonist Can Reverse the Shift in
Myocardial Substrate Preference Induced by LVH. We showed
recently that fenofibrate (a PPAR𝛼 agonist) can help reduce
LV dilation in the AR rat model [15]. We studied in vivo the
impact of fenofibrate on free fatty acid and glucose uptake
by 𝜇PET quantification as shown in Figure 3. This approach
also allowed us to evaluate LV volumes and to measure
the ejection fraction (EF). As illustrated in Figure 3(a), AR
increased significantly both the end-diastolic (EDV) and end-
systolic (ESV) LV volumes which resulted in a decreased
EF compared to control sham-operated animals. Fenofibrate
treatment reduced both EDV and ESV in AR animals and
helped normalize the EF.A three-dimensional reconstruction
of the LVs of a sham-operated and of an AR rat is illustrated
in Figure 3(b).
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Table 4: Upregulated genes in the category “extracellular” from the GO cellular component in 9-month LVs from severe volume overload
compared to age-matched sham-operated animals.

Target ID Definition Fold change 𝑝 value
NPPA Natriuretic peptide precursor type A 6,775 0.00018
TGFB2 Transforming growth factor, beta 2 4,311 0.00005
CTGF Connective tissue growth factor 4,059 0.00012
CHI3L1 Chitinase 3-like 1 3,775 0.00117
HAMP Hepcidin antimicrobial peptide 3,397 0.00080
MGP Matrix Gla protein 3,256 0.00011
LTBP2 Latent transforming growth factor beta binding protein 2 3,067 0.00073
TIMP1 Tissue inhibitor of metallopeptidase 1 2,954 0.00215
CTSS Cathepsin S 2,912 0.00003
LOXL1 Lysyl oxidase-like 1 2,869 0.00047
PRSS23 Protease, serine, 23 2,788 0.00002
FSTL1 Follistatin-like 1 2,673 0.00033
GPX3 Glutathione peroxidase 3 2,672 0.00011
C1QB Complement component 1, q subcomponent, beta polypeptide 2,613 0.00007
PTGIS Prostaglandin I2 (prostacyclin) synthase 2,574 0.00005
SERPING1 Serine (or cysteine) peptidase inhibitor, clade G, member 1 2,520 0.00037
LGALS3 Lectin, galactose binding, soluble 3 2,419 0.00042
PMP22 Peripheral myelin protein 22 2,235 0.00025
IGFBP6 Insulin-like growth factor binding protein 6 2,231 0.00023
FN1 Fibronectin 1 2,230 0.00361
COL1A2 Procollagen, type I, alpha 2 2,212 0.00024
TGFA Transforming growth factor alpha 2,177 0.00112
C1QA Complement component 1, q subcomponent, alpha polypeptide 2,142 0.00013
ECM1 Extracellular matrix protein 1 2,098 0.00023
FBN1 Fibrillin 1 2,093 0.00056
MFAP4 Microfibrillar-associated protein 4 2,076 0.00009
FXYD6 FXYD domain-containing ion transport regulator 6 2,074 0.00115
PLOD2 Procollagen lysine, 2-oxoglutarate 5-dioxygenase 2 2,068 0.00021
WISP2 WNT1 inducible signaling pathway protein 2 2,060 0.00136
CTSK Cathepsin K 2,051 0.00018
C1S Complement component 1, s subcomponent 2,028 0.00210
APOE Apolipoprotein E 2,027 0.00059
MXRA8 Matrix-remodelling associated 8 1,964 0.00027
NPPB Natriuretic peptide precursor type B 1,924 0.00016
LUM Lumican 1,902 0.00021
PCDH21 MT-protocadherin 1,861 0.00102
CD14 CD14 antigen 1,845 0.00003
TF Transferrin 1,844 0.00089
C2 Complement component 2 1,807 0.00119
PPT1 Palmitoyl-protein thioesterase 1 1,753 0.00007
GDF15 Growth differentiation factor 15 1,705 0.00016
CX3CL1 Chemokine (C-X3-C motif) ligand 1 1,679 0.00108
AOC3 Amine oxidase, copper containing 3 1,666 0.00093
CCL7 Chemokine (C-C motif) ligand 7 1,665 0.00284
NBL1 Neuroblastoma, suppression of tumorigenicity 1 1,661 0.00048
GRN Granulin 1,634 0.00010
SERPINF1 Serine (or cysteine) peptidase inhibitor, clade F, member 1 1,634 0.00038
CTSB Cathepsin B 1,610 0.00005
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Table 4: Continued.

Target ID Definition Fold change 𝑝 value
FXYD5 FXYD domain-containing ion transport regulator 5 1,604 0.00167
TRH Thyrotropin releasing hormone 1,588 0.00306
PRELP Proline arginine-rich end leucine-rich repeat protein 1,580 0.00127
STC1 Stanniocalcin 1 1,550 0.00049
COL5A1 Procollagen, type V, alpha 1 1,536 0.00065
CD48 CD48 antigen 1,533 0.00047
PON3 Paraoxonase 3 1,522 0.00508
ITGB1 Integrin beta 1 1,519 0.00002
RARRES2 Retinoic acid receptor responder 1,509 0.00004
FC: fold change versus sham controls.

The overall myocardial uptake of fatty acids in AR rats
was similar to sham-operated animals. Fenofibrate treatment
increased themyocardial avidity for [18F]-FTHA to supranor-
mal levels (Figure 3(c)). On the other hand, glucose uptake by
the LVofARwas significantly increased and this was reversed
by fenofibrate. When the analysis was made on different LV
regions (Figure 3(d)), fatty acid uptake was slightly decreased
in the lateral wall (opposite to the septum) whereas glucose
uptake was increased in both the lateral and the anterior
walls. Fenofibrate treatment increased fatty acid uptake
homogeneously in each LV wall. This was accompanied by
a normalization of glucose uptake. Interestingly, at 8 weeks,
fenofibrate upregulated the expression of a subset of the FAO
genes studied (HADHB, ECI, ECH1, DECR1, ACAA2, and
CPT2) in sham animals but not in AR rats (Figure S2).

4. Discussion

The factors influencing the development of eccentric LV
hypertrophy from chronic VO and the evolution of the
disease are poorly understood. In order to improve our
knowledge of this condition, the need for animal models
is important. As for many patients with significant AR, an
important proportion of the AR rats can live more than a
third of their normal lifespan with important heart dilation
and without overt signs of HF. The study of chronic heart
adaptations to hemodynamic overload in rodent models
has received little attention in the past mainly for practical
reasons (rapid evolution of some models toward HF, housing
costs of larger protocol, etc.). Here, we present a gene profiling
study of the left ventricles from an aging model of eccentric
LVH after 9 months of severe AR.

We observed that many upregulated genes in the left
ventricles of AR rats were linked to the extracellular matrix
remodeling whereas those downregulated were often asso-
ciated with myocardial metabolism. We had observed in
a previous evaluation of the gene profile of left ventricles
from rats after only 14 days of AR [8] that many genes
associated with extracellular matrix remodeling were also
upregulated very early in the disease process.Thismade sense
considering that 14 days after AR corresponds to an early
rapid LV remodeling phase in response to severe and acute
LV volume overload [17, 29]. We had previously reported

that the myocardial LV collagen tissue content in AR animals
increased but only after 9 months [9]. An upregulation of
genes related to the extracellular matrix is still present after
9 months suggesting a disruption in the balance between
collagen synthesis and its degradation during the evolution of
the disease.This probably takes place in the precedingmonths
and leads to increase interstitial and perivascular fibrosis [9].

Eccentric LV hypertrophy is not normally associated with
an accumulation of myocardial fibrosis at least during the
early stages of VO. Myocardial collagen loss has even been
observed [30, 31]. In the rat AR model, we did not observe
such loss of collagen or downregulation of ECM genes in the
early stages of the disease [29].This can possibly be explained
by an early pressure overload component often associated
with AR at least before LV dilation has taken place. After
9 months, the presence of interstitial fibrosis is most likely
linked to the loss and replacement of apoptotic myocytes by
fibrotic tissue. This is accompanied with decreased myocar-
dial relaxation as demonstrated by the decrease of 𝑑𝑃/𝑑𝑡min.
This could increase the occurrence of arrhythmias which we
believe is the main cause of mortality in the AR rat model
[9, 10, 13].

Wehave summarized in Figure 4most of the observations
made in this study related to myocardial FAO in the AR
rat mode. Soon after AR induction, FAO seems to be
increased before LV dilation has taken place. Then, FAO
becomes downregulated as eccentric LVH develops. During
the compensated phase of the disease, glucose uptake is
clearly above normal levels and seems to be the main way for
the heart muscle to fuel its augmented energy needs. We had
previously shown that, during this compensated phase at 8
weeks, myocardial oxidative metabolism was still unchanged
compared to sham animals [26]. At 8 weeks, FA uptake is still
normal or little decreased [26]. Then, late in the disease at 9
months, FAO is clearly downregulated both at the level of FA
intake and HADH activity [14].

The present microarray analysis showed that an impor-
tant number of downregulated genes was associated with
the mitochondrial compartment confirming alterations in
myocardial energetics in 9-month AR rats [14]. We had not
clearly observed this in themicroarray analysis we previously
conducted from 14-day AR LVs [8]. Our results on acute
AR rats confirm that FAO gene expression only begins to
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Table 5: Downregulated genes in the category “mitochondrion” from the GO cellular component in 9-month LVs from severe volume
overload compared to age-matched sham-operated animals.

Target ID Definition Fold change 𝑝 value
CYP11A1 Cytochrome P450, family 11, subfamily a, polypeptide 1 0,482 0.00057
ECH1 Enoyl-Coenzyme A hydratase 1, peroxisomal 0,497 0.00039

HADHA Hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl-Coenzyme
A hydratase (trifunctional protein), alpha subunit 0,517 0.00030

DECR1 2,4-Dienoyl CoA reductase 1, mitochondrial 0,519 0.00343
ACAA2 Acetyl-Coenzyme A acyltransferase 2 (mitochondrial 3-oxoacyl-Coenzyme A thiolase) 0,523 0.00536
LDHD Lactate dehydrogenase D 0,540 0.00088
DCI Dodecenoyl-coenzyme A delta isomerase 0,541 0.00037
ACAT1 Acetyl-coenzyme A acetyltransferase 1 0,541 0.00023
PKM2 Pyruvate kinase, muscle 0,547 0.00020
MLYCD Malonyl-CoA decarboxylase 0,554 0.00111
BCAT2 Branched chain aminotransferase 2, mitochondrial 0,557 0.00184
GSTK1 Glutathione S-transferase kappa 1 0,572 0.00035
FAHD1 Fumarylacetoacetate hydrolase domain containing 1 0,581 0.00008
DHRS4 Dehydrogenase/reductase (SDR family) member 4 0,585 0.00035
HSD17B8 Hydroxysteroid (17-beta) dehydrogenase 8 0,585 0.00018
ACSL1 Acyl-CoA synthetase long-chain family member 1 0,589 0.00023
BCKDHA Branched chain ketoacid dehydrogenase E1, alpha polypeptide 0,593 0.00109
ACADVL Acyl-Coenzyme A dehydrogenase, very long chain 0,597 0.00089
SLC25A20 Solute carrier family 25 (mitochondrial carnitine/acylcarnitine translocase), member 20 0,598 0.00021
ACO2 Aconitase 2, mitochondrial 0,601 0.00173
LOC56764 DNAJ-like protein 0,607 0.00045
PECR Peroxisomal trans-2-enoyl-CoA reductase 0,610 0.00033
ECHS1 Enoyl-Coenzyme A hydratase, short chain, 1, mitochondrial 0,616 0.00065
IVD Isovaleryl coenzyme A dehydrogenase 0,618 0.00098
PDK2 Pyruvate dehydrogenase kinase, isoenzyme 2 0,622 0.00071
MGST1 Microsomal glutathione S-transferase 1 0,623 0.00001
CRAT Carnitine acetyltransferase 0,630 0.00125
ACADS Acetyl-Coenzyme A dehydrogenase, short chain 0,635 0.00507
SUCLG1 Succinate-CoA ligase, GDP-forming, alpha subunit 0,637 0.00048
NDUFS7 NADH dehydrogenase (ubiquinone) Fe-S protein 7 0,638 0.00280
NDUFA10 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex 10 0,654 0.00101
IDH3G Isocitrate dehydrogenase 3 (NAD), gamma 0,655 0.00041
ATAD3A ATPase family, AAA domain containing 3A 0,658 0.00060
RGD735029 SEL1 domain containing protein 0,659 0.00097
RGD1303003 Homolog of zebrafish ES1 0,661 0.00011
RGD1303272 Similar to RIKEN cDNA 2010311D03 0,662 0.00218

HADHB Hydroxyacyl-Coenzyme A dehydrogenase/3-ketoacyl-Coenzyme A thiolase/enoyl-Coenzyme
A hydratase (trifunctional protein), beta subunit 0,662 0.00078

CS Citrate synthase 0,663 0.00559
GRPEL1 GrpE-like 1, mitochondrial 0,666 0.00101
PDP2 Pyruvate dehydrogenase phosphatase isoenzyme 2 0,668 0.00489
HSD17B10 Hydroxysteroid (17-beta) dehydrogenase 10 0,670 0.00185
FC: fold change versus sham controls.
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Figure 1: (a) Heat map of expression of 22 genes associated with FAO in LV of 9-month rats. Levels of expression are illustrated from the
highest (bright yellow) to the lowest (dark blue). Five animals were studied per group and their expression levels are illustrated individually.
(b) Comparison between fold change results obtained from the microarray and by quantitative RT-PCR for a subset of 16 genes illustrated in
(a). Results are reported in fold change compared to sham controls as the mean ± SEM (𝑛 = 5 per group for array and 𝑛 = 6 for qRT-PCR).
Levels in sham animals were fixed to 1. (c) PPAR𝛼, PGC1𝛼, and RXRs LVmRNA levels in 9-month AR rats are strongly downregulated. Exact
𝑝 values are indicated when two groups were compared. ∗∗𝑝 < 0.01 and ∗∗∗𝑝 < 0.001 between groups. (d) Evaluation of capillaries density
in LV myocardium, expressed as the number of capillaries per field (a). Results are reported as mean ± SEM (𝑛 = 8/gr). Representative LV
sections from sham-operated or AR rats showing isolectin B4-stained capillaries (brown-red) are illustrated.

be downregulated two weeks after induction. It is intriguing
that FAO activity seemed to be related to the state of LV
dilation in acute AR rats. LV dilation can bring a state of
ischemia if the increase in myocytes size is not accompanied
with an activation of angiogenesis and the formation of new
blood vessels. It is not the case in the AR myocardium
as evidenced by our observation of a decreased capillary
network.Glucose constitutes a less oxygen-consuming choice
when LVHdevelops. Prior to this, at two days, increased FAO
probably remains a more efficient option to fuel the heart
with enough ATP. We had shown in the past that, during
the first two days after AR induction, both LV inotropy and
contractility were higher than normal to compensate for the
sudden increase of blood to pump [17].

Heart FA uptake seemed to be maintained later in the
disease as evidenced by the 𝜇PET study. We only noticed a
slight decrease in FA uptake after 8 weeks in the LV lateral
wall. At this compensated phase of the disease, FAO enzyme
activity is also only slightly reduced [12, 15]. In fact, we
observed clearer differences here in the enzymatic activities
related to FAO and glycolysis 2 weeks after AR induction
than at 8 weeks in previous studies [12, 15, 26]. It is possible
that, at two weeks, the intense LV remodeling necessitates an
increased amount of energy whereas later, at 8 weeks, the LV
has probably entered in amore stable and compensated phase
of the disease.

A balance between FA uptake and utilization has to
be stricken to avoid the accumulation of unwanted lipids
in the cardiac muscle cell causing lipotoxicity. This has
been observed in another model of eccentric LVH (mitral
regurgitation in dogs) [32]. We reported in a previous study
that the myocardial triglycerides content in 8-week AR rats
was unchanged [12] and we did not observe positive staining

for lipids using the oil red O method on LV section of 6-
month AR rats (unpublished observation).

PPAR𝛼 and RXR𝛾 gene expression mirrored the different
observations we made on the state of myocardial FAO in AR
rats at different times. PPARs dimerize with RXRs to bind
to their sequence-specific target sequences. Our microarray
and qRT-PCR data showed that RXR𝛾 was the most highly
expressed in the heart and that it was strongly downregulated
in AR in parallel to PPAR𝛼 and PGC1𝛼 expression. Inter-
estingly, PPAR𝛼 and RXR𝛾 gene expression was upregulated
early after AR induction again suggesting that FAO is first
stimulated before glycolysis becomes more central in the
energy production of the dilating heart.

The evaluation of energy substrates uptake in vivo in 8-
week AR rats with or without treatment with fenofibrate
showed that glucose uptake is clearly elevated before FA
uptake decreased. This is an interesting observation indi-
cating that, during the early phases of eccentric LVH, the
heart relies on glucose to sustain its additional energy
needs before FAO starts to decrease. Interestingly, FAO gene
downregulation is also clearly present at 8weekswhereas fatty
acid uptake and oxidation are still relatively normal (Figure
S2). This could be explained by a possible decrease in the
protein turnover of the enzymes implicated in FAO. This
hypothesis remains to be confirmed, however.

