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1. ABSTRACT

There is still no satisfactory large-
animal model of ischemic heart failure (IHF)
with ideal survival rate and model time. The aim
of this study is to explore a novel chronic IHF
model in swine. 23 healthy Ba-Ma miniature
pigs were included. Pigs in the experimental
group underwent multiple strategic ligations on
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side branches of the left anterior descending
(LAD) and circumflex coronary arteries. One
week later, sequential intervention occlusion of
the distal end of the LAD trunk was performed.
In the experimental groups, LV end-diastolic
(LVEDV) and end-systolic volume (LVESV)
gradually increased starting at 4 weeks post
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operation. At 12 WPO, LVEDV increased from
45.0 + 2.9 ml at baseline to 110.0 £ 9.8 ml and
LVESV increased from 17.0 = 1.4 ml at baseline
to 42.0 £ 3.6 ml. Meanwhile, left ventricular
ejection fraction significantly decreased from
73.8 £ 4.2 % at baseline to 31.0 £ 2.5%.
According to histomorphometric assessment,
viable cells were observed in infarction lesions,
indicating the model has replicated the structural
and functional features of chronic IHF.

2. INTRODUCTION

Heart failure (HF) is the most important
factor in the high mortality of cardiovascular
disease. Epidemiological studies reveal an
annual worldwide incidence of 0.3-1.0%
(1, 2). Though ischemic myocardial injury
induced by coronary artery disease is the most
common cause of heart failure, the underlying
mechanisms have not been fully elucidated
and remain the subject of intense research in
the cardiovascular field. There is still no ideal
method of reversing or delaying the disease
process of heart failure. Thus, a robust, reliable
model of chronic ischemic heart failure (IHF) is
essential for any effort to explore new prevention
and treatment strategies. It is also beneficial for
improving the drug and device development
process and speeding their translation.

Creating and reproducing a model of
chronic IHF with high efficiency and low mortality
has proven arduous. Although various animal
models of chronicheartfailure have beenreported
(3-14), prolonged modeling periods and high
mortality rates commonly limit their application.
While one method to create an animal model
of chronic ischemic heart failure is by coronary
(3-7) or pulmonary (8) microembolizations,
another option is to ligate the coronary arteries.
The earliest studies in a large-animal model of
chronic ischemic cardiomyopathy by ligating
coronary arteries with simple suture techniques
were described by Harris et al. in the 1940s
(15,16). The authors ligated the left anterior
descending (LAD) coronary artery in dogs.
Moainie et al. modified this model by ligating the
first and second branches of the LAD coronary

artery, which reliably created a moderate-sized
myocardial infarction (9). However, the limitation
in that model was that animals developed a
region of complete akinesia on the anterior and
lateral wall of the left ventricle (LV), which led
to compensatory hyperkinesis of the posterior
regions of the heart.

Informed and inspired by the previous
methods, we decided to perform multiple,
strategic coronary artery ligations over the
LV combined with sequential LAD balloon
occlusion to create a robust, replicable,
reproducible, low death-rate model of chronic
ischemic heart failure in miniature Ba-Ma pigs.

3. MATERIALS AND METHODS

3.1. Animals

The study was performed in accordance
with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes
of Health (NIH Publication, revised 2011) (17)
and was submitted to, and approved by Animal
Welfare and Ethics Committee in Fuwai Hospital,
Peking Union Medical College, Beijing, China
(permission number of 2012-1-15-BKJ). 23 Male
Ba-Ma miniature pigs (26.2 + 2.5 kg, 6 months
old) were obtained from the Beijing Paike
biotechnology company. All animals received
humane care, had free access to autoclaved
water, and were fed twice a day. Thirteen pigs
were used to establish chronic ischemic heart
failure models and underwent multiple coronary
ligations and sequential balloon occlusion, while
10 pigs served as sham-operation controls. In
the sham operation group, the experimental
animals received thoracotomy without ligation,
and the interventional balloon did not block after
one week. Other operations were consistent
with the model group.

