[JPPR

ISSN 2349-7203

INTERNATIONAL JOURNAL OF PHARMACY & PHARMACEUTICAL RESEARCH

Human Journals

Review Article

May 2020 Vol.:18, Issue:2

© All rights are reserved by ASWINI G et al.

An official Publication of Human Journals

Experimental Methods of Inducing Myocardial Infarction and

lts Pathophysiology: A Review

ISSN 2349.7203

[JPPR Ay

INTERNATIONAL JOURNAL OF PHARMACY & PHARMA!
An official

HUMAN

ASWINI G*, MANJUNATHA P M

ACHARYA & BM REDDY COLLEGE OF PHARMACY,
BENGALURU, INDIA.

Submission: 23 April 2020
Accepted: 30 April 2020
Published: 30 May 2020

HUMA S

N JOURNAL
www.ijppr.humanjournals.com

Keywords: Coronary artery, Isoproterenol, Ligation,

Myocardial infarction
ABSTRACT

Myocardial Infarction (MI) is one of the major health problem
worldwide. There is a need to study MI in order to enrich one’s
knowledge about its pathophysiology and find better
therapeutic options. In order to better understand Ml,
appropriate animal models need to be developed. Animal
models have been used extensively in scientific research. This
was intended to help researchers to understand the underlying
pathophysiology of MI, compensatory mechanisms involved
and efficacy of treatment. Although, it is difficult to create
necrosis similar to those found in human heart, various large
and small animals were used to create experimental model of
MI. Each of these animals and method of selection offers
various advantages and disadvantages in relation to clinical
studies. The main objective of the present review is to discuss
pathophysiology of MI and various methods used to induce Ml
in the animals. These methods may be beneficial for
academicians and researchers concerned with the treatment of
MI.
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INTRODUCTION

Cardiovascular disease (CVD) is a major cause of global premature morbidity and mortality,
with ischemic heart disease and stroke accounted for 24% of all deaths. In India, although
data quality challenges exist, the number of years of life lost due to deaths from coronary
heart disease before age 60 is projected to rise from 7.1 million in 2004 to 17.9 million in
2030.! This is much higher than expected for any other field in Asia and beyond. In India,
CVD incidence in southern India is much higher than in northern India. Various
cardiovascular risk factors such as dyslipidemia, hypertension, diabetes, obesity, food habits,
smoking, and physical inactivity, etc., are contributing 50% to the development of CVDs.?
World Health Organization estimates that cardiovascular disease kills 17 million people
annually. It is well known that CVD is directly or indirectly associated with oxidative
damage sharing a common molecular and cellular mechanism. Cardiovascular disease is a
group of disorders of the heart and the vasculature includes high blood pressure, coronary
heart disease, congestive heart failure, myocardial infarction, stroke and congenital heart

defects.®

Myocardial infarction (M) is one of the world's most life-threatening diseases. MI increases
the influence of mortality and morbidity statistics in developing countries because of their

lifestyle changes most commonly in urban regions.*

There is a need to study MI in order to enrich one’s knowledge about its pathophysiology and
find better therapeutic options. In order to better understand Ml, appropriate animal models
need to be developed.’Two nearly opposing aims serve experimental models of myocardial
ischemia, both worth investigating. The first goal is to provide more mechanistic
knowledge, from a clinical condition that cannot be accessed. The second objective is to
provide mechanistic insight for translation into the clinical situation from an experimental
study, and for this purpose experimental models must replicate the clinical setting as closely

as possible.®

In animal species ’, various methods were tested using either chemical®, open® or closed-chest
catheter system °.The main objective of the present review is to discuss pathophysiology of
MI and various methods used to induce MI in the animals. Knowledge of such methods

would be beneficial in specifying treatments in experiments related to the M1 for researchers.
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Myocardial infarction:

Myocardial infarction is an acute CVD that causes heart attack due to blood vessel narrowing
that supplies blood to the heart. Therefore, it contributes to damage to the heart muscle. This
is the myocardial disease caused by an imbalance between coronary blood supply and
demand for myocardium. Generating toxic species of reactive oxygen produces radicals of
superoxide, peroxide of hydrogen and radicals of hydroxyl. The primary symptom is pain in
the chest and discomfort that can migrate into the shoulder, arm, back, neck and jaw. Often a
severe pain left more than a few minutes in the middle tiny. Such an annoyance sounds like
heartburn. Secondary signs include shortness of breath, nausea, exhaustion, cold, sweat, and

fatigue.*
Pathophysiology of MI(Fig.1)