Fenofibrate treatment decreased LV dilation in our
model. We had previously observed that LV weight was not
reduced by fenofibrate treatment, but we observed that its
remodeling tended to be more concentric with less chamber
dilation and increased wall thickness [15]. Our present 𝜇PET
analysis did not contradict these previous observations and
confirmed that fenofibrate can indeed limit LV dilation. If
the fenofibrate effects on FA uptake can be associated with
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Figure 2: Continued.
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Figure 2: (a) Evolution of LV remodeling in experimental volume overload from severe aortic valve regurgitation in Wistar rats after 2
(AR2) and 14 days (AR14). Indexed heart weights were corrected for tibial length whereas relative wall thickness (RWT) was evaluated by
echocardiography before sacrifice. Results are reported as the mean ± SEM (𝑛 = 6–8 per group). ∗∗∗𝑝 < 0.001 between sham and AR groups.
(b) LVmyocardial activity levels of enzymes implicated in fatty acid 𝛽-oxidation, glucose metabolism, and mitochondrial energy production
in 9-month AR rats relative to controls. HADH (hydroxyacyl-Coenzyme A dehydrogenase), HK (hexokinase), and citrate synthase (CS)
enzymatic activities weremeasured in LV homogenates from at least 6 animals in each group as described in Section 2. Results are reported in
𝜇moles/min/mg of tissue or as the ratio of HADH/HK activities arbitrarily fixed at 1 for sham group. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, and ∗∗∗𝑝 < 0.001
between groups. (c) LV expression of the 16 genes studied in Figure 1(b) in AR rats at 2 and 14 days. Levels in sham animals were fixed to 1
(Line). ∗𝑝 < 0.05 versus sham animals and §𝑝 < 0.05 between 2-day AR rats and 14-day animals. (d) PPAR𝛼, PGC1𝛼, and RXRs LV mRNA
levels in 2- and 14-day AR rats. ∗𝑝 < 0.05 and ∗∗𝑝 < 0.01 compared to sham controls (Line at 1).

its PPAR𝛼 agonist activity, it is less clear if its effects on LV
remodeling are completely mediated via PPAR𝛼 although
some evidences in the literature point to this direction [33,
34]. We observed previously that fenofibrate restored PPAR𝛼
gene expression in AR rats [15]. PPAR𝛼 null mice develop
more hypertrophy, production of more reactive oxygen
species as well as an exaggerated production of extracellular
matrix components [35, 36]. Treatment of PPAR𝛼 null mice
with fenofibrate exacerbates LVH development in a pressure
overload situation suggesting that the benefits observed here
are mostly via PPAR𝛼 activation [37]. Fenofibrate can slow
the development of LVH and protect the heart, namely, via its
anti-inflammatory, antioxidant, and antifibrotic properties.
Fenofibrate can also reduce the formation of endothelin-
1, a prohypertrophic molecule [38–40]. We had showed
previously that fenofibrate was able to reverse the decrease
in HADH activity observed in the LV of 8-week AR rats
[15]. Interestingly, 8-week AR rats treated with fenofibrate
showed no upregulation of all the FAO genes studied whereas
sham animals displayed an increase for several of them
(Figure S2). It is possible that the response of FAO genes
to fenofibrate becomes altered during the progression of the
disease, however. One aspect we did not investigate here is the
effects of fenofibrate towards the inflammatory component
of hypertrophy. Many inflammation-related genes have been
found to be upregulated late in the disease in rats with
ACF [41]. Our microarray results also showed a number
of genes associated with the inflammation (not shown).
Fenofibrate has been shown to have beneficial impact by

reducing myocardial inflammation in hypertrophy models
which could limit its development [42, 43].

5. Study Limitations

The results of this study have to be viewed in the light of
some limitations. Rodent heart metabolism may differ in
some aspects from humans. This study relied mainly on
the evaluation of gene expression levels and more thorough
analysis at the level of protein content, activity, and localiza-
tion are needed. The role of various signaling pathways in
controlling the energy substrate preference shift involved in
the development of eccentric LVH and metabolic alterations
will need to be explored more in detail.

6. Conclusions

Our results clearly show that the myocardium with chronic
VO sustains a significant metabolic stress and devel-
ops important energetics adaptations. These findings may
improve our view of the dilated and hypertrophied hearts
of patients with severe VO from valve disease. Clinicians
currently follow those patients without any intervention for
a good number of years, simply waiting for the LV to become
too dilated, for the occurrence of symptoms or until systolic
function begins to fall. Based on our findings, we suggest
that those hearts develop severemetabolic abnormalities even
when systolic function seems preserved and that intervention
then can limit dilation andmetabolic abnormalities. Focusing
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Figure 3: Impact of an 8-week fenofibrate treatment on LV remodeling, function, and energetics as evaluated by 𝜇PET. (a) Left ventricular
volumes and ejection fraction as evaluated by [18F]-FTHA 𝜇PET. End-diastolic (EDV) and end-systolic (ESV) volumes were measured as
described in Section 2. The ejection fraction is the ratio of SV (EDV-ESV) on EDV. Results are reported as the mean of data obtained from
four animals/group ± SEM.: ∗𝑝 < 0.05 between sham and AR groups. §𝑝 < 0.05 and untreated AR group. The box represents the mean ±
SEM of sham animals. (b) A three-dimensional reconstruction of the LV of a sham (top) and an AR rat (bottom) 6 months after surgery. (d)
The same analysis was then reproduced for each segment of the LV wall as schematized in the bottom right of this panel. ∗𝑝 < 0.05 between
sham and AR groups. Sept: septal wall, Ant: anterior wall, Lat: lateral wall, and Inf: inferior wall. ∗𝑝 < 0.05 between sham and AR groups.
§𝑝 < 0.05 and untreated AR group.
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F: fenofibrate. Nd: not determined.

on myocardial metabolism by various interventions such
as targeted drugs, specific diets, or exercise may help this
metabolically stressed myocardium to improve its energy
production and maybe prolong the preheart failure state
significantly. Some of our previous studies support this view
[9, 15, 26], but additional work will be needed to substantiate
it.
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Arsenault, “Usefulness of carvedilol in the treatment of chronic
aortic valve regurgitation,” Circulation: Heart Failure, vol. 4, no.
2, pp. 207–213, 2011.

[22] S. L. Ménard, E. Croteau, O. Sarrhini et al., “Abnormal in vivo
myocardial energy substrate uptake in diet-induced type 2 dia-
betic cardiomyopathy in rats,”American Journal of Physiology—
Endocrinology & Metabolism, vol. 298, no. 5, pp. E1049–E1057,
2010.

[23] S. L. Ménard, X. Ci, F. Frisch et al., “Mechanism of reduced
myocardial glucose utilization during acute hypertriglyc-
eridemia in rats,” Molecular Imaging and Biology, vol. 11, no. 1,
pp. 6–14, 2009.

[24] E. Croteau, S. Gascon, M. Bentourkia et al., “[11C]Acetate
rest–stress protocol to assess myocardial perfusion and oxygen
consumption reserve in a model of congestive heart failure in
rats,” Nuclear Medicine and Biology, vol. 39, no. 2, pp. 287–294,
2012.

[25] E. Croteau, F. Bénard, J. Cadorette et al., “Quantitative gated
PET for the assessment of left ventricular function in small
animals,” Journal of Nuclear Medicine, vol. 44, no. 10, pp. 1655–
1661, 2003.
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The influences of angiotensinase C on ethanol-induced left ventricular (LV) systolic function were assessed in spontaneously
hypertensive rats (SHRs). SHRs were fed by a liquid diet with or without ethanol for 49 days. The normotensive Wistar Kyoto
rats (WKY) were fed by the liquid diet without ethanol and used as control. We evaluated LV systolic function, angiotensinase
C mRNA and protein expressions, activation of the renin-angiotensin system (RAS), and the gene expressions of LV collagen
(Col) III a1 and matrix metalloproteinases- (MMP-) 9. Compared to the WKY, LV systolic dysfunction (expressed by decreased
fractional shortening and ejection fraction) was observed in the SHRs before ethanol treatment and further deteriorated by ethanol
treatment. In the ethanol-treated SHRs, the following were observed: downregulations of angiotensinase C mRNA and protein,
increased RAS activity with low collagen production as evidenced by angiotensin II and angiotensin type 1 receptor (AT

1
R) protein

upregulation, AT
1aR mRNA downregulation, and an MMP-9 mRNA expression upregulation trend with the downregulation of

Col III a1 mRNA expression in LV. We conclude that chronic ethanol regimen is sufficient to promote the enhanced RAS activity-
induced decrease in the production of cardiac collagen via downregulated angiotensinase C, leading to the further deterioration of
LV systolic dysfunction in SHRs.

1. Introduction

Chronic heavy alcohol consumption is a common cause
of heart failure and it leads to approximately one-fifth of
all sudden cardiac deaths [1]. The underlying mechanisms
through which alcohol produces this condition remain poor-
ly understood [2].

Hypertensive heart disease, the leading cause of death
from hypertension, causes left ventricular hypertrophy
(LVH) through neural and humoral factors [3, 4]. As does
compensatory cardiomyocyte hypertrophy,myocardial fibro-
sis makes a considerable contribution to LVH and leads to
the development of LV diastolic and systolic dysfunction
and ultimately to heart failure [5]. The activation of renin-
angiotensin system (RAS) is a significant risk factor for the
development of arterial hypertension, LVH, and heart failure
[6–8]. Components of the RAS have been detected at both

the cardiac mRNA and protein levels [9], and angiotensin
II, the final mediator of the RAS, has been implicated
in the production of matrix metalloproteinases (MMPs)
and the breakdown of collagen [10]. In the spontaneously
hypertensive rat (SHR), a widely studied animal model of
human essential hypertension, MMPs damage cells directly
by inducing the cleavage of the extracellular domain of
several key receptors, resulting in the diverse cell dysfunc-
tions characteristic of SHR [11]. Enhanced RAS activity thus
acts on several different components of extracellular matrix
formation and deposition to influence the matrix turnover
that is responsible for the production of collagen and finally
leads to cardiac dysfunction. However, the role of RAS in
the development of alcohol-induced LV systolic function in
essential hypertensive heart requires further investigation.

Angiotensinase C, also known as prolylcarboxypepti-
dase (PRCP) and reported to have antihypertensive and
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antiproliferative roles via inactivation of the RAS, is respon-
sible for RAS activity by the degradation of angiotensin
II, the final mediator of the RAS [12]. The functions of
angiotensinase C include the hydrolysis of angiotensin II
to angiotensin 1–7 [13], which play a vital role in cardiac
hypertrophy and remodeling [14–16].

SHR is hypertensive rat and that itself contributes to
the cardiac remodeling and hypertrophy with the reduced
cardiac angiotensinase C gene and protein expressions [17].
However, it is not known if the gene defect itself leads to
specific heart defects in alcoholics. The present study thus
provides, for the first time, direct evidence that enhancedRAS
activitymay be involved in the chronic ethanol consumption-
induced development of LV systolic dysfunction via an
angiotensinase C-dependent pathway in the essential hyper-
tensive heart.

2. Methods

2.1. Animal and the Chronic Ethanol Treatment. Seven-week-
old male normotensiveWistar Kyoto rats (WKY) (𝑛 = 6) and
7-week-old male SHRs (𝑛 = 13) were purchased from Japan
SLC (Hamamatsu, Shizuoka, Japan). The rats were housed in
a temperature-controlled room on a 12 hr light/dark cycle at
the Institute of Laboratory Animals of Yamaguchi University.
All rats were fed a nutritionally adequate liquid diet originally
formulated by Lieber and DeCarli, purchased from Oriental
Yeast Co., (Tokyo). The rats were divided into control liquid
diet-fed WKY (WKY, 𝑛 = 6), control liquid diet-fed SHR
(SHR, 𝑛 = 6), and ethanol liquid diet-fed SHR (SHR +
Et, 𝑛 = 7) groups. The protocol used for chronic ethanol
exposure was as described [18]. Briefly, at the beginning of the
study, all rats were given the control liquid diet and standard
rat pellet chow for 4 days. For the next 4 days, the rats
were fed either the control liquid diet or the ethanol liquid
diet at a concentration of 3 g/dL. The control liquid diet-fed
rats (WKY and SHR groups) received the further control
liquid diet for 45 days, whereas the ethanol group (SHR + Et)
received a diet containing 4 g/dL ethanol for the next 3 days,
followed by 5 g/dL for 42 days, resulting in an overall exposure
to ethanol of 49 days.

All animal experiments were performed according to
the protocol approved by the Ethics Committee on Animal
Experiments of the YamaguchiUniversity School ofMedicine
and were controlled by the committee’s guidelines for animal
experiments (#13-012).

2.2. Measurements of Arterial Blood Pressure (BP) and LV
Functional Performance. Before and at the end of the exper-
iments, the arterial blood pressure (BP) was measured in
conscious rats by a tail-cuffmonitoring system (BP-98A, Soft-
ron Co., Tokyo), and the LV systolic functional performance
was evaluated by echocardiography (echocardiograph model
SSD-1000 with a 10MHz sector scan probe, Hitachi Aloka
Medical, Tokyo) in anesthetized rats as described [18]. To
avoid the influence of acute ethanol consumption, BP mea-
surements and echocardiographic studies were performed
between 2:00 and 4:00 p.m. in the ethanol group as described
[19].

Systolic, diastolic, and mean BP values were recorded;
however, only themean blood pressure (MBP) datawere used
for the statistical analysis.

The internal LV end-diastolic diameter (LVDd) and the
LV end-systolic diameter (LVDs) were measured accord-
ing to the recommendations of the American Society of
Echocardiography [20]. LV fractional shortening (LVFS) was
calculated using the following formula: LVFS = (LVDd −
LVDs)/LVDd × 100%. The LV end-diastolic and end-systolic
volumeswere calculated using the Teichholz formula, and the
LV ejection fractions (LVEFs) were obtained.

2.3. Preparation of Tissue Samples. After the BP measure-
ments and echocardiographic study, the rats were weighed
and anesthetized with 1%-2% isoflurane in oxygen as
described [18]. The heart was removed intact and the LV was
then dissected and weighed.The LV weight was calculated by
dividing the LV by the body weight of each animal. Each LV
was excised and was cut perpendicular to the apex-to-base
axis into three pieces. Two of these pieces were immediately
frozen in liquid nitrogen and stored at −80∘C for later mRNA
and protein analyses.

2.4. Real-Time Reverse Transcriptase Polymerase Chain Reac-
tion (RT-PCR). The total RNA was extracted from the LV
tissue using the RNeasy Fibrous Tissue Mini Kit (Qia-
gen, Tokyo). ReverTra Ace qPCR RT Master Mix with
gDNA Remover was used to remove gDNA and to syn-
thesize cDNA according to the manufacturer’s instruc-
tion. Real-time reverse transcriptase polymerase chain reac-
tion (RT-PCR) was performed for the quantitative assess-
ment of mRNA expression using an Applied Biosystems
StepOne system (Applied Biosystems, Foster City, CA,
USA). The gene expression assays for angiotensinase C (ID:
Rn01511011 m1), angiotensin type 1a receptor (AT

1aR, ID:
Rn01435427 m1), angiotensin type 2 receptor (AT

2
R, ID:

Mm01341373 m1), MAS-related G protein-coupled receptor
D (MrgD, ID: Rn01785783 s1), matrix metalloproteinases-9
(MMP-9, ID: RnRn01423075 g1), collagen III a1 (Col III a1,
ID: Rn01437681 m1), and GAPDH (ID: Rn99999916 s1) were
purchased from Applied Biosystems. The relative expression
genes were normalized to the amount of the GAPDHmRNA
in an identical cDNA sample, using the comparative quantita-
tive method recommended by the manufacturer; the relative
expression is expressed as the fold change from the values of
WKY.

2.5. Western Blot Assay. LV tissues harvested at the end
of the study were homogenized using the Protein Extract
Transmembrane Protein Extraction Kit (Novagen, Merck,
Darmstadt, Germany) to extract the myocardial cytoplasm
and transmembrane fraction proteins, respectively, according
to the manufacturer’s recommendations. Cytoplasm fraction
proteins were used to evaluate the cardiac renin, angiotensin
II, and angiotensinase C protein expressions. Transmem-
brane fraction proteins were used to evaluate the angiotensin
type 1 receptor (AT

1
R), angiotensin type 2 receptor (AT

2
R),

and G protein-coupled receptor-1 Mas subfamily (MAS1L)
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Figure 1: Mean blood pressure (MBP) at baseline and the end of the experiment. (a) MBP at baseline. (b) MBP at the end of the experiment.
All values are means ± SDs.

protein expressions.The protein concentrationwasmeasured
by the Bradford method.

Proteins of the LV were separated by sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE,
10% (w/v) gel for cytoplasm fraction proteins and 4–
20% (w/v) gel for transmembrane fraction proteins) and
transferred to a polyvinyl difluoride membrane. Each blot
was incubated with anti-GAPDH (1 : 200, rabbit polyclonal;
Santa Cruz Biotechnology, Santa Cruz, CA), anti-renin
(1 : 500, rabbit polyclonal; Abcam, Cambridge, MA), anti-
angiotensin II (1 : 200, rabbit polyclonal; Bioss, Woburn,
MA), anti-AT

1
R (1 : 100, rabbit polyclonal; Santa Cruz

Biotechnology), anti-AT
2
R (1 : 100, rabbit polyclonal; Santa

Cruz Biotechnology), anti-MAS1L (1 : 200, rabbit mono-
clonal; Abcam, Cambridge, MA), and anti-angiotensinase C
(1 : 200, rabbit polyclonal; Santa Cruz Biotechnology) and
then incubated with the appropriate secondary horseradish
peroxidase-conjugated anti-rabbit IgG antibodies. Finally,
the Western blotting bands were analyzed using Quantity
One software (Bio-Rad Laboratories, Hercules, CA). The
reaction products of LV renin, angiotensin II, AT

1
R, AT

2
R,

MAS1L, and angiotensinase C were normalized to GAPDH
and are expressed as the fold change from the values of
WKY.

2.6. Statistical Analysis. Data were collected from repeated
experiments and are presented as mean ± SD. Extreme
values were excluded by the Smirnov-Grubbs test. For the
statistical analysis, a one-way analysis of variance (ANOVA)
was used with an overall 𝐹-test analysis. When an 𝐹-
value was determined to be significant by the ANOVA, the
Bonferroni/Dunn post hoc test was performed for multiple
comparisons. The statistical analyses were performed using
Statcel2 for Windows software (OMS Publishing, Saitama,
Japan). Values of 𝑃 < 0.05 were considered significant.

3. Results

3.1. Animal Characteristics. The SHR + Et group consumed
140 ± 10 g ethanol per animal during the 49-day feeding
period.

No significant differences were found among the groups
in MBP at baseline (7-week-old, Figure 1(a)). At the end of
the feeding period (15-week-old), the SHR group showed
increasedMBP values with age compared to theWKY group,
but the SHR + Et group showed decreased MBP values
after 49-day ethanol treatment compared to the SHR group
(Figure 1(b)).