3.2. Ischemic heart failure animal models
and postoperative care

General anesthesia was intramuscularly
administered with pentobarbital sodium (5%,
2 - 3 ml/kg, intramuscularly). Animals were
endotracheally intubated and mechanically
ventilated with oxygen (2 L/min). Anesthesia was
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then maintained with 1-2% isoflurane. Aleftlateral
thoracotomy was performed through the fourth
intercostal space, followed by a pericardiotomy.
Six to eight ligations were performed transmurally
on three of four segments of the LV: anterior,
lateral, and posterior, 2 cm apart. Side branches
of the left anterior descending and circumflex
arteries were occluded by suture ligations to
create multiple patchy areas of myocardial
infarction. A chest tube was placed before
the thoracotomy was closed in layers. One
week after the ligation, sequential LAD balloon
occlusion (near the distal end of LAD, nearly 1/3
for 40 minutes) as described in previous study
(18). After the operation, fentanyl (100 ug, IM)
was administered as an analgesic. Animals
received magnesium (2 mg intravenously),
amiodarone (1.5 mg/kg intravenously), and
lidocaine (3 mg/kg intravenously) before the
infarction was induced and an infusion of
amiodarone (0.01 mg/kg/min) and lidocaine (2
mg/min) for 60 min afterwards. Animals also
received buprenorphine (5 pg/kg intramuscularly
every 12 h for the first two postoperative
days) for pain control and cefazolin (4 mg/
kg intramuscularly every 12 h for the first two
postoperative days) for antibiotic prophylaxis. At
the end of the study, euthanasia was performed
through intramuscularly administrating ketamine
(35 mg/kg) and diazepam (1.5 mg/kg), and
intravenously injecting potassium chloride
(30 mi).

3.3. X-ray coronary angiography

X-ray angiography was performed on
pigs at baseline as well as immediately after
surgery (both coronary ligation and balloon
occlusion) using standard transfemoral Judkins
techniques (19). Before X-ray angiography,
10 ml iopromide (Clarograf; Juste, Madrid,
Spain) was administered via the right and left
coronary arteries. Cardiac coronary angiograms
were obtained by dynamic scanning of the pig
heart at a speed of 3 frames per second with an
X-ray machine (Philips).

3.4. NT-proBNP and CRP levels in plasma
Venous blood samples were collected
and placed in ice-chilled tubes coated with

EDTA at baseline and in weeks 1, 4, 8, and
12. Plasma was separated for 15 minutes by
3000 rpm centrifugation at 4°C and stored at
-80°C. Levels of NT-proBNP and CRP were
measured by enzyme-linked immunosorbent
assay (ELISA, ALPCO, Salem, NH, USA).

3.5. Electrocardiographic recordings

Electrocardiography was performed at
baseline, continuously during the intervention
(pre-, intra-, and postoperatively), and at the
end of the experiment, 12 weeks after coronary
ligation. Electrocardiograms were recorded as
previously described (14-17). Three standard
bipolar limb lead (I, Il, lll) electrodes were
placed on the cubital and stifle joints of the pig.
For chest leads, V1 was located at the right
edge of the sternum in the fourth intercostal
space; while V2 was located at the left sternal
border in the fourth intercostal space. V2 was
also located at the midpoint of the connection of
V3 and V4. V4 was located at the intersection
of the left midclavicle line and fifth intercostal
space. V5 was found at the left anterior axillary
line and at the same level as V4. V6 was
located at the left midaxillary line at the same
level as V4. The paper speed was 25 mm/sec
and sensitivity was 10 mm/mV.

3.6. Hemodynamics evaluation
Hemodynamic data were analyzed
at baseline and 12 weeks after the operation.
Mini-pigs were anesthetized as above, and the
left femoral artery was used for catheterization.
Two pigtail catheters were introduced into the
LV and the ascending aorta and connected to
mercury-calibrated water-filled transducers.
A multilumen thermodilution catheter was
inserted into the left jugular vein and positioned
in the pulmonary artery to measure cardiac
output as well as pulmonary artery and
pulmonary capillary wedge pressures. A
25-mm balloon catheter was introduced into
the inferior vena cava through the same vein
to monitor LV volume and pressure by inflation
and deflation during ventriculography. After a
15-min equilibration, a second ventriculogram
was taken and synchronized with balloon
deflation so that beat-by-beat increases in
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both LV pressure and volume were recorded
simultaneously (13). The pressure-volume data
produced from these alterations were used to
construct the index of LV contractile function.
Heart rate, mean aortic pressure, pulmonary
capillary wedge pressure (PCWP), dp/dt max,
and cardiac output were assessed.

3.7. Echocardiography

Trans-thoracic 2-dimensional
echocardiography was performed at baseline,
and during weeks 1, 4, 8, and 12 using a
2.5 - MHz transducer coupled to Philips Sonos
7500 echocardiographic machine (Philips
Medical Systems, Andover, MA). Standard
2-dimensional short and long parasternal
views, as well as 4-chamber, 2-chamber, and
3-chamber apical views were obtained via
standard procedure. LV end-diastolic volume
(LVEDV), end-systolic volume (LVESV), and
ejection fraction (EF) were measured three
times using Simpson’s biplane method. The
average was used for final data processing.
Echocardiograms were interpreted by two
cardiologists blinded to the animal groups.