Myocardial infarction (“heart attack™) is the irreversible injury of myocardium due to
prolonged ischemia and hypoxia. Ml is clinically characterized by the cardinal symptoms of
varying degree of chest pain, sweating, lethargy, difficulty in breathing and sometimes the
individual may become unconscious and may even die. CTnl and/or ECG defects and cardiac
cell necrosis are the clinical hallmarks of MI. The acute myocardial infarction
pathophysiology is very complex. Atherosclerosis is the prominent cause of MI. Coronary
atherosclerosis is caused by subsequent breakdown of atherosclerotic plaque accompanied by
coronary artery occlusion by thrombus formation. This leads to the sudden induction of
ischemia throughout the occluded artery anatomic area. Under ischemic conditions,
mammalian cardiomyocytes are unable to generate sufficient energy through oxidative
phosphorylation in the form of ATP to stop the aerobic metabolism. As a result, myocardial
ATP has produced reduced and anoxic oxidation products such as lactic acid in seconds.'?
These events lead to reactive oxygen species (ROS) production, reactive nitrogen species
(RNS), calcium imbalance, and cell metabolism disturbance. ROS and RNS induce oxidative
stress that transmogrifies cellular proteins and membrane permeability. 2 Ischemia decreases
heart rate and arterial pressure results in baroreceptor stimulation followed by neurohumor
compensatory mechanisms activation. The myocardial infarction-related pain and anxiety
further aggravates the condition by further stimulating the sympathetic nervous system
(SNS). The activation of the sympathetic nervous system contributes to systemic
vasoconstriction and cardiac stimulation leads to increased demand for myocardial oxygen

leading to higher myocardial hypoxia, expanding the infarcted area, precipitating
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arrhythmias, and further impairing cardiac function. The effects of these insults are ultra-
structural cardiomyocyte changes, sarcolemma destruction, DNA damage, necrosis of
coagulation and ultimately death of cells. Cardio preventive approaches are not yet available
but are one of current MI research priorities.
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Figure No. 1:

Structural Changes Occurring During Ml

Following ischaemia, the remaining blood vessel becomes dilated and collateral vessel
develops. The least collateral blood flow, the larger is the infarct size.* *® According to Snell,
coronary arteries are functional end arteries and they are not able to provide adequate blood
supply to the heart muscle if the large vessel is occluded.’® However, according to other
researchers, in one-third of patients with atherosclerotic lesions, sufficient coronary collateral
circulations were functionally available to prevent the patients from myocardial ischemia

during brief vascular occlusions.*
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Structural Differences between the Human and Animal Heart

Even though the macroscopic features of the animal heart resembles that of humans, there are
few differences in the gross anatomy of the structures. Due to these dissimilarities,
experimental result in animal study may be challenging to be extrapolated, without the human
clinical trial.’ In addition, these differences make it difficult to design good animal model to

mimic the pathophysiology found in human MI.8

The unique feature of the cardiac muscle cell in human and most animals is its poor capacity
of regeneration. However, zebrafish, teleost fish and urodele amphibians are capable of heart
regeneration after cardiomyocyte death. It was reported that the scar tissue formation

following cryoinjury induced-MI in the zebrafish heart was replaced with new myocardium.*®

The closer the size of the animals to humans, the more is the similarity of the heart. The
body weight bears an inverse relationship with the heart rate.!” 2 In larger animals like the
whale, the heart rate is 10 beats/min?' while in a small animal like mouse, the heart rate can

reach up to 800 beats/min.?°

Various patterns of collateral coronary network are observed in the animal species. These
include guinea pig, cat and dog. They have good sizeable collateral coronary blood flow.’
Hence, infarction does not occur after hours of coronary occlusion in the guinea pig.*® In
contrast, in animals such as rat, rabbit, pigs and non-human primates, there is sparse collateral
coronary circulation. It was estimated that about 50% of ischemic cardiomyocyte became
necrotic after 34 minutes of coronary artery occlusion as reported in the rabbits.?? The pig is
also vulnerable to ischemia as the infarction develops 20-35 minutes after ischaemia and it
takes 60 minutes for the anterior left ventricular wall to become completely infarcted.?® Even
though primates such as humans, monkeys and baboons have sparse collateral coronary blood
flow, the development of infarction was gradually slow when compared to rats, rabbits and