Compared to the WKY group, the heart rate showed
an upward trend in the SHR rats at baseline. There was a
nonsignificant change in heart rate among the groups at the
end of the experiments (Figures 2(a) and 2(b)).

There was a nonsignificant change in LV weight among
the groups, although there were the upward trends in both of
SHR and SHR + Et groups (Figure 3).

3.2. Ethanol Treatment Contributed to LV Systolic Dysfunction
in the SHRs. Representative echocardiograms and data are
shown in Figure 4. Before ethanol treatment, the 7-week-old
SHR (both the SHR and SHR + Et groups) showed enlarged
LVDs with decreased LVFS and LVEF compared to theWKY
group (Figures 4(a) and 4(b)). The LV chamber sizes (both
LVDd and LVDs) were enlarged with the decreased LVFS and
LVEF at the end of the experiments in the 15-week-old SHR,
especially in the SHR that had undergone the 49-day ethanol
treatment (Figures 4(a) and 4(c)).

3.3. Ethanol Was Responsible for the Lower Collagen Produc-
tion in the LV Myocardium. To determine whether the car-
diac collagen production was related to the LV systolic dys-
function in the SHRs, especially those treated with ethanol,
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we evaluated the collagen production in LV myocardium by
assessing theCol III a1 andMMP-9mRNAexpressions.There
was a nonsignificant change in MMP-9 mRNA expression
among the groups, although there were the upward trends
in both of the SHR and SHR + Et groups (Figure 5(a)). A
significant downregulation of Col III a1 (Figure 5(b)) mRNA
expressions was observed in the LV myocardium of the
ethanol-treated SHRs compared to the age-matched WKY
rats.

3.4. Chronic Ethanol Consumption Enhanced the Activation of
the RAS. Previous experiments have shown that activation
of the RAS is an important growth factor, causing cell
proliferation, cell differentiation, and apoptosis [21] and that
angiotensin II, the final mediator of the RAS, stimulates
the production of MMPs [22]. In the present study, we
measured the LV protein expressions of renin, angiotensin
II, and AT

1
R and AT

1aR mRNA expressions to evaluate the
LV myocardial RAS activation. We observed an upregulating

trend of renin, the significant upregulated angiotensin II, and
AT
1
R protein expressions in the SHR with 49-day ethanol

treatment (Figures 6(a)–6(f)). The significant downregula-
tion of AT

1aR mRNA (Figure 6(g)) expressions was shown
in both of the SHR and SHR + Et groups. AT

1
R serves as a

control point for regulating the ultimate effects of the RAS
on its target tissue [23]. Our present findings indicate that
ethanol was responsible for the enhanced RAS activity, which
downregulated its own receptor (AT

1aR) gene expression due
to the negative feedback control, as reported [23]. We also
evaluate the changes of LV gene and protein expressions in
AT
2
R and receptor Mas. However, there was a nonsignificant

change inmRNA expressions of AT
2
R andMrgD and protein

expressions of AT
2
R andMAS1L among the groups (data not

shown).

3.5. Downregulations of LV Angiotensinase C mRNA and Pro-
tein in SHRs. Angiotensinase C gene mutations with loss of
function induced the inadequate degradation of angiotensin
II followed by blood pressure elevation with the elevated RAS
activation [24]. Angiotensinase CmRNA and protein expres-
sions were used to evaluate the LVmyocardial angiotensinase
C function in the present study.The angiotensinase CmRNA
(Figure 7(a)) and protein (Figures 7(b) and 7(c)) expressions
were significantly downregulated in the LV myocardium of
the SHRs (both of SHR and SHR + Et groups) compared to
the age-matched WKY rats.

4. Discussion

We observed that in spontaneously hypertensive rats (SHRs),
49-day 5 g/dL ethanol consumption downregulated the
expressions of angiotensinase C mRNA and protein and
enhanced the activation of the RAS, as evidenced by the
upregulated angiotensin II and AT

1
R protein expressions,

and the downregulated AT
1aR mRNA expression, followed

by LV dilation and dysfunction. This was associated with
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Figure 4: Chronic ethanol consumption damaged the LV systolic function in the SHRs. (a) Representative echocardiograms. (b) Before
ethanol treatment, the SHRs showed enlarged LVDs with decreased LVFS and LVEF. (c) The LV chamber sizes were enlarged with the
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a low collagen production by the LV myocardium, expressed
as a significant downregulation of Col III a1 mRNA expres-
sion. Thus, the results of the present study demonstrate the
key role of angiotensinaseC acting through an activatedRAS-
induced low collagen production in the development of LV
dilation and systolic dysfunction in essential hypertensive
heart with chronic ethanol consumption.

The main effect of alcohol ingestion is a loss of cardiac
contractility that induces the development of dilated car-
diomyopathy and leads to heart failure [2]. However, the
experimental evaluation of cardiac contractile performance
as alcoholism progresses has been difficult in the past due
to the lack of experimental heart failure animal models that
closely resemble the human condition [2]. Acute alcohol
consumption is reported to have a direct cardiac depressant
effect [25]. However, chronic alcohol intake has been variably
reported to impair LV function [26, 27].

Myocyte orientation and myocardial fiber angles are
organized and moved from the endocardium to the epi-
cardium. It is the structural network of matrix proteins
such as type I and type III collagen that provides structural
integrity to adjoining myocytes and contribute to overall
LV pump function through the coordination of myocyte
shortening [28]. The loss of collagen fibrils and struts, which
are regulated in part by the activity of MMP [29], leads
to LV dilation and progressive contractile dysfunction [30].
The present study showed that chronic ethanol consumption
promoted the deterioration of the impairment of LV systolic
function in SHRs, and the LV systolic dysfunction was
associated with a downward trend of LV collagen production,
expressed as the upregulating trend ofMMP-9 expression and
a significant downregulation of Col III 3a1mRNA expression.

Increased circulating levels of angiotensin II and elevated
plasma renin activity occur with the development of severe
heart failure in patients [31]. Chronic alcohol-induced LV
dysfunction and cardiac failure have been prevented in
humans by the administration of an angiotensin receptor
blocker during the ingestion of alcohol, which indicates that

the chronic administration of a specific AT
1
R antagonist can

provide a protective effect on the LV and myocyte contractile
performance during ethanol consumption by humans [31].
The effects of the enhanced RAS activity and the elevated
angiotensin II on regulating the physiological processes of the
cardiovascular system depend on the cellular expression and
activation of AT

1
Rs. AT

1
Rs are seven-membrane superfamily

of G protein-coupled receptors. The human AT
1
R gene has

been mapped to chromosome. In rats, two isoforms have
been pointed out: AT

1aR on chromosome 17 and the AT
1bR

on chromosome 2; however, in vivo experiments showed
that the AT

1aR may be more important than AT
1bR as

reviewed by Mehta and Griendling [16]. Receptor Mas, a
receptor for angiotensin (1–7), is an important player of the
RAS. Mas-related genes are a large family of G protein-
coupled receptors, which localized in chromosome 1 in the
rat and chromosome 11 in humans. Angiotensin (1–7) has
proved to be a weak agonist of the MAS-related G protein-
coupled receptor D [32]. In the present study, chronic ethanol
induced the upregulation of cardiac angiotensin II protein
accompanied with the upregulated cardiac AT

1
R protein

expression.However, we could not find the differences among
the groups in neither cardiac AT

2
R and MrgD genes nor

AT
2
R and MAS1L proteins expressions (data not shown).

Contrary to heart failure due to other causes, changes
in the RAS occur early in the course of chronic alcohol
consumption. Consistent with past reports [33], the chronic
ethanol ingestion in the present study was accompanied
by a similar profile of RAS activation. An accumulation of
extracellular matrix and its reduced turnover is responsible
for the development of hypertrophy and heart failure [16].
Activation of the RAS is implicated in the synthesis of the
extracellular matrix protein collagen via both AT

1
Rs and

AT
2
Rs [34].
The production of MMPs and the breakdown of collagen

are also modulated by RAS activation [10, 22]. Thus, acti-
vation of the RAS acts on several different components of
extracellular matrix formation and deposition to influence
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Figure 6: Ethanol consumption and the activation of RAS in the SHRs. (a) Representative Western blot of renin protein expression. (b)
There was a nonsignificant change in renin protein expression among the groups, although there was an upward trend in the ethanol-treated
SHRs. (c) Representative Western blot of angiotensin II protein expression. (d) Significant upregulated angiotensin II protein expression was
observed in the ethanol-treated SHRs. (e) RepresentativeWestern blot of AT

1
R protein expression. (f) A significant upregulated AT

1
R protein

expression was observed in the ethanol-treated SHRs. (g) Significant downregulated AT
1aRmRNA expressions were observed in both of SHR

and SHR + Et groups. All values are means ± SDs.

matrix turnover. MMPs are zinc-dependent endopeptidases
that cleave extracellular matrix proteins and affect the out-
come of various physiological and pathological processes
including myocardial infarction, atherosclerosis, and cardiac
dysfunction. In addition to structural extracellular matrix
components, MMP substrates include a multitude of lig-
and and receptor substrates such as cytokines, chemokines,
growth factors, and adhesion molecules that alter cellular
migration, adhesion, and activation [35, 36]. In SHRs, ele-
vated MMPs cause direct damage to cells by cleavage of

the extracellular domain of several key receptors, which
results in the diverse cell dysfunctions characteristic of the
SHR as discussed by Berry et al. in 2013 [37]. Our present data
suggest that the regulation of the collagenase III a1/MMP-
9 system via activation of the LV myocardial RAS is altered
in the hypertrophied LV of SHRs, especially in SHRs with
chronic ethanol treatment-induced systolic dysfunction.

Genemanipulation studies in animals showed that hyper-
tension is associated with diminished angiotensinase C gene
expression [38]. AngiotensinaseC genemutationswith loss of
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Figure 7: Downregulations of angiotensinase C gene and protein in LV myocardium. (a) Downregulation of angiotensinase C mRNA
expressions in the SHRs. (b) Representative Western blot. (c) Downregulated angiotensinase C protein expressions in the LVmyocardium of
the SHRs. All values are means ± SDs.

function induced the inadequate degradation of angiotensin
II, the final mediator of the RAS, followed by blood pressure
elevation [24]. The present findings revealed downregulated
angiotensinase C mRNA and protein expressions in the LV
tissue of SHRs, a widely studied animal model of human
essential hypertension, especially in SHRs with chronic
ethanol consumption.

5. Conclusions

The conscious instrumented SHR model represents a clin-
ically relevant, chronic ethanol consumption model for
studies of ethanol-induced LV systolic function impairment.
With the use of this model, the present study revealed that
chronic ethanol ingestion produced progressive LV systolic
functional impairment, a downward trend in the production
of collagen in LV myocardium, and upregulated RAS activa-
tion, which was paralleled by downregulated expressions of
angiotensinase CmRNAand protein.This indicates a key role
for angiotensinase C acting through the enhanced activation
of an RAS-induced low production of LV collagen during

the development of LV dilation and systolic dysfunction after
chronic ethanol consumption.
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Mitochondrial heat shock proteins, such as HSP60, are chaperones responsible for the folding, transport, and quality control of
mitochondrial matrix proteins and are essential for maintaining life. Both prosurvival and proapoptotic roles have been proposed
for HSP60, and HSP60 is reportedly involved in the initiation of autoimmune, metabolic, and cardiovascular diseases. The role of
HSP60 in pathogenesis of these diseases remains unclear, partly because of the lack ofmousemodels expressingHSP60. In this study
we generated HSP60 conditional transgenic mice suitable for investigating in vivo outcomes by expressing HSP60 at the targeted
organ in disease models. Ubiquitous HSP60 induction in the embryonic stage caused neonatal death in mice at postnatal day 1. A
high incidence of atrial septal defects was observed in HSP60-expressingmice, with increased apoptosis andmyocyte degeneration
that possibly contributed to massive hemorrhage and sponge-like cardiac muscles. Our results showed that neonatal heart failure
through HSP60 induction likely involves developmental defects and excessive apoptosis. The conditional HSP60 mouse model is
useful for studying crucial biological questions concerning HSP60.

1. Introduction

Heat shock proteins (HSPs) are molecular chaperones
responsible for critical functions, such as protein folding,
transport, and signaling. Under stress, HSPs preserve pro-
teins in their native forms and refold denatured proteins [1].
Mitochondrial chaperonins, such as HSP60, together with
HSP10, refold all proteins imported into the mitochondrial
matrix and facilitate the restoration of unfolded or misfolded
matrix proteins under normal and stressed environments;
hence, they are vital for maintaining mitochondrial func-
tions, including ATP synthesis [2–4]. Although the fun-
damental biology of HSP60 particularly on mechanisms
of substrate folding has been explored extensively, HSP60-
related studies are gaining increasing attention because new
findings about the roles of mitochondrial, cytosolic, and

extracellular HSP60 in a wide array of diseases have emerged
[5]. Most HSPs are prosurvival, although both prosurvival
and prodeath roles of HSP60 have been reported. The
protective role of HSP60 in various cell types, including
cardiac myocytes, has been reported [6–13]. Preservation of
mitochondrial capacity by HSP60 with reduced cytochrome
C release during stress challenges and subsequent apoptosis
reductionwere among the commonfindings of the protection
by HSP60. Upregulated HSP60 expression in several studies
suggested the prosurvival and antiapoptotic roles ofHSP60 in
cancers [14], such as cervical [15], prostate [16], and colorectal
cancers [17] and Hodgkin lymphoma [18]. The proapoptotic
role of HSP60 was documented in muscles [19] and in
various cancer cell lines [20, 21]; for example, malignancy of
esophageal squamous cell carcinoma [22] and ovarian [23]
and bladder cancers [24] was found inversely correlated with
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HSP60 expression. The findings of HSP60 accumulation in
cytoplasm in various apoptosis models and HSP60 binding
to procaspase-3 supported the proapoptotic properties of
HSP60 [21, 25]. Besides the discrepancy among reports of in
vitro studies, the roles of HSP60 in physiology and pathology
cannot be fully elucidated without using transgenic (Tg)
mouse models expressing HSP60 in vivo.

The role of extracellular HSP60 in viral infection, innate
or adaptive immunity, and atherosclerosis has been widely
documented [26–28]. Hepatitis B virus replication induced
HSP60 production, and HSP60 has a critical role in regu-
latory T cells functions, particularly in IL-10 secretion [28].
Innate immune cell surface receptors, namely, TLR2, TLR4,
and CD14, are known receptors for extracellular HSP60,
resulting in the release of mediators such as TNF-𝛼, IL-
1𝛽, IL-6, and NO, which in turn enhance inflammation in
type 1 diabetes mellitus (DM), atherosclerosis, arthritis, and
transplant rejection.

HSP60 expression in the heart is reduced in ageing and
metabolic diseases [29]. Caloric restriction that is shown
increases lifespan restored aging-related decline of HSP60
expression in the heart and improved cardiovascular func-
tions [29]. The reduction in HSP60 level contributing to low
insulin sensitivity and to dysfunctions inmetabolic syndrome
and type 2 DMwas proposed [30]. Because of the importance
of HSP60 in many diseases, Tg mouse models with inducible
and tissue-specific HSP60 expression can provide useful
insights and expand the current understanding of these
diseases.

Previously nonobese diabetic (NOD) HIIE𝛼-HSP60 Tg
mice, in which HSP60 is driven by the MHC class II-E𝛼
(HIIE𝛼) promoter, achieved HSP60 expression specifically in
the thymus and bone marrow and suppressed susceptibility
to autoimmunity induced DM [31]. Tg mice expressing
truncated HSP60 instead of the entire HSP60 were also
reported, and the resultant cytosolic HSP60 Tg mice were
resistant to hepatic stress with increased cell survival [32].
However, Tg mice with HSP60 expression in other tissues
have not been reported. Attempts to generate a conventional
HSP60mouse model did not succeed because Tg founders as
chimeras failed to survive (personal communications). In this
report, we present a viable and healthy inducible HSP60 Tg
mouse (G-Lox-HSP60) in FVB strain driven by a ubiquitous
CMV early enhancer/chicken 𝛽-actin promoter (CAGGS).
This model overcame the early lethality of the conventional
Tg approach. After crossing the G-Lox-HSP60 mouse with
the Cre mouse, we observed neonatal death in mice with
HSP60 expression from the embryo stage.

2. Materials and Methods

2.1. Generation of G-Lox-Hsp60 and EGFP-Cre Transgenic
Mice. A G-Lox-Hsp60 mouse, FVB/N-Tg(ACTB-EGFP/
HSPD1)14Klin, was generated by using the Tg vector
(Figure 1(a)) and constructed by inserting the following
fragments: CAGGS promoter, 2 LoxP sites at the start and
the end separated by an EGFP coding sequence and an SV40
polyA sequence (pEGFP-C2, Clontech, Mountain View,
CA), and a human HSP60 cDNA (NM 002156, 102–1920 bp)

inserted into the pDsRed-N1 vector (Clontech), in which
the CMV enhancer was removed. An ApaLI-AflII fragment
was used for microinjection into the FVB blastocysts.
EGFP-Cre mouse, FVB/N-Tg(ACTB-EGFP.CRE)21Klin,
was constructed by inserting CAGGS and Cre (AF334827,
1767–2789 bp) into the pEGFP-C2 vector, in which the CMV
enhancer was removed [33]. For unknown reasons, the green
fluorescence of the EGFP-Cre mouse was extremely weak.
G-Lox-DsRed mice have been described previously [34].
All animal experiments were conducted in accordance with
the accepted standards of animal care and were approved
by the Institutional Animal Care and Use Committee of the
National Health Research Institutes, Taiwan. The following
PCR primers pairs were used for genotyping for the results
in Figure 1(b)(A): (I) 5-AATGCTCACCGTAAGCCTTT-
3, 5-CCATCTGAAAGTTTTGCAAG-3, 𝑇

𝑚
= 65.5∘C,

407 bp; (II) 5-CTGCTAACCATGTTCATGCC-3, 5-
ACCGTCAGTACGTGAGATATCTT-3, 𝑇

𝑚
= 58∘C,

1443 bp; and (III) 5-CTGCTAACCATGTTCATGCC-3,
5-CCATCTGAAAGTTTTGCAAG-3, 𝑇

𝑚
= 60∘C, 1442 bp.