3.8. Cardiac magnetic resonance imaging
(MRI)

Serial cardiac MRI was performed in
all surviving animals 12 weeks after multiple
coronary ligation and balloon occlusion to
confirm the development of chronic heart
failure. All surviving animals were studied in a
3.0-TCMR system (Signa CV/i, GE Healthcare,
Waukesha, WI, USA) in lateral decubitus
position under general anesthesia and proper
ventilation with an eight-element phased-array
surface coil. Typical cardiac MRI study included
cine steady-state free precession imaging.
Peripheral pulse gating and breath holding were
used as much as possible to minimize cardiac
and respiratory motion, respectively. When
breath holding was not successfully achieved,
a free-breathing technique was applied using
the multiple-excitations-per-cycle approach
associated with reduced views per segment.
Cine imaging was obtained in 8-14 matching
short-axis (8 mm thick with 0 mm spacing) and
three radial long-axis planes.

3.9. Histomorphometric assessment

At week 12, animals were humanely
euthanized under deep anesthesia and the
relevant cardiac tissues were dissected
and stored in 10% formalin for histological
examination. Myocyte cross-sectional areas of
paraffin-embedded tissue samples were cut at
5 pm thickness and stained with hematoxylin
and eosin (H&E) or masson trichromic staining
as previously described (21-23).

3.10. Electron microscopy

Electron microscopy was performed
using a protocol previously described (24, 25).
Tissue blocks (1 mm3)were fixed for2hwith 2.5%
glutaraldehyde in 100 mM sodium cacodylate (pH
7.4) and then post-fixed in 1% osmium tetroxide.
After dehydration in increasing concentrations
(30, 50, 70 95, and 100%) of ethanol (10 min
for each step), infiltration proceeded overnight
with 1:1 ethanol and LX112 Epon resin. Eighty
nanometer sections were obtained using a Leica
Ultracut E ultramicrotome, and contrasted with
2% uranyl acetate for 10 min and lead citrate for
5 min. Observations were performed on a JEOL
1400 TEM (JEOL, Tokyo, Japan) equipped
with a side mount Gatan Orius SC1000 digital
camera (Gatan, Munich, Germany).

3.11. TUNEL assay

The TUNEL assay was performed
using a commercially available in situ apoptosis
detection kit (N0.11684795910, Roche
Molecular Biochemicals, Mannheim, Germany)
in accordance with the manufacturer’s protocol,
as described previously (21). Samples were
fixed with 4% paraformaldehyde solution for
30 min at room temperature. After a rinse with
PBS, cells were treated with permeation solution
(0.1% Triton X - 100 in 0.1% sodium citrate) for
2 min at 4°C. After washing with PBS, samples
were incubated with TUNEL reagent for 30 min.
The excitation wavelength was in the range of
450-500 nm and the detection wavelength was
in the range of 515-565 nm.

3.12. Statistical analysis

Data are expressed as mean + SEM. Both
two-sided one-way ANOVA and two-sided Holm-
Sidak post hoc t-test were performed using SPSS
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Figure 1. Survival rate and coronary angiography of BA-MA mini-pigs at different time points post surgery. (A) The solid line is for the
experimental group and the dotted line is for the sham group. Coronary angiography in the experimental pigs was performed before ligation
(B), post ligation (C), and post secondary occlusion (D). Arrows in B indicate ligation sites; the arrow in C indicates occlusion site. Experimental

group (n = 12); Sham group (n = 10).

16.0 statistical software. Proper and necessary
data transformations (logarithmic or square root)
were applied for non-normal distributed data
prior to statistical analysis. P value < 0.05 was
considered to be statistically significant.

4. RESULTS
4.1. General features
Thirteen minipigs were used to

establish models. The overall mortality rate
was 7.4% (1/13 animals) (Figure 1A), reflecting
the death of one pig in the experimental
group during tracheal intubation. Two animals
experienced brief ventricular fibrillation after
ligation and were rescued to sinus rhythm after
defibrillation. All other pigs (12/13) survived to
study endpoint (3 months). All surviving animals
developed clinical signs of heart failure as
indicated by increased heart rate (72 + 5 beats
per minute (preoperatively) to 102 + 4 beats per
minute (12 weeks) (P < 0.05) and increased
respiratory rate (25 + 3 (preoperatively) to 42 +
6 (12 weeks) (P < 0.05)) (all heart-failure pigs
developed bilateral pulmonary rales).

4.2. Coronary angiography
Preoperative coronary angiograms

showed that all coronary arteries in
the experimental animals were normal
(Figure 1B). After ligating second-grade

vasculars (Figure 1 C) and subsequent LAD
occlusion (Figure 1 D), coronary angiograms
were performed to observe changes in coronary
vascular blood compared with pre-operation. The
blood flows in all target vessels were truncated.

4.3. NT - proBNP and CRP levels in plasma

Plasma NT - proBNP and CRP
concentrations were measured in sera of
pigs at baseline as well as 1, 2, 4, 8, and
12 weeks post-surgery. There was a peak
(1210 £ 98 pg/L) in NT - proBNP levels at 8
weeks after occlusion. Plasma CRP level also
gradually increased beginning 4 weeks post
occlusion, and up to the peak value of 28.2 +
2.2 mg/L at week 8 post occlusion, suggesting
that ischemic injury was serious and that
decompensation in systolic and diastolic
function had occurred (Figure 2).