pigs.24' 25
Methods used to Induce MI in Animal Model
Chemical agent

Isoproterenol (ISO): Isoproterenol-induced M1 is a simple, fast and less complicated method

which is used to induce MI in the animal model. This technique offers indirect approach to
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produce MI as open surgery or thoracotomy is not required. Isoproterenol is a synthetic
sympathomimetic catecholamine which produces ‘infarct-like’ myocardial necrosis

resembling human myocardial infarction.?

Isoproterenol acts on B1 and B2 receptors in a non-selective way. B1 receptors primarily
present in the heart, resulting in positive chronotropic, dromotropic and inotropic effects.?’
Due to its depressive effect on circulation, ischemia occurs when isoproterenol is given due
to the imbalance between cardiac stimulation and decreased coronary blood flow.
Isoproterenol oxidation products are also believed to be involved in the myocardial damage.?®

Isoproterenol exhibits cardiotoxic lesions even at low dose 8 far below the level of the lethal
dose.?® The lesions produced are dose-dependent.® Low dose of Isoproterenol (32ug/kg)
shows abnormal histopathological changes as early as three hours post-injection.2 Moderate
dose of Isoproterenol (85mg/kg) shows significant alteration in biochemical parameters and
moderate necrosis in the heart.?® The myocardial injury becomes more extensive with higher

dose of isoproterenol.?®

Isoproterenol produces infarct-like lesion similar to human MI.*° Isoproterenol causes
changes in the hemodynamic, biochemical, histopathological and oxidative stress markers.%!
Histopathological changes can be seen in subendocardial layer, myocardium of the apex, left
ventricle, papillary muscle and interventricular septum.®32Fig.2 summarizes the physiological

effects brought about by isoproterenol in the myocardium.
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Figure No. 2: Physiological effects of isoproterenol in the myocardium
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Isoproterenol-induced MI is simple to execute. It can be administered subcutaneously?®,
intraperitoneally 32 or intravenously 3. However, these different methods of administration
affect drug metabolism and its conversion into inactive metabolites. According to previous
researchers, the serum level of cardiac troponin was higher when isoproterenol was given
subcutaneously compared to animal injected through intraperitoneal method. This suggests

that the route of administration affects the metabolism of the drug.3*

Isoproterenol-induced MI method has been used widely in the research on the protective
effect of the natural product that can prevent myocardial necrosis damage * in the animals
like mice %, rats 3, and rabbits . In order to evaluate cardioprotective effect of natural
product, isoproterenol is given 85 mg/kg on two consecutive days in mice and rats to produce
MI 37, According to earlier research, the rabbits were induced with 3 mg/kg of isoproterenol
injected intraperitoneally once prior to sacrifice 2. Single dose of isoproterenol was enough
to produce infarct-like necrosis in the heart but with repeated doses, the myocardial injury

became more extensive.3¢
Coronary Artery Ligation

Coronary artery ligation provides precise timing, location and extent of the coronary event
due to direct visualisation and observation of the procedure and targeted area of infarct " 8,
The procedure is initiated with administration of an anaesthetic agent to the animal, followed
by securing the airway with the mechanical ventilator. The skin on the left side of the chest is
incised, the muscles reflected and left thoracotomy is performed. The heart is rapidly

exteriorized and specific site for ligation identified. The artery is then ligated with suture.®

There are various approaches which have been introduced to ligate the coronary artery. If
Left Coronary Artery (LCA) or proximal part of left anterior descending branch of the Left
Coronary Artery (LAD) near its origin, which emerged from conus arteriosus and left auricle
are ligated, large Ml is produced with 100% mortality rate, with more than 65% of infarction
occurring at the left ventricle®. Ligation of the segment of LAD at 2 mm lower than the tip of
the left auricle is the most preferred site to induce MI in animals®. This artery is also a
predominant site for occurrence of atherosclerosis*®. Permanent occlusion of LAD produces
infarction in the antero-apical and lateral wall of the left ventricle and anterior

interventricular septum and also global impairment of left ventricular function*!. Immediately
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after ligation of the artery, the ischaemic myocardium become pale in colour and abnormal
ECG changes could be detected.’