2.2. Analysis of mRNA, Semiquantitative RT-PCR, and Protein
Expression. Total RNA was isolated from heart homogenates
with a TRIzol reagent (Invitrogen, Carlsbad, CA). Genomic
DNA contamination in the RNA samples was removed
through DNase I digestion, and cDNA of the first strand
was synthesized using ReverTra Ace reverse transcriptase
(Toyobo, Japan) and oligo(dT) as the primer. The following
PCR primers were used for amplifying the target genes for the
results in Figure 1(b)(B): Human HSP60: the same as listed
in (I); human and mouse HSP60: 5-GTCAGAAATGTG-
AATTCCAG-3, 5-TTGACTGCCACAACCTGAAGAC-
3, 𝑇
𝑚
= 55∘C, 200 bp; and GAPDH: 5-GTGGCAAAGTGG-

AGATTGCC-3, 5-GATGATGACCCGTTTGGCTCC-3,
𝑇
𝑚
= 58∘C, 290 bp. Ten micrograms of total proteins isolated

from tissue homogenates was subjected to 10% SDS-PAGE,
followed by Western blotting using anti-HSP60 (ab5479,
Abcam) and anti-GFP (ab290) antibodies. Ten micrograms
of total proteins isolated fromMDA-MB231 cells was used for
comparison.

2.3. Fluorescence Detection and Histological Analysis. Hearts
of neonatal mice and E17 mouse embryos were washed with
PBS and fixed by 10% neutral formalin. Stereo microscope
(Olympus SZX10) with fluorescence module was used for
observing green fluorescence of neonatal mouse hearts. For
investigating septum defects, unfixed neonatal hearts were
immersed in OCT matrix (Tissue-Tek, USA) and frozen
quickly in liquid nitrogen. The samples were cryosectioned
10 𝜇m thick followed by hematoxylin and eosin (H&E)
staining to reveal the four-chamber view of hearts. In parallel,
formalin-fixed hearts were embedded in paraffin and cut
into serial 5 𝜇m sections and stained with H&E to evaluate
morphology.

2.4. Immunohistochemical and Immunofluorescence Assay.
Paraffin-embedded tissue sectionswere dewaxed, rehydrated,
and treated by 3% hydrogen peroxide inmethanol for 30min.
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Figure 1: Generation of conditional human HSP60 transgenic mice. (a) G-Lox-HSP60 and EGFP-Cre Tg vectors.The CAGGS promoter was
used to drive both Tg vectors. Placed between two LoxP sites, the GFP cDNA with 3 stop codons (SC) and the SV40 polyA sequence was
used to inhibit the expression of the downstream transgene. After the second LoxP site, a full-length human HSP60 cDNA with endogenous
SC and a portion of the last exon was inserted in front of ATG of the DsRedT1 cDNA sequence. After the LoxP sites were rejoined using the
Cre DNA recombinase, the HSP60/DsRedT1 transcript was expressed; however, only HSP60 translated into proteins. (b) (A) Analysis of four
possible littermate genotypes using PCR on tail DNA. (I) PCR amplification using the primer pair complementary to humanHSP60 but not to
mouse HSP60, (II) amplification of EGFP-Cre, and (III) the reaction to identify double transgenic (H+/C+) mice by amplifying the abridged
sequence from CAGGS promoter to human HSP60. (B) RT-PCR results of human HSP60 mRNA expression in the neonatal mouse heart.
HSP60 (m, h) indicates the PCR reaction to amplify HSP60 mRNA of both mouse and human origions. GAPDH amplification served as the
internal control. MDA-MB231 human breast tumor cells mRNA were used as the positive control for human HSP60. (C) Western blotting
for HSP60 and EGFP proteins in neonatal hearts. Anti-HSP60 antibodies recognize both mouse and human HSP60.

Tissue sections were then incubated in blocking solution
(5% normal goat serum and 0.3% Triton-X 100 in PBS)
followed by incubating with HSP60 (SC-1052, Santa Cruz,
CA) overnight at 4∘C.The sections were rinsed and incubated
with biotinylated donkey anti-goat immunoglobulin G (IgG)
and then reacted to Vector Elite ABC in which the color
was developed with diaminobenzidine. Images were taken by
using the Olympus DP72 CCD attached to an Olympus BX51

microscope with DP controller. For the immunofluorescence
staining, antibodies of cleaved caspase-3 (Cell Signaling
9961), CD4 (MAB554), and CD8𝛼 (MAB116) were used for
incubating samples overnight in blocking solution at 4∘C.
Alexa Fluor 488 conjugated goat anti-rabbit IgG (H+L) or
goat anti-mouse IgG (H+L) secondary antibodies (Invitro-
gen) were used instead. The mounting media containing
DAPI (Invitrogen)were used for counterstaining cell nucleus.



4 BioMed Research International

2.5. TUNEL Assay. Terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling (TUNEL) assay was
performed for detecting nuclear DNA fragmentation in
paraffin-embedded tissue sections as a measure of apoptosis.
Fluorescein-12-dUTP was used as the substrate in TUNEL
reaction (DeadEnd Fluorometric TUNEL System, Promega);
the slides were counterstained by DAPI, and the images were
taken by the Olympus microscope system.

2.6. T2-Weighted Thoracic Region MR Images. Magnetic res-
onance imaging (MRI) was performed and images were
acquired using 9.4 Tesla MRI system (Bruker, Ettlingen,
Germany) with a maximum gradient strength of 140G cm−1.
A quadrature volume coil (internal diameter = 10mm) was
used for RF transmission and reception. We used a rapid
acquisition with relaxation enhancement sequence to obtain
the T2-weighted images. The repetition and echo times were
set at 2500 and 3.4 milliseconds, respectively. The field of
view was 10 × 10mm2 and the matrix size was 100 × 100. The
images were sliced without gaps, and the slice thickness was
0.2mm.The voxel size for acquisitionwas 0.1× 0.1× 0.2mm3.
Finally, the images were interpolated to 400× 400 using cubic
interpolation.

2.7. Electron Micrograph. Neonatal heart tissues were col-
lected and fixed in 4% cold glutaraldehyde, postfixed using
1% osmium oxide, and progressively dehydrated using alco-
hol. After resin embedding and polymerization, 1 𝜇m thick
sections were cut for initial observation. Ultrathin (60–80 nm
thick) sections were cut from the Epon-embedded blocks,
stained with uranyl acetate and lead citrate, and examined
using transmission electron microscopy (TEM, Hitachi H-
7500, Tokyo, Japan) at 75 kV.

3. Results and Discussion

3.1. Generation of HSP60 Conditional Transgenic Mice.
Unlike Tg mice expressing HSP10 [35], HSP20 [36], HSP27
[37], or HSP70 [38], founders for establishing the ubiquitous
HSP60 Tg mouse were not viable. In this study, we generated
a conditional Tg mouse model using Cre-LoxP tools to
allow inducible and tissue-specificHSP60 expression. G-Lox-
HSP60 mouse was generated by using the Tg vector illus-
trated in Figure 1(a). CAGGSwas used to drive the expression
of transgenes, enhanced green fluorescent protein (EGFP),
or human HSP60 full-length cDNA. Multiple stop codons
and the SV40 polyA sequences between the 2 LoxP sites of
the Tg vector prevent the expression of downstream human
HSP60 sequence. The G-Lox-HSP60 mice were normal in
development, weight, and reproduction, with EGFP expres-
sion in most organs. During Cre-mediated recombination,
2 LoxP sites of the G-Lox-HSP60 vector are joined, and the
HSP60 expression is directly enhanced by CAGGS. In the
present study, we generated an FVB ubiquitous Cre Tgmouse
expressing the EGFP-Cre fusion protein [33]. We used the
tail DNA-PCR method for studying the genotypes of the lit-
termates in the crossing studies of G-Lox-HSP60 and EGFP-
Cre mice; the results are described in Figure 1(b). Deletion

Table 1: Summary of crossings between G-Lox-HSP60 (H) and
EGFP-Cre (C) mice.

Genotype H+/C+ H+/C− H−/C+ H−/C− Total
Newborn number 72 76 69 86 303
Neonatal death number 72 5 2 2 81
Ratio 72/72 5/76 2/69 2/86 81/303
H+/C+, double Tg mouse; H+/C−, H−/C+, single Tg mouse carrying either
allele, H−/C−, wild-type mouse.

of the LoxP-flanked cassette was detected by the presence of
the shorter PCR fragment in the double Tg mice. Littermates
with all 4 possible genotypes were acquired in accordance
with the Mendelian frequency, indicating no prenatal loss of
the double Tgmice (H+/C+), which were positive for both G-
Lox-HSP60 and EGFP-Cre alleles (Table 1). Strong induction
of human HSP60 expression in the cardiac tissues of the
double Tg mice was confirmed through RT-PCR, Western
blotting (Figure 1(b)), and IHC staining (Figure 2).

3.2. HSP60 Expression Led to Neonatal Deaths. In more than
20 crossing experiments using G-Lox-HSP60 and EGFP-Cre
mice, all double TgHSP60mice litters diedwithin a fewhours
after birth. A few survived the first day but none survived
more than a few days (72/72, Table 1). Neonatal deaths were
rare in single Tg mice—H+/C− (5/76) and H−/C+ (2/69)—
which carried only G-Lox-HSP60 or EGFP-Cre, and in the
wild-type mice (H−/C−, 2/86). At birth, neonatal HSP60
mice were slightly smaller in size than average, with signs
of mild cyanosis and internal bleeding at the abdominal
segments before death (Figure 3). Severe cardiovascular or
pulmonary abnormality was suspected to contribute to the
neonatal deaths in the HSP60 mice. H+/C− mice exhibited
strong whole-body green fluorescence, whereas the HSP60
mice displayed green fluorescent spots, indicating remaining
EGFP that was produced before recombination. H−/C+ and
H−/C− mice did not exhibit fluorescence. Thoracic chamber
dissection of HSP60 mice revealed a smaller heart, and the
color of the ventricles was more reddish, containing more
blood than the hearts of other genotypes (Figure 3).

Postmortem analysis of the HSP60 mice was performed
through MRI and histology. MRI revealed that the HSP60
P1 mouse heart was smaller than that of H+/C− mouse
(Figure S1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2015/539805). The HSP60 mouse
heart chambers and lungs were filled with liquids that were
absent in those of H+/C−mouse.The interventricular septum
and chamber walls of the HSP60 mice were thinner than
normal (Figure S1). Histological examination revealed mas-
sive hemorrhage at the heart and lungs of double Tg mouse.
The cardiac muscle appeared degenerated or incompletely
differentiated, with sponge-like cardiac tissues fenestrated
with blood or blood vessels, and signs of myocardium
necrosis were observed (Figure 4). The lungs of the HSP60
mice appeared to have developed normally except for the
presence of hemorrhage that potentially resulted in only
partial inflation of the lungs. Other organs, such as the
brain, kidneys, and liver, of the HSP60 mice appeared grossly
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Figure 2: HSP60 detection in neonatal H+/C+ mice heart. H&E and immunohistochemical staining of HSP60 induction in H+/C+ heart
sections, but not in H+/C− or H−/C− heart sections. Scale bar = 50 𝜇m.

normal (data not shown). Spotty hemorrhage was observed
in the skeletal muscles of the neck, spine, and between the
ribs; however, the hemorrhage in these organs was not as
severe as that in the heart and lungs. Because cardiovascular
and respiratory stresses were observed and because the hearts
were smaller than normal, we speculate that congenital
defects may contribute to the neonatal deaths of the HSP60
mice. Of the 10 HSP60 mice studied for septal defects, 4
had atrial septal defect (ASD) and one had ventricular septal
defect (VSD), as illustrated in Figure 5. Septum defects were
not observed in the control mice.

Because the atrial septum is closed when the lungs
are inflated during birthing and because ASD manifests as
a serious problem only after birth, we examined whether
the HSP60 mice had developmental defects during the
embryonic stage in the E17 embryos. No apparent abnor-
malities were visible externally in the HSP60 mouse E17
embryos. However, the embryo sections revealed excessive
hemorrhage, vascularization, and tissue necrosis in the heart,
similar to those in the postnatal heart. Lungs of E17 of
HSP60 mouse appeared grossly normal (Figure S2). Thus,
histological evidence suggested that congenital heart disease
caused by cardiomyopathy or incomplete heart development

in HSP60 mouse embryos results in ASD or VSD, which
aggravates respiratory stress and congestive heart failure at
postnatal day 1.

We searched for ultrastructural abnormality as features
of cardiac myopathy in neonatal HSP60 mouse using elec-
tron micrographs. G-Lox-HSP60 mouse contained orga-
nized arrays of myofibril filaments with intact mitochon-
drion appearing in high contrast with dense laminae
cristae throughout the mitochondrial cross-sectional areas
(Figure 6). In contrast, the myofibrils of HSP60 mouse heart
exhibited pronounced fragmentation and disorganization,
shown as ragged Z lines, with shorter sarcomere length
on average compared with G-Lox-HSP60 myofibrils. Mito-
chondrion between myofibrils was mostly broken, losing
both outline and inner cristae, indicating a disintegrated
mitochondrial structure.Thus, TEM results confirmed severe
cardiac myopathy in HSP60 mouse.

3.3. Increasing Apoptosis in HSP60 Mouse Heart. HSP60 was
previously linked to apoptosis induction; thus, we studied
apoptotic cardiac myocytes in the HSP60 mouse by using
the TUNEL assay. Many cells in the HSP60 mouse heart
sections were positively labeled by fluorescein-dUTP at
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H+/C−

H−/C+

H−/C−
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Figure 3: Neonatal Tg mice. Left, neonatal Tg mice.The white arrow indicates cyanosis and abdominal bleeding in H+/C+ neonates; middle,
fluorescent images of the same mice; right, the lungs and heart of neonatal mice. H+/C+ hearts appear more dark reddish and smaller than
hearts of other genotypes. Scale bar = 3mm.

H+/C−H+/C+

Figure 4: Histology of the neonatal heart and lung. Top, H&E staining of the neonatal heart of H+/C+ mouse compared with that of H+/C−
mouse, showing hemorrhage, necrosis, and degenerated cardiac muscles in H+/C+ mouse heart. Bottom, the lung of H+/C+ mouse shows
signs of hemorrhage, liquid congestion, and tissue necrosis. The alveolar lung structures appeared to have developed normally but poorly
inflated. Scale bar = 100 𝜇m.
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H+/C+ H−/C−

Figure 5: Atrial septal defect in H+/C+ neonatal mice. H&E images of the neonatal heart from H+/C+ and H−/C− mice. Asterisk indicates
the atrial septal defect.

H+/C+ H+/C−Mt
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Figure 6: Transmission electron microscopy showing ultrastructure of myofibril defect in H+/C+ neonatal heart. Transmission electron
microscopy results ofH+/C+ (left) andH+/C− (right)mice left ventricular tissue.Mf,myofibrils;Mt,mitochondria; long arrow, Z disk.Original
magnification 10,000x; scale bar = 1 𝜇m.

the cell nucleus through TUNEL assay, whereas very few
TUNEL positively cells were in H+/C− mouse heart sections
(Figure 7(a)). In parallel, a few cells in theHSP60mouse heart
section were positively stained by anti-activated caspase-3
antibody, significantly more than that of H+/C− mouse heart
(Figure 7(b)). The data clearly demonstrated that HSP60
overexpression results in caspase-3 activation and apoptosis
ofmyocardial cells inHSP60mice. Because theHSP60mouse
heart became a sponge-like muscular tissue infiltrated by
small capillaries and HSP60 involvement in rejection and
autoimmune diseases was suggested previously, we studied
the presence of activated inflammatory cells in HSP60 mice.
The pathology neither showed infiltrated mononuclear cells
(Figure 4) nor detected CD4 or CD8 positive cells in HSP60
mouse heart (Figure S3); thus inflammatory response orT cell
activation is absent in the HSP60 mouse heart.

Accumulation of HSP60 in the cytoplasm during apop-
tosis induction and the binding of HSP60 to procaspase-3
and modulating caspase activity has been demonstrated in
many cancer cell lines [21, 25, 39]. Similar to most proteins of

themitochondrialmatrix, HSP60, which is synthesized in the
cytoplasm with N-terminal targeting peptides, is transported
to the mitochondrial matrix, where the targeting sequence
is cleaved. Both unprocessed (cytosolic) and matured (mito-
chondrial) HSP60 strongly increased in the cardiac tissue
of HSP60 mouse (Figure 1(b)). Consequently, accumulation
of cytosolic HSP60, capable of inducing apoptosis, cannot
be overlooked and our data provided in vivo evidence of
apoptosis and caspase-3 activation in the HSP60mouse heart
(Figure 7). Apoptosis is a highly regulated process during
embryonic and postnatal heart development and critical for
heart development. Increasing apoptosis in HSP60 mouse
heart and its causal relation to cardiac myopathy must be
interpreted with caution because (1) apoptosis frequently
occurs in embryonic and neonatal tissues than in adult
cardiac tissues; (2) increasing apoptosis is often observed
in cardiac tissues of myopathy and congestive heart failure;
thus apoptosis can be secondarily induced in myopathy and
heart failure, and (3) it can directly result from cytosolic
HSP60 accumulation or HSP60 binding to caspases. Thus,
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Figure 7: TUNEL staining and activated caspase-3 detection in neonatal heart sections. (a) Detection of nuclear DNA fragmentation with
TUNEL reaction in the left ventricle sections of neonatal H+/C+ and H+/C− mice. Fluorescein-12-dUTP (TdT) and DAPI were used for
TUNEL and nuclear staining. (b) Immunofluorescence detection of activated (cleaved) caspase-3 induction in H+/C+ and in H+/C− heart
sections. Scale bar = 50𝜇m.

additional studies are required in this regard. Our current
model, which uses the ubiquitous Cre mouse, increased
HSP60 and potentially induced cell apoptosis of multiple
tissues; thus it is unable to clarify phenotypes contributed
by the HSP60 induction in a specific organ, for example,
vascular ECs, smooth muscle cells, or cardiac myocytes.
This limitation can be overcome by combinatory uses of

G-Lox-HSP60 with vascular- or cardiac-specific Cre mice.
We have explored HSP60 expression in cardiac tissues of
the adult mice by using inducible cardiac cell-restricted Cre
mouse (unpublished results).