4.4. Echocardiography

To detect structural and functional
changes in Ba-Ma hearts after the experimental
operation, 2D echocardiography was employed
to detect abnormal movement of ischemic
myocardium. The results showed large areas of
abnormal movement in anterior and lateral walls
4 weeks post-surgery. In experimental pigs,
LVEDV and LVESV gradually increased
beginning 4 WPO. At 12 WPO, LVEDV and
LVDSV were significantly increased compared

© 1996-2019



Pig model of ischemic heart failure

*kk kkk
1] e Sham ¥ ¢
801 & Model
- 7004 *%k
g - « [ %
. * 5
S w 3 +
P
g
S PR N 2 S
2004 - v X
‘”X° [) 1 2 4 8 12
120 Kkk
—_— S04
e Sham - e Sham
"1 & Model L3 «{ & Model
1004
Kk 401
£ i =
= 3
E) ’ g
8 * g 304
g 704 ! g
-l o M -,
604
3 o .
504 . > -
2 ; -~ o ’: .
q2ie g ¥ 3 s 4
s .

2 *.i* *i*
: e Sham ? z
;; ¢ Model : ’
. 3
= 14 -
B
s
sl e
3 ’/Q
2 ¢ & 3
leie * -
Wwpo 0 1 2 4 8 12
B 0 * Kk kk FF¥
*kk kkk s £ =
- m§ 4 ?‘ ? ?— %
*% 651 3
. ¢
. 601 o
£ =
. : <04 é
e X e
b . -
- 4 R t
s 3 3 ¥ e Sham 3
: o7 » & Model 3
- 254

Figure 2. The detection of plasma NT - proBNP & C - reactive protein levels and echocardiography assessment were performed at 0 (baseline)
and 2, 4, 8, and 12 weeks post surgery. Red lines represent sham group (n = 10). According to echo, LVEDV (C) and LVESV (D) gradually
increased beginning 4 WPO; meanwhile, LVEF (E) decreased significantly at 12 WPO in all experimental pigs. (F) The representative
echo images of Pig 429 in experimental group at 0 WPO (F1), 4 WPO (F2), 8 WPO (F3) and 12 WPO (F4). LV = left ventricle/ventricular;
EDV = end- diastolic volume; ESV = end - systolic volume; WPO = weeks post operation. n = 12 in experimental group; n = 10 in sham group.
Data are represented as meant SEM, *P < 0.05, **P < 0.01, ***P < 0.001, versus baseline.

to baseline values; LVEDV increased from a
baseline 45 + 2.9 ml to 110 + 9.8 ml (P < 0.05)
and LVESV increased from baseline 17 + 1.4
ml to 42 £ 3.6 ml (P < 0.05). Meanwhile, the
average EF in experimental animals significantly
decreased from baseline 73.8 £+ 4.2 % to 31 £
2.5 (P < 0.05), indicating significant structural
and functional remodeling in the left ventricle.

4.5. Hemodynamic
Twelve of thirteen minipigs survived the
12-week experimental period. Hemodynamic
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baseline data are presented in Table 1 and
compared with postoperative data (12 WPO).
Briefly, there was a significant difference
between baseline and 12 WPO data between
the control and experimental groups. At 12
WPO, the PCWP was significantly higher in
the experimental group compared with controls
(Control 5.8 £+ 0.6 mm Hg vs. experimental
19.6 £ 1.2 mm Hg, P < 0.05). There was no
significant difference in heart rate (HR) and
mean aortic pressure (MAOP) between the
groups. Additionally, dP/dt max decreased
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Table 1. Hemodynamic data in experimental pigs at baseline and 12 WPO

Variable Control group (n = 10) CHF model group (n =12)
Baseline 12 WPO Baseline 12 WPO
Heart rate (bmp) 92+8.1 98+7.9 90+9 110+8.9
MAOP (mm Hg) 89+5.4 92+3.2 93+3.6 80+6.6
PCWP (mm Hg) 5.4+0.5 5.8+0.6 5.8+0.3 19.6+1.2"
dp/dt max (mm Hg/s) 2293+118 23904320 23804223 982+178"
Cardiac output (L) 6.3+0.3 6.5+0.6 6.2+0.2 4.1£0.5
Values presented as mean+SEM. 'P<0.05 compared with the control. HR=heart rate; mMAOP=mean aortic pressure; PWCP=Pulmonary
capillary wedge pressure.

from 2380 + 223 mm Hg/s at baseline to
982 + 178 mm Hg/s (P <0.05). Cardiac output
(CO) also decreased significantly compared
with control group (Control 6.5 + 0.6 L vs.
experimental 4.1 £ 0.5 L).