In the small animals like mice, identification and ligation of LAD is difficult to be conducted
as the coronary arteries lay within the myocardium, not on the epicardial surface.
Furthermore, the same red color of coronary arteries and myocardium make them difficult to
be distinguished. Application of soft pressure at the apex was required to induce slight

paleness of the myocardium.*?

Modification in the method of coronary artery ligation has been made to allow the study of
reperfusion in the preclinical research. In human MI, myocardial reperfusion is performed to
restore the balance between oxygen supply and myocardial demand, either by fibrinolytic
therapy or Percutaneous Coronary Intervention (PCI). Timely reperfusion of the coronary
artery after myocardial infarction is important to salvage the viable myocardium, limit infarct
size, preserve LV systolic function and prevent the onset of heart failure.**> However, with
increasing duration and severity of ischemia, reperfusion of an ischemic area results in
myocardial cell necrosis. Thus, reperfusion injury is a term referring to the occurrence of

tissue damage when blood supply return after the period of ischaemia.**

To produce a reperfusion injury model, temporary occlusion of LAD is performed. It can be
done by tying slipknot over the LAD*. After a certain period of time, the slipknot is released
to allow the blood flow through the previously occluded artery. Hanging weight system is
another alternative for an immediate release of coronary occlusion or reperfusion to avoid

tissue trauma which can be obtained during manipulation of the knot.*®

Even though open-chest surgical ligation of coronary artery offers direct access to the heart,
there are many disadvantages related to surgical operation such as complicated surgical
procedure, anaesthetic complications, long operative times and low success rate 38,
Furthermore, the surgical procedure itself affects the whole balance of bodily function and

modifies local and systemic immunological and inflammatory responses.’
Closed-Chest Method to Induce Myocardial Infarction

In order to avoid complications related to the invasive procedure of open thoracotomy in the
surgical open chest, percutaneous catheter method is introduced. This method is more

suitable for large animals.*% 46
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Coronary Artery Embolization

Percutaneous intracoronary embolization technique is a method to induce myocardial
ischemia by catheterization of the coronary artery with the insertion of material into the
coronary artery to form a thrombus. This model closely resembles human course of
atherosclerotic disease superimposed by thrombus formation during MI event.® %6 |t offers
minimal invasive method as no procedure of thoracotomy and pericardium incision is
involved. However, this method requires anticoagulant therapy to prevent blood clot
formation during instrumentation*” and an anti-arrhythmic protocol to prevent arrhythmia and

ventricular fibrillation.*®

Various materials have been inserted into the coronary artery for embolization such as sponge
foam®®, various type of coils®1%4®, polystyrene microspheres*’, alcohol injection® balloon
catheter®®. Sponge foam is easily available and inexpensive. The sponge foam is cut into
small pieces of 5-7 mm of diameter. The fragmented sponge foam is placed over the wire and
pushed into the targeted artery with the assistance of partially inflated balloon catheter. The
mechanical obstruction is confirmed via angiography. Then the wire and balloon catheter are
removed*. Delay ST-segment elevation of ECG may be observed 15 minutes after

embolization®.

The challenge in the percutaneous technique is the difficulty to control the exact location,
length and duration of the coronary artery occlusion, and the overall volume of myocardial
necrosis®. Occlusion of the proximal part of LAD resulted in severe heart failure, ventricular
fibrillation with massive infarct, while embolization of distal part of LAD causes the
disturbance of atrioventricular conduction system. Researchers suggested that the reliable
area for inducing infarction with 25% decrease in LV ejection fraction is in the middle of the
right coronary artery and circumflex coronary artery. Another challenge in percutaneous
technique is that it requires advanced technical skills and highly trained personnel to

manipulate the catheter for deployment of the material for embolization.°

Balloon Inflation Model: Due to its depressive effect on circulation, ischemia occurs when
isoproterenol is given due to the imbalance between cardiac stimulation and decreased
coronary blood flow. This simulates the effects of ischemia-reperfusion of percutaneous
transluminal coronary angioplasty (PTCA) in patients with occlusion of coronary artery. (50)