In addition to the roles of mitochondrial and cytosolic
chaperonins and caspase induction, additional functions of
HSP60 have been reported. Cytosolic HSP60 regulates the
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phosphorylation of IKK𝛼/𝛽 and promotes NF-𝜅B prosur-
vival pathway. Transgenic expression of the cytosolic HSP60
prevented stress-induced hepatic cell deaths in vivo [32].
Overexpressing HSP60 in the human stem cells increased
HSP60 nuclear localization, which suppressed ROS and
p38/JNK signaling and regulated genes relating to stem cell
proliferation, differentiation, and stemness [40].Whether the
aforementioned mechanisms are also involved in mediating
neonatal deaths remains unclear, and future clarification is
awaited.

In this study, congenital ASD was observed in a large
number ofHSP60mice. AlthoughASD exacerbated the exist-
ing myopathy of HSP60 mice and was partially responsible
for neonatal death, ASD per sewas unlikely directly caused by
HSP60 induction. We speculate that ASD in neonatal HSP60
mice may be the consequence of incomplete embryonic
development, existing myopathy, and increasing apoptosis.
Similar phenomenon has been demonstrated in the eNOS
knockout mouse model, in which high incidence of ASD
or VSD was precipitated through increased apoptosis during
embryonic and postnatal stages [41]. Our main findings
indicate that severe hemorrhage andmyocyte death occurred
in mice with HSP60 expression, and increased apoptosis
in a macerated and spongy-like heart failed to meet the
cardiovascular demands after birth and was the primary
cause of HSP60-induced heart failure and neonatal death.

4. Conclusions

HSP60 not only is the essentialmitochondrial chaperone pro-
tein but also plays critical roles outside the mitochondrion.
Although numerous studies indicated the wide involvement
of HSP60 in broad biological processes and many diseases,
reports of transgenic mouse models of increasing or knock-
down HSP60 expression are rare. Thus, the consequences of
altering HSP60 levels in vivo in these disease settings remain
unknown. We used a floxed vector to establish conditional
HSP60 transgenic mice, which allows studies on inducible
and organ-targeted HSP60 expression in adult mice and is
potentially useful in pursuing essential questions related to
HSP60 in vivo. In this study, we show that ubiquitous HSP60
expression from the embryonic stage results in increased
apoptosis, myopathy, high incidence of ASD, and neonatal
deaths.

Abbreviation

ATP: Adenosine triphosphate
TNF-𝛼: Tumor necrosis factor-𝛼
IL-1𝛽: Interleukin 1𝛽
IL-6: Interleukin 6
NO: Nitric oxide
NOD: Nonobese diabetic
ASD: Atrial septum defect
VSD: Ventricular septum defect
ROS: Reactive oxygen species
eNOS: Endothelial nitric oxide synthase
CAGGS: CMV enhancer/chicken 𝛽-actin
H&E: Hematoxylin and eosin.
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Mutations in the giant sarcomeric protein titin (TTN) are a major cause for inherited forms of dilated cardiomyopathy (DCM).
We have previously developed a mouse model that imitates a TTN truncation mutation we found in a large pedigree with DCM.
While heterozygousTtn knock-inmice do not display signs of heart failure under sedentary conditions, they recapitulate the human
phenotype when exposed to the pharmacological stressor angiotensin II or isoproterenol. In this study we investigated the effects of
pressure overload by transverse aortic constriction (TAC) in heterozygous (Het)Ttn knock-inmice. Twoweeks after TAC,Hetmice
developed marked impairment of left ventricular ejection fraction (𝑝 < 0.05), while wild-type (WT) TAC mice did not. Het mice
also trended toward increased ventricular end diastolic pressure and volume compared toWT littermates. We found an increase in
histologically diffuse cardiac fibrosis in Het compared toWT in TACmice.This study shows that a pattern of DCM can be induced
by TAC-mediated pressure overload in a TTN-truncated mouse model. This model enlarges our arsenal of cardiac disease models,
adding a valuable tool to understand cardiac pathophysiological remodeling processes and to develop therapeutic approaches to
combat heart failure.

1. Introduction

Dilated cardiomyopathy (DCM), a heart disease that is
characterized by left ventricular dilatation, reduction in left
ventricular function, and occurrence of cardiac arrhythmias,
is a major cause for congestive heart failure [1]. About
20–48% of DCM cases are inherited with mutations in
a variety of genes encoding sarcomeric, cytoskeletal, and
nuclear membrane proteins, as well as proteins involved in
Ca2+ metabolism [2].

The sarcomeric protein titin (TTN) is the biggest known
single-copy protein in humans, mainly expressed in muscle
tissue [3]. A single TTN molecule spans half the sarcomere
and links the Z-disc with the M-line. As a pivotal building
block of the sarcomere, it provides passive forces and mainly

contributes to the elasticity of a muscle [4]. TTN also plays
a major role in scaffolding and coordinating structural and
signal proteins for mechanotransduction [5].

TTNmutations were linked to DCMmore than a decade
ago [6]. Recently, TTN truncating mutations emerged as the
leading genetic cause of DCM in human patients, accounting
for about 25%of cases of familial DCMand 18% for idiopathic
DCM [7]. TTN truncating mutations are not randomly dis-
tributed in this big protein but are predominantly presented
at the A-band region [8].

We have previously generated a mouse model that imi-
tates a human truncation mutation we found in a large DCM
pedigree. The 2 bp insertion is located in exon 326 of titin,
resulting in a premature stop codon with stop of translation
in A-band TTN [6].
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While the homozygous TTN knock-in mice die in utero
on about day 9.0 of gestation due to severe defects in
sarcomeric assembly, the Het animals do not develop a
cardiac phenotype under sedentary conditions. However,
when exposed to pharmacological stress (e.g., angiotensin
II or isoproterenol), they show all features of DCM and
therefore recapitulate the human disease [9].

Efforts to dissect pathways that are involved in DCM
development andprogression in thismousemodel have failed
so far, since the pharmacological agents (e.g., angiotensin)
enormously disturbed expression levels of TTN binding
partners, making it impossible to trace subtle differences
induced by the TTNmutation [9]. To omit this, we attempted
the use of aortic constriction as a mechanical stressor to
induce DCM in our mouse model.

2. Materials and Methods

2.1. TTN Knock-In Mice. The TTN knock-in mouse line,
harbouring a 2 bp insertion mutation in A-band TTN, was
described previously [9]. Briefly, themutationwas introduced
into mouse embryonic stem cells by homologous recombi-
nation with a plasmid carrying the mutation with flanking
genomic DNA sequences, followed by antibiotic selection
of ES cell clones, blastocyst injections, and embryo transfer.
Pups were tested for chimerism and the mice were evaluated
for transmission of the mutation to their offspring. Het mice
were back-crossed to a C57Bl/6 background for at least 9
generations. All animal investigations were approved by the
Institutional Animal Care and Use Committee, as well as the
local Animal Review Board.

2.2. Transverse Aortic Constriction on Mouse. Mice at the age
of 3-4 months were anesthetized with ketamine (100mg/kg)
and xylazine (10mg/kg) and transferred to a heated platform.
Anesthetized mice were intubated, followed by midline cer-
vical incision to expose the aorta. Aortic constriction was
achieved by placing a 7.0 nylon suture ligature against a 27-
gauge needle on transverse aorta. The needle was removed
promptly to create an aortic constriction of 0.4mm in
diameter and the chest was sealed. In Sham operated mice,
the procedure was the same besides the constriction of aorta.
The mice were maintained on a heating pad for recovery.

2.3. Echocardiography. Echocardiography was performed as
described previously [9]. Briefly, anesthesia was induced
with 4-5% isoflurane in an anesthetic chamber; mice were
then restrained supine on a heated platform. Anesthesia was
maintained with 0.5–1.5% isoflurane; body temperature was
kept at 37∘C. An ultrasound system (Vevo 770, VisualSonics,
Toronto, ON, Canada) was used for the echocardiographic
analysis with a 30-MHz probe. Images were acquired and
stored as a digital cine loop for offline calculations. Stan-
dard imaging planes, M-mode, Doppler, and functional
calculations were obtained according to the American Soci-
ety of Echocardiography guidelines. M-mode derived from
parasternal short-axis view of the left ventricle recorded at
1 kHz (EKV) was used to determine wall thickness, end
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Figure 1: Schematic of the study design.

systolic and end diastolic diameters, ventricular dimensions
and volumes, and ejection fraction.

2.4. Left Ventricular Hemodynamics. On day 14 after TAC
surgery, hemodynamic measurements were obtained. Mice
were anesthetized with isoflurane and transferred to a heated
platformwhere a nose cone delivered isofurane (0.5–2.0%). A
micromanometer-tipped catheter (Millar Inc., Texas,US)was
introduced into the left ventricle through the right carotid
artery. The transducer was connected to an external recorder
and aortic pressure and ventricular pressure were recorded
at 1 kHz (BIOPAC Inc., CA, US). Immediately after removal
of the catheter mice were sacrificed and heart tissue was
obtained for histological analysis.

2.5. Masson’s Trichrome Staining. Heart tissue was fixed with
4% PFA, dehydrated in serial graded ethanol (70%, 80%,
and 90%, each for 1 hour and twice in 100% ethanol for 1
hour), and embedded into paraffin blocks. The tissue blocks
were sectioned with a Leica Microtome and transferred to
glass slides. To remove paraffin, the slides went through
serial graded ethanol (100%, 90%, 80%, and 70%, each for
5 minutes) and rehydrated in H

2
O for 5 minutes. Sections

(8 𝜇m) were stained with Masson’s trichrome to detect fibro-
sis. Quantification of fibrosis was performed using an image
analysis system (ImageJ).

2.6. Statistics. Within-group statistical comparisons for each
genotype were made with ANOVA for repeated mea-
sures. Between-group comparisons were made with two-way
ANOVA. Dunnett’s multiple comparison test was used to
isolate the source of difference. Data are reported as mean ±
SEM. Values of 𝑝 < 0.05 were considered significant.

3. Results

3.1. TAC-Mediated Pressure Overload Induced Maladaptive
Left Ventricular Hypertrophy and Impaired Systolic Function
in Heterozygous Ttn Knock-In Mice. We performed TAC
banding in heterozygous Ttn knock-in mice and wild-type
littermate controls. As an additional control, an equally sized
Sham group (heterozygous and wild-type) was used.

The study was designed as shown in Figure 1. Prior
to surgery, clinical status and body weight were assessed
in all mice. In addition, heart function and morphology
were determined by echocardiography. On the same day,
thoracic aortic constriction (TAC) surgery was performed by
an experienced operator. Follow-up clinical assessment and
echocardiography were obtained on day 7 and day 14 after
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Figure 2: Echocardiographic and LV pressure assessments of WT and Het mice at baseline, week 1, and week 2 following TAC. (a) There is
no evidence of LV dilatation in either genotype in either the presence or absence of TAC. (b) The onset of ventricular hypertrophy appears
to be more rapid in the Het group demonstrating significant increases by week 1 unlike WTmice which only manifest significant thickening
by week 2. (c) The reduction in EF% induced by TAC in the Het group is significant by week 2, unlike the WT TAC mice which tended to
demonstrate a fall in this measure of contractile function but did not reach significance at either time point after TAC surgery. (d) Differences
in EDP between groups do not reach significance although the trend is towards increase in both TAC groups. Interestingly the EDV trend
although also not significant for the Het TAC group moves to the right of the Sham Het group, a change reflective of ventricular dilatation,
whereas the EDV of the WT TAC mice changes little and even moves to the left more aligned to a physiological adaptation (@𝑝 < 0.05).
Sample sizes are also shown.

TAC. On day 14 after TAC, left ventricular and aortic pressure
loops were recorded, the mice were sacrificed, and the heart
was processed for histology studies.

As reported previously [9], there were no differences
in left ventricular diameters, left ventricular end diastolic
dimension (LVEDD) and left ventricular end systolic dimen-
sion (LVESD), ventricular wall thicknesses (interventricular
septum in diastole, IVSd), and cardiac contractility (ejection
fraction, EF) between Het Ttn knock-in mice and their WT
littermates at baseline (Figure 2). Oneweek after TAC signs of
cardiac hypertrophy were apparent with significant increases

in LV mean wall thickness in diastole (LVMWd) only in
the TTN group (LVMWd; Het; baseline 0.93 ± 0.03mm
versus wk1 1.15 ± 0.06mm; 𝑝 < 0.05). At the same time
point no significant changes in left ventricular end diastolic
diameters or EDV were noted in Het mice (LVEDd; WT:
Sham 4.36 ± 0.07mm versus TAC 4.39 ± 0.21mm, Het Sham
4.41 ± 0.06mm versus TAC 4.50 ± 0.12mm). TAC induced
increased wall thickness in both WT and Het mice but this
increase from baseline was statistically significant at both
week 1 and week 2 in Het mice whereas it was significant only
at week 2 inWTmice (LVMWd:WT; baseline 0.92±0.03mm
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versus wk2 1.10 ± 0.04mm, Het; baseline 0.93 ± 0.03mm
versus wk2 1.09 ± 0.04mm; 𝑝 < 0.05). Strikingly, contractile
cardiac function (EF%) demonstrated a continuing fall in the
Het TAC group from 58 ± 5% at baseline to 46 ± 5% at week 1
and to 37 ± 3% at week 2 (𝑝 < 0.05), whereas in WT animals
falls in EF% did not reach significance from baseline to the
first or second week (WT; baseline 64±3%, wk1 53±5%, wk2
54 ± 5, Figure 2).

The Sham operated mice did not show signs of cardiac
remodeling in both theWT andHet group animals, and there
was no impairment of cardiac function until the experiment
was terminated. A complete list with all echocardiographic
data is available in Supplementary Figure 1 (see Supple-
mentaryMaterial available online at http://dx.doi.org/10.1155/
2015/163564).

3.2. Alterations of Hemodynamic Parameters Mediated by
TAC. Two weeks after TAC banding, cardiac catheterization
was performed and left ventricular pressure as well as aortic
pressure was recorded (Figure 2).

Two weeks after TAC, systolic aortic pressure (AoPs)
increased in the TAC groups compared to their correspond-
ing Sham operated controls, respectively (WT TAC, 180 ±
6.9mmHg versus WT Sham, 128 ± 11mmHg; Het TAC,
164 ± 5mmHg versus Het Sham, 116 ± 3mmHg, 𝑝 < 0.01),
demonstrating successfully performed aortic constriction.
There was no significant difference in AoPs between the
WT TAC group and the Het TAC group. We also found
no significant differences in diastolic aortic pressure (AoPd)
between Het and WT animals. Two weeks after TAC, left
ventricular systolic pressure (LVSP) was increased in the TAC
groups compared to their Sham operated controls (WT TAC,
181 ± 7mmHg versus WT Sham, 130 ± 7mmHg; Het TAC,
168 ± 4mmHg versus Het Sham, 115 ± 4mmHg, 𝑝 < 0.01).
Interestingly, TAC banding induced a trend to higher left
ventricular end diastolic pressure (LVEDP) in the Het TAC
group compared to Het Sham group andWT TAC compared
to WT Sham groups (Het TAC, 10.1 ± 1.5mmHg versus Het
Sham, 6.7 ± 0.6mmHg, or WT TAC, 9.4 ± 1.8mmHg versus
WT Sham, 7.1±1.2). Heart rate during LVmeasurements was
as follows: WT Sham 457 ± 14 bpm; Het Sham 441 ± 37 bpm;
WT TAC 437± 61 bpm; Het TAC 498± 90 bpm (n.s. between
groups).

3.3. Cardiac Fibrosis in TTN A-Band Truncating Mutation
Knock-In Mice. Cardiac extracellular matrix (ECM) remod-
eling is a process adapted by the heart to deal with physiolog-
ical and pathophysiological hemodynamic changes. Excess
ECM protein production and deposition in the myocardium
(cardiac fibrosis) is a hallmark of maladaptive remodeling
in a failing heart. We analyzed cardiac fibrosis in 7 hearts
per genotype by Masson’s trichrome staining in heart muscle
tissue obtained 2 weeks after TAC. While WT mice showed
only distinct fibrotic areas, heterozygous animals developed
massive cardiac fibrosis (5.2±1.5%versus 14.1±4%,𝑝 < 0.01)
(Figure 3). There was no cardiac fibrosis detectable in Sham
operated mice.

4. Discussion

In this study, we showed that pressure overload by thoracic
aortic constriction induces maladaptive hypertrophy with
impaired left ventricular function in a mouse model with a
TTN truncation mutation we found in a family with dilated
cardiomyopathy.

TTN truncating variants have been described as the
major disease gene for dilated cardiomyopathy, accounting
for approximately 25% of all cases [7]. However, TTN trunca-
tions can also be found in the healthy population, which gives
some uncertainty to the pathogenic value of such variants.
Recently, Roberts et al. [8] used genetic, transcriptome, and
protein information to differentiate between polymorphisms
and true disease causingmutations.This landmark study gave
strong evidence that truncation mutations located in A-band
TTN are most commonly disease causing, whereas I-band
variants can generally be well compensated by the organism.
Our mouse model harbors a truncation variant in A-band
TTN, making it a good mouse model for a wide spectrum
of human DCM. In addition, our data strongly support the
evidence of a pathogenetic role for A-band variants.