4.6. MRI and histological assessment of
lesions

To further confirm the data on structural
and functional changes in LV obtained from
echocardiography, MRI and histological
assessment were employed. Cardiac
MRI was performed in pig in sham group
(Figure 3 A and B) and model group at 12 WPO
(Figure 3 C and D). By this point all animals
had developed heart failure, defined as an LV
ejection fraction 35% and a 100% increase
in LV volume at end-diastole. MRI images in
short-axis views showing a significant increase
in LV volume and a reduction in the thickness of
the left ventricular free wall.

Histological assessment was
performed at 12 WPO. As shown in Figure
3 D, the ventricular anterior, lateral, and
posterior walls in model pigs had obviously
thinned, which is consistent with the results
obtained from Echo and MRI. The infarcted
lesions occupied 35 * 4.8% of the overall
LV volume. H&E (Figure 3 D1) and Masson
trichrome staining (Figure 3 D2) revealed
that chronic ischemia caused the cardiac
pathological changes, including myocyte
necrosis and tissue fibrosis within the ischemic
central area of the left ventricle. Transmission
electron microscopy (Figure 3 D3) and TUNEL
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staining (Figure 3 D4) further demonstrated
the presence of contraction bands and
dead myocytes. However, all of the above-
mentioned techniques also indicated that the
remaining regions of heart muscle contained
intact nuclei and uniform cytoplasmic staining.
The myocardial cell viability of the model group
was significantly reduced, compared with the
control group (Experimental 25 + 4% vs. sham
95 + 3%) (Figure 3 E).

5. DISCUSSION

Almost all research on new drugs or
therapies for requires animal models. Here we
successfully established a novel swine model
of chronic ischemic heart failure induced by
multiple coronary ligations and sequential
balloon occlusion. Compared with previous
studies, this large-animal model has a higher
survival rate and faster progression to heart
failure. Nearly all pigs (92.6%) survived the
entire experimental process (12 weeks) and
100% of the surviving animals demonstrated
heart failure at week 12, revealed by
echocardiography and cardiac MRI.

The approach used in the
present  study differs from  previous
attempts (9, 15, 16). Experimental animal
models of chronic ischemic heart failure have
been established (2) using different approaches
such as coronary microembolizations (3-7) and
single coronary ligations (10). Although coronary
microembolization models are well established
and useful (3-7), their limitations include instability
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Figure 3. MRI and histological assessment of the myocardium was performed in experimental pigs in sham control group (A and B) and model
group (C and D). H&E analysis (D1) and Masson trichrome staining (D2) of infarcted lesion from experimental pigs revealed left ventricle
fibrosis. Transmission electron microscopy (D3) analysis revealed contraction bands and myocyte necrosis. TUNEL staining (D4) showed
apoptotic myocytes in the ischemic area (40 x). The colored circles in Figure 3A and 3C represent the border of the myocardium. The part
between the endocardium and the epicardium is the left ventricular wall. The red rectangle in Figure 3B and 3D represent the sampling sites.
Images represent 3-6 experiments. E. Comparison of myocardiocyte viability between sham and experimental groups. n = 12 in experimental
group; n = 10 in sham control group. Data are represented as meant SEM.

730 © 1996-2019



Pig model of ischemic heart failure

in embolism position and thrombus autolyzation.
To create animal models with more-rapid heart
dysfunction, another option is to perform ligation
closer to the coronary artery trunk. Early in
the 1940s, Harris et al. established chronic
ischemic heart failure using suture ligation
of the coronary arteries (15, 16). However,
this significantly increased mortality despite
prophylactic administration of antiarrhythmic
agents, greatly hindering its popularization and
application. Later, Smittho et al (26) successfully
tested multiple ligations of coronary branches
in sheep obtaining a limited mortality and
significantly reduced ejection fraction (from 60
% to 28 %). In the present study, we further
optimized the multipoint ligation method by
performing transmural ligations of secondary
vessels distributed throughout the LV to produce
a robust degree of myocardial infarction and
sequential occlusion of LAD. The adoption of a
two-stage technique reduced the high incidence
of ventricular fibrillation. These changes allowed
us to improve the survival rate and reproducibility
of chronic ischemic heart failure models in swine.

Assessment of the structural features
of model hearts including electrocardiography,

echocardiography, MRI, and histological
analysis consistently indicated that all
experimental animals suffered extensive

myocardial infarction in anterior, lateral, and
posterior walls of LV; the infarct occupied
approximately a third of the entire LV; the
volume of LV typically continued to increase;
uniformity and reproducibility were acceptable.

EF is an important functional
measurement to determine how well a heart
is pumping and is also used to classify heart
failure and guide treatment. In a healthy heart,
the ejection fraction is 50 percent or higher,
meaning that more than half of the blood that
fills the ventricle is pumped out with each
beat (27-29). The present study presents a
clinically relevant model of ischemia-induced
heart failure. Echocardiography and MRI data
indicated heart EF < 50% in 75% of model
pigs after 8 weeks and in all animals after 12
weeks post surgery. We observed clinical signs
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of chronic heart failure including tachycardia,
tachypnea, and weight gain. An important
feature of the present heart-failure model is
the lack of LV function recovery, i.e., cardiac
changes were irreversible.