In swine, pigs or dogs, respectively, a diagnosis of ischemia accompanied by reperfusion is
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possible by balloon inflation and deflation. Throughout clinical settings, Ischemia-
reperfusion injury is known to be the major event during percutaneous therapy. The
generation of free radicals originating from oxygen, such as superoxide and hydroxyl
radicals, was thought to be a potential ischemia-reperfusion injury mechanism. The process
involves several steps, anesthetized by ketamine, xylazine and pentobarbital in short animals.
Following cannulation of the right carotid artery and jugular vein, a balloon dilation catheter
is inserted in the proximal/distal portion of the LAD coronary artery under fluoroscopic or x-
ray guidance. % 2 Occlusion (ischemic myocardium) caused by balloon swelling, while
balloon deflation induces reperfusion (normal myocardium). Following inflation and before
balloon deflation, the angiogram is performed to check the occlusion and the right balloon
positioning. This approach has many advantages over surgical procedures, such as minimal
surgical techniques and time specifications, strict control over the location and time of

occlusion, and suitability for MRI studies.>
Ameroid Constrictor:

Litvak and colleagues first introduced this model in 1957. In this model mechanically chronic
ischemia in porcine was produced by ameroid constrictor. The ameroid constrictor consist of
casein (a hygroscopic material) enclosed within steel jacket.>* The constrictor implanted
around coronary artery under general anesthesia, casein by absorbing water swells and
constricts the artery and produce ischemia over a period of weeks to a month.> LCx is the
smallest coronary vessels in swine accounts for 20% of the blood supply to the left side of the
myocardium and most commonly used coronary artery for occlusion.>® Variables such as
size, shape, and stiffness of material encasing the ameroid as well as the temperature of the
surrounding fluid alter the constriction rate of ameroid. Because of the metal outer ring, the
constructor will always be visible on x-rays of the chest. Ameroid constrictor is the most
extensively used porcine MI models®® 5 employed for preclinical testing of various cell
therapies®®, gene therapy®®, pro-angiogenic therapies (recombinant vascular endothelial
growth factor and basic fibroblast growth factor) and studying collateral circulation

physiology.>*
Cryoinjury Induced Myocardial Infarction

Cryoinjury is another method used to induce MI. This method has been used in various

animals such as zebrafish °, mouse®, rat®* and pig®2. According to VVan Den Bos EJ et al.,
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this is an ideal model used for the assessment of therapeutic intervention to restore cardiac

function or cardiac regeneration after a case of MI.%°

Left chest incision is made following administration of anaesthetic agents. After left
thoracotomy is performed, cryoprobe which has been precooled with liquid nitrogen is
applied to the anterior left ventricular wall for few seconds. Therefore, anterior myocardial
infarct occurs with modest adverse remodeling.’® Van DenBos EJ et al., compared the
outcome of the myocardial injury produced by cryoinjury with the coronary artery ligation
method.®°® He concluded that both showed the similar loss of contractility and diastolic
dysfunction, however, more modest LV remodeling observed in the cryoinjury model with no
overt heart failure. No overt heart failure is seen due to a small necrotic lesion of disc-shaped,
induced by the cryoprobe. The lesion produced has similar cellular patterns of coagulation
necrosis of myocardial infarction. Thus, it is a suitable model used to demonstrate myocardial

repair.®

The pathophysiology of M1 in the cryoinjury method is different from other methods because
acute cell death occurs following the cryoinjury without concomitant ischemia. It is due to
mechanical forces induced by formation of ice crystals in the intra and extracellular space and
in the vasculature.®® This method has been used for research on intracardiac cell
transplantation for myocardial repair.5 It is because the transplanted cell is easily injected at
its well-defined locations and presence of vascular reperfusion is beneficial for the cellular

repair.%

Surgical and Interventional Methods used to Induce MI in Different Systems of the
Body:

Surgical Method

A method used to induce myocardial infarction also recapitulated in the research related to an
intestinal ischemic injury. Intestinal ischemic injury model is produced to mimic a clinical
condition in which there is deprivation of intestinal blood flow occurring during acute
mesenteric ischemia, necrotizing enterocolitis or volvulus. This model is used to study the
pathophysiology of ischemia. In this model, Superior Mesenteric Artery is either ligated®® or

embolized.5
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Interventional Method:
Ameroid Constrictor Method