As described previously, heterozygous Ttn knock-inmice
do not develop a cardiac phenotype under resting conditions
[9]. Interestingly, disease penetrance in the family with
the corresponding mutation [6], as well as in most other
described DCM families, is incomplete, indicating that a
“second hit” (environmental or a second genetic modifier)
is required for disease development and progression. The
need of a cardiac stressor in our mouse model (here: pressure
overload by TAC) supports the “second hit” hypothesis in
titin-based DCM.

TTN is a major contributor of cardiac stiffness. We have
previously performed active and passive tension measure-
ments in skinned ventricular papillary muscle fibers as well
as echocardiographic evaluation of diastolic function in our
Het Ttn mouse model [9]. We did not find any changes in
viscoelastic properties in these animals. This is most likely
because the predominantmechanism of disease in ourmodel
is haploinsufficiency, with degradation of the mutant protein
and compensatory upregulation of the wild-type protein.
Under the hypertrophic stimulus of pressure overload, this
compensatory mechanism seems to fail, resulting in a lack of
sarcomeric TTN. Presumably, the shortage of the sarcomeric
“ruler” TTN results in cardiac disarray with fibrosis and
impaired systolic function.

Cardiac extracellular matrix (ECM) remodeling is an
adaptive process to deal with physiological and pathophys-
iological hemodynamic changes [10]. Excess ECM protein
production and deposition in the myocardium (cardiac
fibrosis) is a hallmark of maladaptive remodeling [11, 12].
A-band TTN truncation mutations produce a shorter TTN
protein with impaired M-band signaling. TTN M-band, one
of the “hot spots” for mechanotransduction in the sarcomere,
contributes to pathological cardiac remodeling [13, 14]. For
example, DRAL/FHL2 binds to TTN at the M-line [15] and
shuttles between the cytoplasm and the nucleus to regulate
gene transcription. MURF1, an E3 ubiquitinase, binds to M-
band titin and regulates gene expression and protein turnover
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Figure 3: Myocardial histology of 4 representative heart sections from wild-type and Het animals 2 weeks after TAC, stained with Masson’s
trichrome. One representative Sham heart per genotype is also shown. Note the increased level of fibrosis in Het hearts (∗𝑝 < 0.01) compared
to their WT littermates. Bar = 1mm.

[16]. TTN kinase (TK) domain associates with nbr1 and p62,
which are receptors for the selective degradation of ubiqui-
tinated proteins by the autophagosome [17]. Together, these
findings suggest that TTN A-band truncating mutations
could possibly result in defected M-band mechanosensing
and transduction, which in turn impairs cardiac protein
turnover and remodeling. Hyperactivation of cardiac fibrosis
could be one of the consequences of impairedmechanotrans-
duction pathways in the TTN A-band truncating mutant
mice, whichwould contribute to systolic dysfunction in those
mice under pressure overload.

In previous studies [9, 18], we used pharmacological stress
(angiotensin II, isoproterenol) to induce DCM in our mouse
model. Since TTN is known to play a role in biomechani-
cal sensing and signalling [19–21], we performed extensive
expression studies with known TTN ligands involved in
those functions [9], but we could not find any significant
changes in our heterozygousmice.However, expression levels
of these binding partners were enormously influenced by
the pharmacological agent (angiotensin) itself. Therefore,
subtle differences between wild-type and Het mice were
supposedly below the detection level. In this study, we used

a mechanical stressor and could therefore exclude phar-
macological confounders. This should enable us to dissect
pathways involved in TTN-based DCM and to develop novel
therapeutic strategies to combat heart failure.

5. Conclusions

In this study, we showed that TAC-mediated pressure over-
load leads to hemodynamic impairment and rapid cardiac
remodeling in heterozygous TTN A-band truncated mice,
resulting in a DCM-like phenotype. Since TTN A-band
truncating variants are a major cause for human DCM, the
mouse model is a useful tool for the elucidation of disease
mechanisms and for the development of novel therapeutic
interventions.
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Background. Congenital heart diseases often involve chronic pressure overload of the right ventricle (RV) which is a major
cause of RV dysfunction. Pulmonary artery (PA) banding has been used to produce animal models of RV dysfunction. We have
devised a new and easier method of constricting the PA and compared it directly with the partial ligation method. Methods.
Eight-week-old male Sprague-Dawley rats (240–260 g) were divided into three groups: sham operation, partial pulmonary
artery ligation (PAL) procedure, and pulmonary artery half-closed clip (PAC) procedure. RV function and remodeling were
determined by echocardiography and histomorphometry. Results. Surgical mortality was significantly lower in the PAC group
while echocardiography revealed significantly more signs of RV dysfunction. At the 8th week after surgery RV fibrosis rate was
significantly higher in the PAC group. Conclusions. This procedure of pulmonary artery banding in rats is easier and more efficient
than partial ligation.

1. Introduction

The exact prevalence of pediatric heart failure is largely
unknown but it is increasing. Recent advances in diagnostic
methods, new surgical techniques, and improved periopera-
tive management have contributed to an increased survival
for patients with complex congenital heart disease who today
often survive into adulthood [1].

Even after successful repair, however, right ventricle (RV)
pressure overload remains in some patients and eventually
impairs RV function and influences long-term mortality and
morbidity [2–4].

Although compensated hypertrophy develops initially,
ultimately RV failure will occur. The mechanisms underlying
the progression from compensated to decompensated RV
hypertrophy have not been well defined [5].

Clinically, the relationship between progressive fibrosis
and RV function must be addressed [6, 7]. But studies of the
mechanisms underlying the transition from a compensated
state of hypertrophy to a decompensated state are difficult

in patients, because invasive data cannot be easily obtained.
For this purpose, animal models may be beneficial. Small
experimental animals, such as rats, are widely used in cardio-
vascular research since they can provide a range of disease
models, including cardiac hypertrophy and failure. A major
advantage of these disease models is that cardiac material can
be easily sampled to study the pathology of the disease in
question.

The partial pulmonary artery ligation procedure has
been widely used to produce right heart failure caused
by pressure overload, but this procedure might have
important drawbacks including a high surgical mortality
caused by bleeding, sudden cardiac arrest, or pulmonary
thrombus.

Pressure overload may also be induced using half-closed
paper clips easily applied with a stopper. We could adjust
the closing size by moving the stopper. The objective of this
study was to establish rats model of RV failure using the
pulmonary artery half-closed clip procedure comparing with
partial ligation procedure.
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Figure 1: The PAC method. (a) Left thoracotomy was performed in the right semilateral decubitus position. (b) mPA was exposed through
the left thoracotomy. ((c), (d)) Placement of a half-closed clip around mPA.

2. Materials and Methods

2.1. Animal Care. All experimental procedures and protocols
used in this investigation were reviewed and approved by
the institutional animal care and use committee and were in
accordance with the National Institutes of Health “guide for
the care and use of laboratory animals” (National Institutes of
Health publication number 85-23, revised 1996).

2.2. Animal Model. A rat model of the pulmonary artery
banding (PAB) was established to create chronic RV pressure
overload. Eight-week-old male Sprague-Dawley rats (240–
260 g) were anesthetized with intraperitoneal pentobarbital
(50mg/kg body weight) and xylazine (5mg/kg) and venti-
lated with 100% O

2
by using a volume controlled respirator

(2mL, 60 cycles/min). A left thoracotomy was performed at
the fourth intercostal space, and the main pulmonary artery
(mPA) was carefully exposed (Figure 1).

2.2.1. Partial Pulmonary Artery Ligation Model (PAL) (𝑛 =
28). A 7-0 prolene suture was tied tightly around an 18-gauge
needle alongside the mPA. After subsequent rapid removal
of the needle, a fixed constricted opening was created in the
lumen equal to the diameter of the needle [5, 8, 9].

2.2.2. Half-Closed Clip Model (PAC) (𝑛 = 28). A small clip
(LT100 ETHICON) was half-closed around the mPA using
a clip applier (LX107 ETHICON) with a stopper (Figure 1).

The blood flow through the mPA was restricted to equal the
inner segment of the half-closed clip.We selected type (B) clip
because this inner size was almost equal to outer size of a 18G
needle (Figure 2).

Thereafter, the thorax was closed in layers, and the
ventilator setting was changed (90 cycles/min) for half an
hour to reduce the respiratory load.

2.2.3. Sham Operation (𝑛 = 12). A left thoracotomy was
performed at the fourth intercostal space, and the mPA was
carefully exposed. The thorax was closed in layers, and the
ventilator setting was changed (90 cyclesmin−1) for half an
hour to reduce the respiratory load.

2.3. Echocardiographic Measurements. Echocardiograms
were recorded on the preoperative day and on the 4th week
and 8th week after the procedure.The rats were anaesthetized
for echos (pentobarbital 50mg kg−1 body weight) but were
breathing spontaneously and were positioned on their left
side.

Measuring echocardiograms, the dose of anesthetics was
reduced to 50% only on the day when a rat had developed
clinical signs, loss of activity, body edema, and pleural
effusion, of RV failure. Transthoracic 2-dimensional, M-
mode (according to the standards of the American Society
of Echocardiography) and Doppler imaging were performed
with a 6.5MHz transducer (Xario TOSHIBA, JAPAN).
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Half-closed clip (A) 1.46
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Figure 2: (a) Half-closed clips (A), (B), and (C) with different placed stopper. (b) Size of inner area of clips (A), (B), and (C), respectively,
comparing with 18G needle outer size. In this paper, we used (B) type for the PAC method.
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Figure 3: Schemata of echocardiograms measurements. (a) The parasternal long-axis view. (b) Parasternal short-axis view. (c) The apical
four-chamber view.

Figure 3 showed schemata of the measurements of
echocardiograms, respectively.

The RV morphology was assessed as RV free wall thick-
ness (RVWT) andRV end-diastolic diameter (RVDd) andRV
outflow tract dimension (RVOTD). RVWT was measured by
M-mode either in the 2-dimensional parasternal short-axis
view below the tricuspid valve or in the parasternal long-axis
view, depending on the quality of RV free wall visualization.
RVDd was measured as the maximal distance from the RV
free wall to the septum from the apical four-chamber view.

RVOTD and aortic dimension (AoD) were measured at
the aortic valve level in the short-axis view. The ratio of

RVOTD to AoD (RVOTD/AoD) was calculated as represen-
tative of RV dilatation. The position of the transducer was
aligned to visualize the RV apex.

The maximal RV cavity size preceding the frame with
the onset of systolic closure of tricuspid valve leaflets was
used to measure RVDd. To assess RV function, the tri-
cuspid annular plane systolic excursion (TAPSE) of the
lateral portion of the tricuspid annular plane was measured
by the base-to-apex shortening during systole. This was
recorded in the M-mode format under two-dimensional
echocardiographic guidance from the apical four-chamber
view.
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Furthermore, PA velocity (PAv) was recorded at the
aortic valve level in the short-axis view. This was used as an
echocardiographic indicator of RV pressure overload [10, 11].

The left ventricle (LV) M-mode echocardiograms were
recorded to evaluate LV function, as previously described. LV
end-diastolic dimension (LVDd), LV end-systolic dimension
(LVDs), interventricular septal wall thickness (IVST), and
LV posterior wall thickness (LVPW) were measured at the
papillary muscles level, and LV fractional shortening (LVFS)
was calculated as follows:

LVFS = [(LVDd − LVDs)
LVDd

] × 100 (%) . (1)

2.4. Histopathological Analysis. In the PAL group, the
remaining 4 rats were killed 4 weeks after surgery and all
the remaining rats (𝑛 = 8) were killed 8 weeks after surgery.
In the PAC group, 4 rats were killed 4 weeks after surgery
and all the remaining rats (𝑛 = 6) were killed 8 weeks after
surgery. In the shamgroup, 6 ratswere killed 4 or 8weeks after
surgery. The hearts were quickly removed, and the ventricles
were dissected free of atrial tissue and large blood vessels.The
right ventricle was carefully separated from the left ventricle
and interventricular septum (IVS). The fresh ventricular
tissues were immediately blotted dry and weighted separately
to determine the degree of RV hypertrophy based on 2
parameters: RV wall weight/body weight (RV/BW) and RV
wall weight/LV and IVS wall weight (RV/LV + IVS).

Tissue specimens for pathological analysis were obtained
from whole hearts in cross sections, cut into 5mm thick
sections, and stained with hematoxylin and eosin for mor-
phologic analysis, including measurement of the short-axis
dimension of the RVmyocardial cell and Masson’s trichrome
staining to determine the amount of interstitial and myocar-
dial fibrosis. Digital images of cross sections were taken by
a CCD camera (OLYMPUS DP-72) with a light microscope
(OLYMPUS SZX12).The number of pixels of the blue-stained
collagen area was calculated with Adobe Photoshop CS5 soft
and then divided by the total number of pixels in the RV wall
per slide, analyzed, and averaged.

2.5. Statistical Analysis. All data were expressed as mean
± SEM and range. Student’s unpaired 𝑡-test or analysis of
variance for parametric values was used to compare group
means. Probability of 0.05 or less was considered to be
statistically significant.

3. Results

3.1. Procedure. Surgical procedure time was defined as the
interval from starting to incise the skin to skin closure. The
surgical procedure timewas 27.6 ± 1.4min for PAL and 17.3 ±
2.1min for PAC (𝑝 < 0.01). For the PAL procedure, 5 major
hemorrhages occurred during trimming the mPA compared
to only one major hemorrhage for the PAC procedure.

To evaluate the two procedures for RV pressure overload
damage, we recorded the postsurgery recovery time. This
was defined as the interval from time of extubation until the
animal was fully conscious and walking freely. The recovery

time was 30.4 ± 5.3min for the sham procedure and 33.5 ±
5.2min for PACwhich was significantly shorter than the PAL
procedure which was 64.9 ± 7.3min.

3.2. Surgical Risk. Sixty-eight rats underwent PAL (𝑛 = 28)
or PAC (𝑛 = 28) or sham (𝑛 = 12) in the surgical risk study.
During the perisurgical period, which was the time from the
beginning of surgery to 6 hours after surgery, 1 rat in the PAC
group out of 28 died due to bleeding (3.6%).

In contrast, 7 of 28 perisurgical deaths were seen in the
PAL group (25%). Of those 7 rats, 1 died from an intubation
accident, 2 died from bleeding, 2 died from pneumothorax,
and 2 died from sudden cardiac arrest. All of the animals in
the sham group survived regardless of the surgical procedure.
After the perisurgical period, there were 3 and 12 deaths in
the PAL and PAC groups, respectively. The most common
reasons for post-PAB death in both groups were pleural
and/or pericardial effusion (pleural effusion: 66.7% in PAL
and 83.3% in PAC, pericardial effusion: 33.3% in PAL and
41.7% in PAC) occurring between weeks 4 and 8 after surgery.
Some of the rats died of unknown causes although we
assumed these were due to either cardiac arrhythmia or
heart failure as autopsy of these rats showed no blood in the
thoracic cavity.

3.3. Echocardiographic Study. Table 1 shows the trend for
LVDd and AoD to decrease but LV contractility (LVFS)
showed no significant difference. Both PAL and PAC groups
showed a significantly increased pulsed Doppler Peak PAv,
RVOTD, RVDd, and RVWT. In the PAC group, PAv and
RVOTD tended to increase more significantly than in the
PAL group. The dilatation of the RV associated with the
RVDd/LVDd ratio and the RVOTD/AoD ratio. In the PAC
group, the RVDd/LVDd ratio was increased and became
significantly greater than in the sham and PAL group. The
RVOTD/AoD ratio was about 1.0 throughout the observation
in the sham group. In contrast, the ratio increased progres-
sively in the PAL and PAC groups, especially in the PAC
group.

The signs of RV failure associated with TAPSE were more
severe in the PAC group than in the PAL group. The signs
of moderate or severe tricuspid regurgitation (TR) or pleural
effusion or IVC dilation were detected in the PAC group 5
weeks after the PAC procedure, but we could seldom detect
these signs in the PAL group throughout the observation
period (PAC versus PAL: moderate or more TR 21/27 (77.8%)
versus 3/21 (14.3%), pleural effusion 18/27 (66.7%) versus 2/21
(10.0%), and IVC dilation 20/27 (74.1%) versus 0/21 (0%)).

Furthermore, the standard deviation in the PAC group
was greater than the PAL group. In other words, the data of
the PAL group variedmorewidely than that of the PACgroup.
More stable data might be obtained with the PAC procedure.

3.4. Morphometric and Histological Analysis

3.4.1. RV Hypertrophy. A weight analysis showed the heart
weight/BW, RV/BW, and RV/(LV + IVS) weight ratios in the
PAC and PAL groups to be similar and significantly higher
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Table 1: Ultrasound findings in the sham rats, at 4th or 8th week after the PAB procedure.