Although heart function was significantly
decreased, some viable myocardium was
still detected in infarction lesions—another
characteristic of human chronic ischemic
cardiomyopathy, according to HE staining,
masson  staining, transmission  electron
microscopy, and TUNEL staining (30-32).

The present model also demonstrates
several limitations. Ligations are performed
via open chest surgery, which might produce
postoperative adhesions. Because of a small
number of animals involved, future research
should involve more animals, in order to enrich
the basic pathophysiological data and meet the
requirements of different types of research.

We have developed a novel, robust,
promising model of chronic ischemic heart
failure with high survival rate and long
treatment windows, using multiple ligations and
sequential LAD occlusion. Our proposed model
is highly effective and reproducible, providing
the potential use in future experimental heart-
failure research, such as cardiac assist-device
implantation and heart transplant.

6. ACKNOWLEGEMENTS

This work was supported by the
Beijing Science and Technology Committee

(grant number: Z161100005016014,
Z101107052210004) and Beijing Key
Laboratory of Preclinical Research and

Evaluation of Cardiovascular Implant Materials
(grant number: 2018-PT2-ZR04). The sponsor
didn’t involve in study performance or paper
preparation. All authors have read the journal’s
authorship statement.

7. REFERENCES

1.  Weir RA, McMurray JJ, Velazquez EJ:

Epidemiology of heart failure and left

© 1996-2019



Pig model of ischemic heart failure

ventricular systolic dysfunction after
acute myocardial infarction: prevalence,
clinical characteristics, and prognostic
importance. Am J Cardiol, 97, 13-25
(2006)

DOI: 10.1016/j.amjcard.2006.03.005

National Center of Cardiovascular
Diseases of China: Report on
cardiovascular disease in China. 1st

edition. Prog Cardiovasc Dis, 56(5), 557—
62 (2014) (doi not found)

Schmitto JD, Mokashi SA, Lee LS,
PopovAF, CoskunKO, SossallaS, SohnsC,
Bolman RM, Cohn LH, Chen FY: Large
animal models of chronic heart failure
(CHF). J Surg Res, 166(1),131-7 (2011)
DOI: 10.1016/j.jss.2009.11.737

Sabbah HN, Stein PD, Kono T,
Gheorghiade M, Levine TB, Jafri S,
Hawkins ET, Goldstein S: Acanine model of
chronic heart failure produced by multiple
sequential coronary microembolizations.
Am J Physiol,260,H1379-84(1991)

DOI: 10.1152/ajpheart.1991.260.4.H1379

Schmitto JD, Ortmann P, Wachter R,
Hintze E, Popov AF, Kolat P, Liakopoulos
0OJ, Waldmann-Beushausen R, Doérge
H, Grossmann M, Seipelt R, Schondube
FA: Chronic heart failure induced by
multiple sequential microembolization
in a sheep model. Int J Artif Organs, 31,
348-53(2008) (doi not found)

Schmitto JD1, Coskun KO, Coskun
ST, Ortmann P, Vorkamp T, Heidrich F,
Sossalla S, Popov AF, Tirilomis T, Hinz J,
Heuer J, Quintel M, Chen FY, Schéndube
FA: Hemodynamic changes in a model of
chronic heart failure induced by multiple
sequential coronary microembolization in
sheep. Artif Organs,33,947-52 (2009)
DOI: 10.1111/j.1525-1594.2009.00921 .x

J D Schmitto, P Ortmann, P Ortomann, T
Vorkamp, F Heidrich, P Kolat, A F Popov,
H Doerge, M Grossmann, R Seipelt, G
Ramadori, AF Schondube, A Schéndube:
Histological changes in a model of chronic
heart failure induced by multiple sequential

732

10.

11.

12.

13.

14.

coronary microembolization in sheep.
J Cardiovasc Surg (Torino),49,533-7
(2008) (doi not found)

Boulate D, Arthur Ataam J, Connolly AJ,
Giraldeau G, Amsallem M, Decante B,
Lamranil, Fadel E, Dorfmuller P, Perros F,
Haddad F, Mercier O: Early Development
of Right Ventricular Ischemic Lesions in a
Novel Large Animal Model of Acute Right
Heart Failure in Chronic Thromboembolic
Pulmonary Hypertension. J Card Fail.
Aug 8. pii: S1071-9164(17)31122-3(2017)
DOI: 10.1016/j.cardfail.2017.08.447