Ameroid constrictor was used in a dog with a single portosystemic shunt for surgical
management. Ameroid constrictor is favored because the single extrahepatic vessel is slowly
occluded Prior to portal hypertension, it is important to allow the production of collateral
shunting vessels.65 According to Murphy, the surgical occlusion of the single extrahepatic
portosystemic shunt with the ameroid constrictor is as effective as the method of ligation with
the benefit of shortening the operating time and the risk associated with shunting vessel

ligation.®®
Hydraulic Occluder Model:

It is a type of chronic ischemia that is close to the model of fixed stenosis. This model of
persistent ischemia was developed by Bolukoglu and his co-worker, in which an adjustable
hydraulic occluder was mounted around an epicardial coronary artery either proximal or
distal to a myocardial doppler flow stenosis study®® Hydraulic occluder is a mechanical
device made up of an expandable silicone membrane inside a stretch-resistant polyester
collar. The diameter of the coronary artery is decreased by percutaneous, guided fluid
injections into a device's subcutaneous injection tube, connected to a balloon. The hydraulic
occluder can be successfully implanted for 32 months and can be adjusted for up to 12
months. It has several benefits such as allowing single implantation surgery in order to
achieve incremental and complete vascular occlusion and the ease of reversing occlusion.
With recent advances, there are few improvements in the Bolukogluand coworkers66 model,
such as putting a hydraulic occlude on the proximal LCx and applying an ultra-sonic flow
probe to calculate myocardial blood flow, providing accurate stenosis control and minimal

coronary artery harm.®’
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Table No. 1: Summary of advantages and disadvantages of various methods used for

inducing M1 in experimental animals

Simple technique Indirect method - visualisation of the
Non-surgical method, non-invasive® effect on the targeted area is

High success rate3® impossible during the procedure3®
Low mortality rate®

Precise control of site of occlusion via direct
observation on the ligated artery’ Require artificial ventilator®
Able to control exact location and extent of the d

. . . Surgical and anaesthetic related
infarct area Suitable for small and large animals 9
41,62 complication

High mortality rate®

Difficult to control exact location,
length and duration of coronary
ligation®©

Require artificial ventilator, require
advanced method, expensive
equipment and highly trained
personnel to manipulate the catheter
Require anti-arrhythmic protocol*’
Gradual occlusion of the coronary artery®? May require open thoracotomy®?
Study on development of collateral artery®?
Suitable for research on study of cell
transplantation for myocardial repair, heart
regeneration and cellular remodeling °

Minimally invasive technique °
Non-surgical method °
Suitable for large animal®4®

10

Require open thoracotomy ©2

CONCLUSION

Many animal models were designed to mimic clinical condition related to cardiovascular
disease. A good animal model must be reproducible, able to provide consistent injury and can
be translated to the human clinical condition. As per authors' review of literature, no
statistical data has shown the best method to study all aspect of MI nor the most commonly
used method to induce MI. Each method offers a different approach to induce ischaemia. For
instance, occlusion of LAD, isoprenaline and cryoinjury are methods suitable to mimic acute
M1, while ameroid constrictor and hydraulic occluder are more appropriate to study the effect
of MI. To conduct MI in small animal, occlusion of LAD, isoprenaline, cryoinjury is the
option of choice, whereas, for the large animal, occlusion of LAD, coronary artery
embolization, balloon catheterization and ameroid constrictor are the list of selection.
However, to study the effect of drug or natural product on MI, isoprenaline is the most
commonly used method to induce MI. It is easy to execute. As isoprenaline acts non-

selectively on B1 and B2 receptor, isoprenaline might as well affects other systems such as
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central nervous system, gastrointestinal, endocrine and metabolic system. Future
improvement of isoprenaline is required to ensure it acts solely on target organ. Coronary
ligation of LAD is also widely used in the experimental animals. However, the technique for
thoracotomy, severity of occlusion as well as the agent of anaesthesia and technique for
ventilation should be improvised to minimise the complication related to surgical procedure
and anaesthesia. Perhaps in future, improvement is needed in the methods to induce Ml as it

would help researchers immensely in the cardiovascular-related field.
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