Preoperative day 4th week 8th week
Sham PAL PAC Sham PAL PAC Sham PAL PAC

𝑛 12 28 28 12 16 22 6 8 6
LVDd (mm) 4.66 ± 0.43 4.75 ± 0.43 4.67 ± 0.39 5.36 ± 0.36 5.10 ± 0.42 5.07 ± 0.51 5.78 ± 0.19 5.40 ± 0.29 5.42 ± 0.38
LVDs (mm) 2.10 ± 0.5 2.15 ± 0.47 2.06 ± 0.47 2.51 ± 0.38 2.88 ± 0.58 2.55 ± 0.31 2.90 ± 0.52 2.38 ± 0.38 2.68 ± 0.45
IVST (mm) 1.06 ± 0.27 1.11 ± 0.29 1.14 ± 0.31 1.57 ± 0.10 1.56 ± 0.16 1.65 ± 0.27 1.93 ± 0.21 1.90 ± 0.10 2.13 ± 0.22
PWT (mm) 1.01 ± 0.24 1.05 ± 0.27 1.04 ± 0.27 1.71 ± 0.29 1.51 ± 0.08 1.62 ± 0.20 2.23 ± 0.22 2.04 ± 0.09 1.97 ± 0.14
FS (%) 55.17 ± 8.74 55.02 ± 8.17 56.15 ± 8.68 53.27 ± 4.42 42.81 ± 15.09 49.78 ± 4.02 49.62 ± 10.14 56.07 ± 5.10 50.64 ± 5.51
RVDd (mm) 2.46 ± 0.31 2.49 ± 0.29 2.49 ± 0.26 2.43 ± 0.28 5.48 ± 1.47⋆ 6.26 ± 1.28⋆ 2.80 ± 0.58 5.26 ± 0.96⋆ 6.95 ± 0.63⋆

RVWT (mm) 0.63 ± 0.19 0.65 ± 0.18 0.70 ± 0.17 0.54 ± 0.08 1.25 ± 0.11⋆ 1.41 ± 0.28⋆ 0.98 ± 0.1 1.72 ± 0.15⋆ 1.80 ± 0.43⋆

TAPSE (mm) 2.71 ± 0.22 2.69 ± 0.21 2.69 ± 0.23 2.53 ± 0.14 2.40 ± 0.11 1.67 ± 0.20⋆$ 2.58 ± 0.1 2.32 ± 0.20 1.42 ± 0.25⋆$

HR (bpm) 438 ± 43 441 ± 39 455 ± 24 447 ± 21 436 ± 26 422 ± 31 451 ± 22 419 ± 20 411 ± 30
Peak PAV (m/s) 0.76 ± 0.11 0.73 ± 0.12 0.71 ± 0.12 0.97 ± 0.14 2.93 ± 0.54⋆ 3.91 ± 0.38⋆$ 1.05 ± 0.13 3.28 ± 0.37⋆ 4.03 ± 0.27⋆$

RVOTD (mm) 1.99 ± 0.20 2.00 ± 0.24 1.97 ± 0.25 2.64 ± 0.17 2.98 ± 0.37# 3.22 ± 0.50⋆ 2.20 ± 0.16 2.78 ± 0.37# 3.62 ± 0.16⋆$

AoD (mm) 2.23 ± 0.25 2.25 ± 0.23 2.30 ± 0.21 2.80 ± 0.18 2.65 ± 0.11 2.55 ± 0.22# 2.78 ± 0.05 2.44 ± 0.35 2.65 ± 0.10
RVDd/LVDd 0.53 ± 0.08 0.53 ± 0.07 0.53 ± 0.05 0.46 ± 0.07 1.08 ± 0.28⋆ 1.25 ± 0.32⋆ 0.48 ± 0.09 0.971 ± 0.15⋆ 1.28 ± 0.08⋆$

RVOTD/AoD 0.90 ± 0.16 0.90 ± 0.16 0.86 ± 0.15 0.95 ± 0.07 1.12 ± 0.14# 1.27 ± 0.20⋆ 0.79 ± 0.07 1.157 ± 0.21# 1.37 ± 0.10⋆†

RVPW/LVPW 0.65 ± 0.23 0.65 ± 0.21 0.69 ± 0.20 0.32 ± 0.05 0.83 ± 0.08⋆ 0.87 ± 0.15⋆ 0.44 ± 0.06 0.844 ± 0.07⋆ 0.92 ± 0.24⋆

𝑛, number of rats. #: 𝑝 < 0.05 versus sham, ⋆: 𝑝 < 0.01 versus sham, †: 𝑝 < 0.05 versus PAL, and $: 𝑝 < 0.01 versus PAL.

Table 2: Weight analysis at the 4th and 8th week after the PAB
procedure.

(a) Weight analysis at the 4th week after the procedure

BW HW/BW RV/BW RV/(LV + IVS)
(g) ratio (mg/g) ratio (mg/g) ratio

Sham 435 ± 39 3.57 ± 0.16 0.56 ± 0.07 0.21 ± 0.02
PAL 403 ± 21 4.65 ± 0.17⋆ 1.40 ± 0.13⋆ 0.50 ± 0.04⋆

PAC 398 ± 33 4.88 ± 0.17⋆ 1.39 ± 0.03⋆ 0.49 ± 0.04⋆

(b) Weight analysis at the 8th week after the procedure

BW HW/BW RV/BW RV/(LV + IVS)
(g) ratio (mg/g) ratio (mg/g) ratio

Sham 508 ± 41 3.30 ± 0.23 0.48 ± 0.04 0.21 ± 0.01
PAL 505 ± 47 4.34 ± 0.30⋆ 1.27 ± 0.12⋆ 0.54 ± 0.02⋆

PAC 450 ± 50 4.81 ± 0.32⋆ 1.40 ± 0.07⋆ 0.58 ± 0.03⋆

There was no significant difference between the PAL and PAC groups.
BW: body weight at the sacrifice time, HW: heart weight, and ⋆: 𝑝 < 0.05
versus sham.

than in the sham group (Table 2). Whole heart findings
revealed a thickened RVwall, with an enlarged cavity, and the
IVS shifted toward the left side in the PAC and PAL groups
(Figure 5). Myocardial cell size in the PAC and PAL groups
was similar and significantly higher than in the sham group
(4thweek: shamversus PAL versus PAC: 13.7±1.64 𝜇mversus
21.3 ± 3.47 𝜇m versus 22.8 ± 2.38 𝜇m, 8th week: sham versus
PAL versus PAC: 14.3 ± 1.40 𝜇m versus 34.7 ± 7.22 𝜇m versus
35.1 ± 8.19 𝜇m) (Table 1, Figure 4).

3.4.2. Fibrosis. Masson’s trichrome staining showed fibrosis
in the RV free walls of the sham, PAL, and PAC groups

(Figure 6). At the 4th week, the percentage of fibrosis in the
PAL and PAC groups was similar and significantly higher
than in the sham group (sham versus PAL versus PAC: 0.49 ±
0.06% versus 3.12±1.09% versus 4.68±1.63%) (Figure 6(b)).
But at 8 weeks, the percentage fibrosis in the PAC group was
significantly higher than in the sham and PAL groups (sham
versus PAL versus PAC: 1.51 ± 0.86% versus 9.73 ± 6.05%
versus 29.2 ± 6.13%) (Figure 6(b)).

4. Discussion

Definition of heart failure was challenging because there
were neither objective cutoff values of cardiac or ventricular
dysfunction nor changes in pressure, dimension, or volume
that could be reliably used to identify patients with heart
failure. According toTheEuropean Society ofCardiology task
force for the diagnosis and treatment of heart failure, both
symptoms at rest or during exertion and objective evidence
of cardiac dysfunction at rest should be present to diagnose
heart failure [12].

In animal models, however, heart failure symptoms like
fatigue or breathlessness are difficult to detect and quantify.
Then evaluation of the models depends on objective findings
such as reduced cardiac output, increased filling pressure, and
progressive fibrosis [6, 7, 13]. In addition, the valuable signs
of progressive heart failure are pericardial or pleural effusion
[14]. In this paper, we demonstrated right heart failure by the
objective findings of cardiac dysfunction.

Most attention is given to LV function, whereas RV
function and disease have seldom been focused on. It is
an established fact that there is a relationship between LV
and RV function. Impairment of the RV might influence LV
function [15, 16]. RV function is one independent predictor
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Figure 4: Photomicrographs of hematoxylin and eosin-stained sections showed significantly hypertrophied ventricular myocytes in the PAL
and PAC groups. Scale bar: 20𝜇m. ∗𝑝 < 0.01.
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Figure 5: Macroscopic photographs of Masson’s trichrome-stained cross sections showed RV wall thickening, cavity enlarging, and the
interventricular septum shifting toward the left side in the PAL and PAC groups. Scale bar: 2mm.

of mortality and the development of heart failure in patients
with LV dysfunction [17]. Five to ten percent of patients
with advanced chronic obstructive pulmonary disease may
suffer from severe pulmonary hypertension and present
with a progressively downhill clinical course because of RV
dysfunction [18]. Not only in the view point of congenital
heart disease, well-established animal models of RV function
may be necessary for further investigation of RV function
and pathology. Some animal models of RV dysfunction exist
(monocrotaline treatment, partial ligation method) [5, 8–
10, 19]. Monocrotaline treatment has been used to induce
pulmonary hypertension resulting in RV hypertrophy and
eventually heart failure [20, 21]. Monocrotaline treatment
might have disadvantages in the form of disease manifesta-
tions not usually associated with human heart failure and
changes in hormones such as endothelin [21, 22]. PAB does
not have such side effects and is a promising procedure
for inducing symptomatic RV dysfunction. PAL procedure
has been used in several hypertrophy experiments; however,
slippage of the band and the obvious difficulties ensuring
the same degree of constriction among the banded animals
when using a surgical nylon (usually prolene) led us to believe
that banding with tantalum clips would be a more reliable

procedure to create PAB model. In another PAB study using
surgical nylon thread, PAL procedure, about 25% of the
banded rats showed no hypertrophy [23], suggesting that this
was a less reliableway. Also in this study, in the PAL group, the
data had greater variance than in the PAC group. In addition,
the objective findings of RV dysfunction were present less in
the PAL group.

To the best of our knowledge this is the first reported
evaluation of a newly devised means of stressing the right
ventricle—the half-closed clip procedure—and its compari-
sonwith the pulmonary artery banding procedure. Using this
new technique we could produce a right heart failure model
in significantly less time and with much faster recovery and
fewer surgical deaths than the PAL procedure. Most impor-
tantly, this novel procedure more fully developed subsequent
myocardial damage and postsurgery cardiac dysfunction
than did the PAL procedure. Furthermore, if we adjust the
position of the stopper, we can produce different PABmodels
using this procedure.

A recent study in rats who underwent banding of the
mPA by the existing partial ligation procedure showed that
pressure overload alone was insufficient to explain right heart
failure; the rats showed no effect on cardiac output or fibrosis
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Figure 6: (a) Representative photomicrographs of Masson’s trichrome-stained RV free wall (scale bar: 500 𝜇m). (b) Evaluation of fibrosis
area for RV free wall. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01.
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[24]. Using the PAC procedure, however, we could produce
RV dysfunction models that represent not only RV cavity
dilation and RV hypertrophy but also moderate or greater
tricuspid regurgitation or pleural and/or pericardial effusion.

Hardziyenka and colleagues reported LV atrophy in
pulmonary hypertension [25]. However, we could not detect
significant left-sided effects, but we could find a trend towards
LV atrophy (Table 1 LVPWT, PAC versus sham, 𝑝 = 0.051).

5. Conclusion

This study demonstrated that the application of a tantalum
half-closed clip around the pulmonary artery induced right
ventricle dysfunction in a reproducible manner. This model
should prove valuable in the investigation and treatment of
right heart failure caused by pressure overload.
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Objective. To develop a rabbit model of closed-chest catheter-induced myocardial infarction. Background. Limitations of rodent
and large animal models justify the search for clinically relevant alternatives. Methods. Microcatheterization of the heart was
performed in 47 anesthetized 3-4 kg New Zealand rabbits to test five techniques of myocardial ischemia: free coils (𝑛 = 4),
interlocking coils (𝑛 = 4), thrombogenic gelatin sponge (𝑛 = 4), balloon occlusion (𝑛 = 4), and alcohol injection (𝑛 = 8).
In order to limit ventricular fibrillation, an antiarrhythmic protocol was implemented, with beta-blockers/amiodarone before
and xylocaine infusion during the procedure. Clinical, angiographic, and echographic data were gathered. End points included
demonstration of vessel occlusion (TIMI flow grades 0 and 1 on the angiogram), impairment of left ventricular function at 2 weeks
after procedure (by echocardiography), and pathologically confirmed myocardial infarction. Results. The best arterial access was
determined to be through the right carotid artery. The internal mammary guiding catheter 4-Fr was selected as the optimal device
for selective intracoronary injection. Free coils deployed prematurely and tended to prolapse into the aorta. Interlocking coils
did not deploy completely and failed to provide reliable results. Gelatin sponge was difficult to handle, adhered to the catheter,
and could not be clearly visualized by fluoroscopy. Balloon occlusion yielded inconsistent results. Alcohol injection was the most
efficient and reproducible method for inducing myocardial infarction (4 out of 6 animals), the extent of which could be fine-tuned
by using a coaxial balloon catheter as a microcatheter (0.52mm) to achieve a superselective injection of 0.2mL of alcohol. This
approach resulted in a 20% decrease in LVEF and infarcted myocardium was confirmed histologically. Conclusions. By following
a stepwise approach, a minimally invasive, effective, and reproducible rabbit model of catheter-induced myocardial infarction has
been developed which addresses the limitations of rodent experiments while avoiding the logistical and cost issues associated with
large animal models.

1. Introduction

Heart failure (HF) is a major health and economic burden
in developing countries and its prevalence is increasing [1,
2]. It is a complex, heterogeneous disorder that can result
from primary cardiomyopathy or, more commonly, from
myocardial infarction (MI), hypertension, or disorders of
the valve [3, 4]. Because many HF cases are secondary to
ischemic heart disease, animal models that closely mimic the

characteristics and development of human MI are essential
for better understanding the pathophysiology of heart failure
and for developing medical or surgical therapies. Many
of these models entail a surgical ligation of the coronary
artery (with or without reperfusion), which is a reasonably
reproducible technique, with the caveat that it results in a
HF pattern different from what is seen in humans [5–7].
Percutaneous intracoronary embolization of various materi-
als more closely duplicates acute coronary syndromes caused
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by embolization of atherosclerosis debris or thrombosis in
the coronary microcirculation. Furthermore, the minimally
invasive nature of the procedure reduces surgical complica-
tions and maintains the integrity of anatomical structures,
particularly the pericardium which is involved in the reg-
ulation of myocardial inflammation and remodeling [6, 8–
13].However, the embolization technique also has limitations.
First, it may be challenging to precisely control the location
and duration of the coronary artery occlusion. Second, so far,
it has been primarily applied to large animals (specifically
pig and sheep). In an attempt to find an acceptable trade-
off between rodent models, whose cardiac physiology is
far from that of humans [14], and large animal models,
which raise logistical and economic issues, the present study
was designed to develop a straightforward and reproducible
model of percutaneously induced MI in rabbits.

2. Materials and Methods

2.1. Animals. This study was approved by the University of
Paris René Descartes Ethics Committee and by the ad hoc
board of the French Ministry of Research and Education.
Animals were cared for in accordance with the Guide for the
Care and Use of Laboratory Animals [15].

2.2. Experimental Design. Adult male White New Zealand
rabbits weighing 3.8–4.4 kg were used in this study. During
the procedure, animals were anaesthetised using 5mg/kg
ketamine-HCl and 20mg/kg propofol via the ear vein
and anticoagulated with heparin (300 IU/kg). An antiar-
rhythmic protocol was implemented, which included beta-
blockers/amiodarone and lidocaine (1mg/kg load followed
by a 20𝜇g/kg/min infusion) to reduce ischemic ventricular
arrhythmias. Electrocardiogram and peripheral oxygen sat-
uration were continuously recorded. Procedure success was
assessed by the demonstration of a widening of the QRS
complex or of ST segment elevation in the electrocardiogram
and by TIMI 0 or 1 angiographic blood flow grades. After
induction of MI, animals were kept under clinical obser-
vation. Animals with postprocedural heart failure received
furosemide at 0.3mg/kg/d for 3 days. After 3 weeks, ani-
mals were sedated as described above, examined clinically
and echographically, and sacrificed. End points included
impairment of left ventricular (LV) function at 3 weeks after
procedure (by echocardiography using the Simpsonmethod)
and histologically confirmed myocardial infarction.

2.3. Experimental Procedures. Three series of experiments
were sequentially performed.

(1) Assessment of vascular access and coronary catheter-
ization procedures: after having selected the right
carotid artery as the vascular access entry site, 3 rab-
bits were used to test two devices (cathlons and fine
needles); 2 animals were used for vessel catheteriza-
tion and to select the optimal introducer sheath size.
Four additional rabbits were then used for selecting
the type and size of the guiding catheter for coronary

catheterization and to determine the dilution of the
contrast medium.

(2) Assessment of the coronary occlusion site: to deter-
mine the coronary artery branch most suitable for
occlusion to induce a functionally relevant MI, 14
rabbits underwent release of free and droppable coils.
They were divided into three groups according to the
target territory: the left descending artery area (𝑛 =
6), the circumflex artery territory (𝑛 = 5), or the
right coronary artery territory (𝑛 = 3). After three
weeks, sedated animals were evaluated clinically and
echographically, according to the protocol described
above, before being sacrificed and studied histologi-
cally.

(3) Comparison ofMI-inducing techniques: five different
techniques of coronary occlusion were finally investi-
gated: free coils (𝑛 = 4), interlocking coils (𝑛 = 4),
balloon occlusion (𝑛 = 4), release of a thrombogenic
sponge (𝑛 = 4), and injection of alcohol (𝑛 = 8).

For coils, a guiding catheter was positioned under flu-
oroscopic guidance at the coronary ostium and a 0.014-in.
floppy wire was advanced into the coronary vessel. The wire
was advanced into the dominant coronary artery branch,
as determined by angiography (Figure 3). Over the wire, a
microcatheter (FineCross MG, Terumo Corporation, Tokyo,
Japan) was tracked into the coronary artery. Free coils were
loaded into themicrocatheter and dropped to the desired site.
For interlocking coils, the procedure was modified in that
the microcatheter was tracked, the floppy wire was removed,
and the interlocking coil was loaded into the inner lumen of
the microcatheter. It was then advanced to the optimal site
and deployed. If interlocking coils failed to deploy, they could
be removed. For balloon occlusion, an angioplasty balloon
was tracked over the wire, placed into the target vessel, and
inflated to occlude it.The desired period of occlusion was 300
seconds. In the thrombogenic sponge-injected group, a col-
lagen sponge (Gelfoam, Pfizer, New York, NY, USA) was cut
according to the size of the target vessel, impregnated with a
contrast solution anddropped through themicrocatheter. For
alcohol injection, themicrocatheter had to be positioned so as
to occlude the coronary artery.When a lack of retrograde flow
was confirmed by angiography, the alcohol was injected into
the microcatheter. Because of insufficient selectivity, we used
a coaxial total chronic coronary occlusion balloon catheter
as a microcatheter to achieve a superselective injection of
0.2mLof alcohol (Mini-Trek,Abbott, Chicago, IL,USA).This
device offers a better crossing profile and a better push. After
removal of the 0.014-in. floppy wire, contrast medium was
injected into the inner lumen of the balloon to verify vascular
occlusion. Alcohol was then injected into the target artery to
induce necrosis of the adjacent tissue and hence induce an
infarction.