Moainie SL, Gorman JH 3rd, Guy TS,
Bowen FW 3rd, Jackson BM, Plappert
T, Narula N, St John-Sutton MG, Narula
J, Edmunds LH Jr, Gorman RC: An
ovine model of postinfarction dilated
cardiomyopathy. Ann Thorac Surg,
74,753-60 (2002). (doi not found)

Whipple  GH,Sheffield LT,Woodman
EG,Thoephilis C,Friedman S: Reversible
congestive heart failure due to rapid
stimulation of the normal heart. Proc N
Engl Cardiovasc Soc, 20, 39-40 (1961)
(doi not found)

McCullagh WH, Covell JW, Ross J Jr.
Left ventricular dilatation and diastolic
compliance changes during chronic
volume overloading. Circulation, 45, 943—
51 (1972) (doi not found)

Tessier D, Lajos P, Braunberger E,
Pouchelon JL, Carpentier A, Chachques
JC, Chetboul V: Induction of chronic
cardiac insufficiency by arteriovenous
fistula and doxorubicin administration. J
Cardiovasc Surg, 18,307-11(2003) (doi
not found)

Christiansen S, Jahn UR, Stypmann J,
Redmann K, Scheld HH, Hammel D: Does
a suitable animal model for research on
partial left ventriculectomy exist? Animal
models for PLV. Thorac Cardiovasc Surg,
49, 259-67(2001)

DOI: 10.1055/s-2001-17795

Litwak KN, McMahan A, Lott KA, Lott LE,

© 1996-2019


https://doi.org/10.1016/j.amjcard.2006.03.005
https://doi.org/10.1016/j.jss.2009.11.737
https://doi.org/10.1152/ajpheart.1991.260.4.H1379
https://doi.org/10.1111/j.1525-1594.2009.00921.x
https://doi.org/10.1016/j.cardfail.2017.08.447
https://doi.org/10.1055/s-2001-17795

Pig model of ischemic heart failure

15.

16.

17.

18.

19.

20.

21.

Koenig SC: Monensin toxicosis in the
domestic bovine calf: a large animal
model of cardiac dysfunction. Contemp
Top Lab Anim Sci, 44, 45-9 (2005) (doi
not found)

Harris AS. Delayed development of
ventricular ectopic rhythms following
experimental coronary occlusion.
Circulation,1,1318 (1950) (doi not found)

Harris AS, Rojas AG: The initiation of
ventricular fibrillation due to coronary
occlusion. Exp Med Surg,1,105 (1943)
(doi not found)

National Research  Council (US)
Committee for the Update of the Guide
for the care and Use of laboratory Animal.
Guide for the Care and Use of laboratory
Animal. 8th edition. Washington (DC):
National Academies Press (US); The
National Academies Collection: Reports
funded by National Institutes of Health.
(2011) (doi not found)

Fallavollita JA1, Canty JM Jr: Ischemic
cardiomyopathy in pigs with two-
vessel occlusion and viable, chronically
dysfunctional  myocardium. Am J
Physiol Heart Circ Physiol. 282(4),
H1370-9 (2002)

DOI: 10.1152/ajpheart.00138.2001

Mills RM, Berger P, Garber GR,
LaRosa D, Faxon DP: Clinical experience
with percutaneous brachial coronary
angiography in a “Judkins” laboratory.
Cathet Cardiovasc Diagn, 19(4),286-8
(1990) (doi not found)

Braunwald E, Kloner RA: The stunned
myocardium: prolonged, postischemic
ventricular  dysfunction.  Circulation,
66,1146—9(1982) (doi not found)

Tsai CY, Wang CC, Lai TY, Tsu HN,
Wang CH, Liang HY, Kuo WW: Antioxidant
effects of diallyl trisulfide on high glucose-
induced apoptosis are mediated by the
PI13K/Akt-dependent activation of Nrf2 in
cardiomyocytes. Int J Cardiol. 168, 1286—
1297 (2013)

733

22.

23.

24.

25.

26.

27.

28.

DOI: 10.1016/j.ijcard.2012.12.004

Feldman AT, Wolfe D: Tissue processing
and hematoxylin and eosin staining.
Methods Mol Biol, 1180, 31-43(2014)
DOI: 10.1007/978-1-4939-1050-2_3

Cardiff RD, Miller CH, Munn RJ: Manual
hematoxylin and eosin staining of mouse
tissue sections. Cold Spring Harb Protoc.
2014(6), 655-8 (2014)

DOI: 10.1101/pdb.prot073411

Singh R, Kaushik S, Wang Y, Xiang Y,
Novak |, Komatsu M, Tanaka K,
Cuervo AM, Czaja MJ: Autophagy
reqgulates lipid metabolism. Nature,
458,1131-1135 (2009)

DOI: 10.1038/nature07976

Fischer ER1, Hansen BT, Nair V,
Hoyt FH, Dorward DW: Scanning electron
microscopy. Curr Protoc  Microbiol.
Chapter 2:Unit 2B.2(2012) (doi not found)