2.4. Histological Examination. Hearts in which a myocardial
infarct was macroscopically observed at autopsy underwent
a histological analysis (Figures 1 and 2). Hearts were excised,
cut in the coronal plane into three sections from apex to
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Figure 1: Macroscopic views. Macroscopic views of a heart that underwent embolization of the middle segment of the right coronary artery;
rear side view shows myocardial scarring of the right ventricle and the inferior wall of the left ventricle (a). The area of fibrosis is the inferior
wall of the left ventricle and right ventricle (b). Heart that underwent embolization of the middle segment of the circumflex artery; apical
section shows lateral wall transmural myocardial infarction (c).

(a) (b)

Figure 2: Histological analysis of left ventricle lateral wall transmural infarction. Histological views of left ventricle lateral wall infarction
focused on left ventricle anterior wall after mid segment circumflex artery alcohol injection (a) and of the interventricular septum focused on
the basal segment after proximal segment right coronary artery alcohol injection (b) showingmuscle and fibrosis. Heart was excised, cut, then
embedded in OCT, flash frozen in liquid nitrogen, and stored at −80∘C. Ten-micrometer cryosections were stained to confirm the presence
of ischemic tissue.

base, embedded in OCT, flash-frozen in liquid nitrogen, and
stored at −80∘C. Ten-micrometer cryosections were stained
with hematoxylin-eosin to confirm the presence of ischemic
tissue.

2.5. Echocardiography. In vivo heart function was evalu-
ated by echocardiography three weeks after ischemic injury.
Transthoracic echocardiography was performed on sedated
animals by an experienced cardiologist using an echocar-
diography machine equipped with an appropriate probe
for imaging rabbit hearts (Vivid E9 ultrasound platform,
GE Health Care, Pittsburgh, PA, USA). Two-dimensional
mages were taken using both long axis and short axis
views. Measurements were taken to evaluate the following
parameters: dimensions of the LV, left atrium, wall thickness,
valve function, and LV ejection fraction (calculated using
Simpson’s method).

2.6. Statistical Analysis. Data are given in percentages and
means ± standard deviations. Comparisons between groups
were made using the nonparametric ANOVA test for contin-
uous variables. A 𝑝 < 0.05 value was considered statistically
significant. Statistical analysis was performed with JMP 9.1
software (SAS, Cary, NC, USA).

3. Results

3.1. Assessment of Vascular Access and Coronary Catheteri-
zation Procedures. The safest micropuncture vascular access
was achieved using needles and 0.018-in. wires. A 4-Fr
micropuncture sheath was effective. It was advanced over
the wire and exchanged for a 0.035-in. guidewire to support
the placement of a 4-Fr internal mammary guide catheter
(Cordis Corporation, Miami, FL, USA), with custom alter-
ation for use in a rabbit. The guiding catheter was advanced
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Figure 3: Angiography of the coronary artery after mid segment alcohol injection. Selective angiography of the left main coronary artery, of
the left anterior descending along the anterior interventricular sulcus reaching the apex of the heart, of a diagonal coronary artery, and
of the circumflex coronary artery along the atrioventricular groove (a). Embolization of the right coronary artery ostium with free coil
(b). Angiography of the right coronary artery after mid segment alcohol injection (c). The contrast product injected after alcohol injection
stagnates in the necrotic area thus achieving an aspect of myography.

retrogradely to the ascending aorta using fluoroscopy, and
an angiography of the coronary artery was then performed
to check for its adequate location. Dilution of the contrast
medium was kept at 50% of the total volume to reduce the
risk of ventricular arrhythmias.

3.2. Assessment of the Coronary Occlusion Site. Middle or
proximal segment occlusion of the left anterior descending
coronary artery led to severe heart failure with massive
hemorrhagic infarction of the LV, while distal segment
occlusion caused severe conduction disturbances requiring
isoprenaline infusion. The occlusion of the branches (diag-
onal and septal branches) needed a custom device and led to
only small nontransmural infarcted areas, without a relevant
decrease in LVEF. Occlusion of obtuse marginal branches
yielded a very limited, nontransmural LV infarction without
functional consequences, as assessed by echocardiography.
Only occlusion either of the mid segment of the right coro-
nary artery or of the mid segment of the circumflex coronary
artery was finally found to be the most reliable procedure for
inducing an extensive infarction of the supplied LV area. Such

infarcts led to an akinesia/hypokinesia of the right ventricle
and of the inferior wall of the left ventricle (right coronary
occlusion or circumflex coronary occlusion, resp.) with, in
both cases, a 25% decrease in LVEF and only nonsustained
ventricular arrhythmias. These data (summarized in Table 1)
led to the conclusion that, according to the coronary artery
distribution, the dominant vessel would be the best target for
embolization.

3.3. Comparison of MI-Inducing Techniques

3.3.1. Free Coil Embolization. Four rabbits underwent free
coil embolization. Two coils deployed at the left main artery
ostium and protruded into the aorta. One coil deployed at the
circumflex artery proximal segment and one deployed at the
right coronary artery ostium. All of these rabbits died from
intraoperative refractory ventricular fibrillation. Histological
examination revealed large left and right ventricle hemor-
rhagic necrosis, depending on the occlusion site (Tables 2 and
3).
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Table 1: Distribution and follow-up depending on embolization site.

Embolization site (𝑛 =) Intraoperative events 3-week survival (𝑛 =) Echographic assessment Histologic assessment
LAD

Proximal segment (1) VF 0 — Transmural infarct
Mid segment (2) VF 0 — Transmural infarct
Distal segment (2) ACD 0 — Transmural infarct
S. branch vessel (1) — 1 No LV dysfunction Nontransmural infarct

CA
Proximal segment (1) NSVT, CHF 0 — Transmural infarct
Mid segment (2) NSVT 2 LV dysfunction Transmural infarct
Distal segment (0) — — — —
S. branch vessel (2) — 2 No LV dysfunction Nontransmural infarct

RCA
Proximal segment (1) CHF 0 — Transmural infarct
Mid segment (2) NSVT 2 LV and RV dysfunction Transmural infarct
Distal segment (0) — — — —

LAD: left anterior descending; CA: circumflex artery; RCA: right coronary artery; LV: left ventricle; RV: right ventricle; VF: ventricular fibrillation; ACD:
atrioventricular conduction disorder; NSVT: nonsustained ventricular tachycardia; CHF: congestive heart failure; S. branch vessel: secondary branch vessel.

Table 2: Distribution and follow-up depending on embolization device.

Embolization device (𝑛 =) Intraoperative events 3-week survival (𝑛 =) Echographic assessment Histologic assessment
Free coil

CA (3) VF 0 — Transmural infarct
RCA (1) VF 0 — Transmural infarct

Interlocking coil
CA (2) VF 1 LVEF decrease <15% Nontransmural infarct
RCA (2) VF 1 No dysfunction No infarct

Gelatin sponge
CA (3) — 3 No dysfunction Nontransmural infarct
RCA (1) — 1 No dysfunction No infarct

Balloon occlusion
CA (2) NSVT 2 No dysfunction No infarct
RCA (2) NSVT 2 No dysfunction No infarct

Alcoholization
CA (5) VF 4 15% decrease in LVEF Transmural infarct

RCA (3) CHF 2 RV dysfunction
15% decrease in LVEF Transmural infarct

CA: circumflex artery; RCA: right coronary artery; LV: left ventricle; RV: right ventricle; VF: ventricular fibrillation; NSVT: nonsustained ventricular
tachycardia; CHF: congestive heart failure.

3.3.2. Interlocking Coil Embolization. Four rabbits underwent
interlocking coil embolization in the mid segment of the
target coronary artery. Two animals died from intraoperative
refractory ventricular fibrillation during coil deployment in
the circumflex and right coronary arteries, possibly due
to the unwanted occlusion of the more proximal arterial
segment due to excessively long coils. Two animals survived
the procedure and until the end of the study. In both of
these cases, the coils were too short, causing their migration
towards the distality of the target vessel (the circumflex artery
in one case and the right coronary artery in the other).
Expectedly, this resulted in limited nontransmural or even

undetectable infarct areas without changes in LVEF (Tables
2 and 3).

3.3.3. Gelatin Sponge Embolization. Gelatin sponges were
used in four procedures (three right coronary artery mid
segment embolization and one circumflex mid segment
embolization). No intraoperative or postoperative arrhyth-
mias occurred and all animals survived until the end of the
study. The likely reason was that only histologically limited
nontransmural LV lateral wall infarcts were detectable after
circumflex embolization while no myocardial damage could
be identified in the case of right coronary artery embolization.
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Table 3: Ultrasound assessment of alcoholization group.

Before embolisation After embolisation 𝐹 Prob. > 𝐹
DIVS (mm) 3.8 ± 0.2 4.0 ± 0.2 2,354 0,155
DLVID (mm) 17.4 ± 0.4 20.1 ± 1.1 29,236 <0,001
DLVPW (mm) 5.5 ± 0.2 5.5 ± 0.3 0,052 0,823
SIV (mm) 4.1 ± 0.2 4.1 ± 0.2 0,220 0,648
SLVID (mm) 12.1 ± 0.5 16.5 ± 0.9 104,824 <0,001
SLVPW (mm) 5.7 ± 0.2 5.7 ± 0.2 0,018 0,894
LVEF (Teichholz (%)) 58.0 ± 2.9 43.5 ± 1.6 113,648 <0,001
FS (%) 30.5 ± 1.8 18.0 ± 0.9 240,384 <0,001
LVESV (mL) 2.9 ± 0.2 3.4 ± 0.1 19,736 0,001
LVEDV (mL) 1.2 ± 0.2 1.8 ± 0.2 37,097 <0,001
LVEF (biplane Simpson (%)) 58.3 ± 2.6 47.0 ± 2.4 60,8421 <0,001
SV (mL) 1.7 ± 0.2 1.6 ± 0.2 1,680 0,223
DIVS: diastolic interventricular septum; DLVID: diastolic left ventricle inner diameter; DLVPW: diastolic left ventricle posterior wall; SIVS: systolic
interventricular septum; SLVID: systolic left ventricle inner diameter; SLVPW: systolic left ventricle posterior wall; LVEF: left ventricle ejection fraction; FS:
fractional shortening; LVESV: left ventricle end systolic volume; LVEDV: left ventricle end diastolic volume; SV: stroke volume.

No LVEF decrease could be echographically detected in any
of these cases (Figure 4; Tables 2 and 3).

3.3.4. Balloon Occlusion. Four animals underwent balloon
occlusion, of the right coronary mid segment (two cases) and
of the circumflex mid segment (two remaining cases). All
animals survived despite the occurrence of nonsustained ven-
tricular tachycardia which resolved after balloon deflation.
Both echocardiographic and histological examinations failed
to reveal any cardiac abnormality (Tables 2 and 3).

3.3.5. Alcohol Injection. Eight animals underwent alcohol
injection in the mid segment of the right coronary artery and
of the circumflex artery in five and three cases, respectively.
All angiograms performed after alcohol injection showed
coronary artery TIMI flow 0 or I and a pattern of myography
in the infarcted area. One animal with circumflex artery
alcoholization died from refractory ventricular fibrillation.
Another rabbit which had undergone alcohol injection in the
right coronary artery died two days after surgery from drug-
refractory heart failure. However, the 6 remaining rabbits
survived until the end of the study. Four of them were
then found to have a macroscopically massive infarction of
the right ventricle and of the LV inferior wall, which was
confirmed by histological analysis. Two other rabbits had
massive infarction of the left ventricle lateral wall. In all
of these survivors, LVEF was significantly reduced from its
baseline value (19,4 ± 2,4%; Tables 2 and 3).

4. Discussion

It is generally accepted that proof-of-concept studies
designed to test the efficacy of new drug-, cell-, or other
biologics-based therapies for HF can be reliably performed
in rat and mouse [16, 17]. However, the drawbacks of these
rodent models are also well recognized. They primarily
include major differences in heart physiology compared with
humans and a limited lifespan which precludes long-term

follow-up assessments. These hurdles can be overcome by
the use of large animal models, primarily pig and sheep,
which offer distinct advantages: a more clinically relevant
cardiac physiology, a size allowing testing catheter-based
delivery devices, and the possibility of realistically studying
dose-effect relationships [14, 18, 19]. However, these models
are more logistically complex and costly as they require
dedicated facilities and highly trained personnel. In this
setting, the rabbit appears as an attractive trade-off. The
physiology of this species is not so far from that of humans
with regard to heart rate and patterns of contractility-related
calcium handling and myosin heavy chain isoforms, while
vessels size is compatible with the testing of catheter-based
interventions [20, 21]. Indeed, several studies have used
a rabbit model of MI induced by permanent or transient
coronary artery ligation, but, in most cases the procedure
has been performed through a direct surgical approach of
the target artery [22]. Closed-chest procedures have been
less commonly reported despite distinct advantages such
as a limited invasiveness and the possibility of keeping the
pericardium untouched and free from adhesions. The latter
avoids the confounding effect of pericardial incision on
postinfarction remodeling. This model also allows, when
indicated, a subsequent direct intramyocardial delivery of
the product under investigation [5, 23]. The recognition of
these advantages prompted the present study which entailed
the first angiography-based characterization of the coronary
artery anatomical patterns in rabbits and the development
of a reproducible percutaneous catheter-based technique of
myocardial necrosis induction.

Our review of the angiograms that we performed in our
initial series of 14 rabbits did not yield results which matched
those previously published [24, 25]. Basically, the coronary
artery anatomy of the rabbit seems to be organized as in
humans with a constant left main coronary artery and left or
right coronary artery dominance depending on whether the
posterior descending artery originates from the circumflex
coronary artery or the right coronary artery, respectively.
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Figure 4: Echographic assessment of left ventricular ejection fraction. Left ventricular measurements are made with the M-mode. Both
ventricular diameters (systolic and diastolic) are measured from the leading edge to leading edge of each interface, and LVEF by Teichholz
is then calculated (a). Ventricular volumes are calculated in the two orthogonal apical views: four-chamber (b) and (c) biplane Simpson. Left
ventricular endocardium is traced in end-diastole and end-systole in both views.

The left main artery divides into the left anterior descending
(LAD) and the circumflex arteries. The LAD travels in the
anterior interventricular groove and continues up to the apex
of the heart. It supplies the anterior part of the septum with
septal branches and the anterior wall of the left ventricle
with diagonal branches. The circumflex and right coronary
arteries supply the lateral wall of the left and right ventricle,
respectively.

Given this configuration, embolization of secondary
branches of epicardial vessels such as marginal, septal, and
diagonal branches only resulted in functionally inconsequent
infarctions at the cost of complicated procedures while,
contrariwise, embolization of the LAD was associated with
much too extensive myocardial damage. We thus elected to
focus on the dominant vessel; however the high sensitivity
of the rabbit to ischemia required carefully controlling the
level of its occlusion to ensure a substantial impairment of

LV function, but with an acceptable mortality rate. Targeting
a decrease in LVEF of 20% from baseline targeting was found
to be a reasonable objective which could then be reproducibly
achieved by locating the occlusion site at the mid segment of
either the right coronary or the circumflex coronary artery.

These screening experiments then set the stage for
the comparison of different infarction-inducing techniques
which, to our knowledge, have not yet been reported. So
far, the few studies which have used a closed-chest approach
for inducing MI in rabbits have relied on the use of coils
[5, 23]. We thus started our experiments with this type of
material but, in our hands, neither free nor interlocking coils
could generate reproducible results. It was difficult to load
free coils into the delivery catheter and to control the exact
site, timing, and extent of their deployment in the target
artery and it was equally challenging to release interlocking
coils in such a way as to occlude to coronary resulting
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in a substantial impairment of LV function that was still
compatible with survival of the rabbit. The high cost of coils
is another limiting factor. Both the release of gelatin sponge
and the balloon inflation then looked initially attractive
because of their purported simplicity. Indeed, gelatin sponge
was plastic enough to yield an excellent conformability
within the catheter but featured several disadvantages such as
difficult handling, adherence to the catheter inner lumen, and
poor visualization under fluoroscopy. Balloon-induced vessel
occlusions, in turn, were arrhythmogenic unless inflations
were kept short, in which case large infarcts could not be
generated. Inspired by alcohol septal ablation performed
in patients with hypertrophic obstructive cardiomyopathy,
we finally tested alcohol injection. In contrast to the other
techniques, alcohol injection allowed assessment of the
TIMI flow grade just after the injection without removing
the device. Because of the lack of selective injections, the
first attempts performed with the microcatheter resulted in
massive infarction. Optimized injections were then made
possible using a coaxial total chronic occlusion balloon
catheter as the microcatheter to achieve a superselective
injection of 0.2mL of alcohol. Considering both the amount
of pathologically damaged myocardium, the resulting loss
of echocardiographically measured pump function, and the
survival of animals, this technique proved to offer the best
risk to benefit ratio.

We acknowledge several limitations of the present study.
Coils which were tested were those commercially available
and we cannot exclude that customizing these devices would
not have resulted in better outcomes. Second, functional
assessments only consisted of grossmeasurements of EF and a
more detailed analysis of the patterns of regional contraction
and relaxation is clearly required to better characterize
the hemodynamic effects of any coronary artery occlusion
technique. Finally, the damage induced by alcohol injection
may not accurately model that seen in patients with ischemic
heart disease, although alcohol injectionwas found to depress
LV function to a sufficient extent as to give room for detecting
treatment effects for testing interventions. Despite these
caveats, the present data can provide a useful benchmark
for improving catheter-based techniques of coronary artery
occlusion in rabbits and facilitate a broader use of this model
for testing drugs or interventions designed to mitigate the
consequences of ischemically induced LV dysfunction.

5. Conclusion

By following a stepwise approach, a minimally invasive,
effective, and reproducible rabbit model of catheter-induced
myocardial infarction has been developed which addresses
the limitations of rodent experiments while avoiding the
logistical and cost issues associated with large animalmodels.
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