Schmitto JD, Mokashi SA, Lee LS,
Laurence R, Schotola H, Coelho-Filho O,
Rajab TK, Kwong R, Bolman RM 3rd,
Quintel M, Cohn LH, Chen FY: A novel,
innovative ovine model of chronic
ischemic cardiomyopathy induced by
multiple coronary ligations. Artif Organs.
34(11), 918-22 (2010)

DOI: 10.1111/j.1525-1594.2010.01083.x

Wu P, Yuan X, Li F, Zhang J, Zhu W,
Wei M, Li J, Wang X: Myocardial
Upregulation of Cathepsin D by Ischemic
Heart Disease Promotes Autophagic Flux
and Protects Against Cardiac Remodeling
and Heart Failure. Circ Heart Fail. 10(7),
pii: €004044. (2017)

DOI: 10.1161/
CIRCHEARTFAILURE.117.004044

VedinO,Lam CSP,KohAS, BensonlL, Teng
THK, Tay WT, Braun OO, Savarese G,
Dahlstrom U, Lund LH: Significance of
Ischemic Heart Disease in Patients With
Heart Failure and Preserved, Midrange,
and Reduced Ejection Fraction: A
Nationwide Cohort Study. Circ Heart Fail.,
10 (6). pii: e003875(2017)

© 1996-2019


https://doi.org/10.1152/ajpheart.00138.2001
https://doi.org/10.1016/j.ijcard.2012.12.004
https://doi.org/10.1007/978-1-4939-1050-2_3
https://doi.org/10.1101/pdb.prot073411
https://doi.org/10.1038/nature07976
https://doi.org/10.1111/j.1525-1594.2010.01083.x
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004044
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004044

Pig model of ischemic heart failure

DOI: 10.1161/CIRCHEARTFAILURE.117.
003875

29. Wu H, Li L, Niu P, Huang X, Liu J,
Zhang F, Shen W, Tan W, Wu Y, Huo Y:
The Structure-function remodeling in
rabbit hearts of myocardial infarction.
Physiol Rep. 5(12). pii: €13311(2017)
DOI: 10.14814/phy2.13311

30. Suzuki G, Weil BR, Leiker MM,
Ribbeck AE, Young RF, Cimato TR,
Canty JM Jr: Global intracoronary
infusion of allogeneic cardiosphere-

derived cells improves ventricular function
and stimulates endogenous myocyte
regeneration throughout the heart in
swine with hibernating myocardium. PLoS
One, 9(11):e113009, (2014)

DOI: 10.1371/journal.pone.0113009

31. Ishikawa K, Ladage D, Takewa Y,
Yaniz E, Chen J, Tilemann L, Sakata S,
Badimon JJ, Hajjar RJ, Kawase Y:
Development of a preclinical model of
ischemic cardiomyopathy in swine. Am
J Physiol Heart Circ Physiol. 301(2):
H530-7(2011)

DOI: 10.1152/ajpheart.01103.2010

32. Papadopoulos CE, Zaglavara T,
Karvounis HI, Haaverstad R,
Parharidis GE, Louridas GE, Kenny A: QT
dispersion is determined by the relative
extent of normal, hibernating, and scarred
myocardium in patients with chronic
ischemic cardiomyopathy. A dobutamine
stress echocardiography study before
and after surgical revascularization. J
Electrocardiol. 39(1):103-9 (2006)

DOI: 10.1016/j.jelectrocard.2005.07.007

Abbeviations: IHF: Ischemic Heart Failure;
LAD: Left Anterior Descending; LVEDV: Left
Ventricular End-Diastolic Volume; LVESV:
Left Ventricular End-systolic Volume; EF:
Ejection Fraction; HR: Heart rate; mAOP: mean
Aortic Pressure; CO: Cardiac Output; PCWP:
Pulmonary Capillary Wedge Pressure

Key Words: Chronic Heart Failure, Coronary
Ligation, Animal Model, Miniature Pig

734

Send correspondence to: Yue Tang, Animal
Experimental Center, Fuwai Hospital, Chinese
Academy of Medical Sciences and Peking
Union Medical College, State Key Laboratory
of Cardiovascular Disease and Center for
cardiovascular  experimental study and
evaluation, National Center for Cardiovascular
Diseases, Beijing 100037, China, Tel:
86-10-63066386, Fax:  86-10-88398075,
E-mail: cyc.fuwai.submission@gmail.com

© 1996-2019


https://doi.org/10.1161/CIRCHEARTFAILURE.117.003875
https://doi.org/10.1161/CIRCHEARTFAILURE.117.003875
https://doi.org/10.14814/phy2.13311
https://doi.org/10.1371/journal.pone.0113009
https://doi.org/10.1152/ajpheart.01103.2010
https://doi.org/10.1016/j.jelectrocard.2005.07.007
mailto:cyc.fuwai.submission%40gmail.com?subject=

