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Abstract

Flaxseed is one of the richest plant sources of omega-3 polyunsaturated fatty acid alpha-linolenic
acid (ALA), lignan secoisolariciresinol (SDG), and dietary fiber. Dietary intake of flaxseed has
been shown to suppress the progression and accelerate the regression of atherosclerotic plaques.
However, the effect of flaxseed supplementation on cardiac damage induced by ischemic heart
disease is not known. In the first study, myocardial infarction (MI) was induced by the surgical
ligation of the left anterior descending coronary artery in rats. The addition of ground flaxseed,
flax oil rich in ALA, and flax lignan rich in SDG to the diet before and after the induction of the
MI decreased the incidence of arrhythmias, reduced myocardial infarct size, prevented excessive
left ventricular dilatation, decreased myocardial fibrosis, and lowered the levels of inflammatory
proteins and collagen compared to the untreated MI control. Dietary flax oil supplementation
upregulated the expression of microRNAs 133a, 135a, and 29b which exert an antiarrhythmic,
antiapoptotic and antifibrotic effect in myocardial tissue. Based on these positive results, the effect
of flaxseed was further investigated in the JCR:LA-cp rat model of metabolic syndrome that
naturally develops spontaneous myocardial ischemic lesions. A high-fat high sucrose diet was
employed to exacerbate metabolic and cardiac dysfunction and any potential sex differences were
also investigated. The lean genotype of JCR:LA-cp rats served as control animals. Dietary flaxseed
supplementation reduced total cholesterol and low-density lipoprotein-cholesterol levels in obese
male JCR rats. A high-fat high-sucrose diet compounded the metabolic dysfunction evident from
liver injury in obese male animals. The addition of flaxseed to the diet improved liver weight and
markers of hepatic injury. A high-fat high-sucrose diet increased the frequency of myocardial
ischemic lesions in male and female obese JCR rats and abolished the protective effect of female

sex on cardiac structure and function. Dietary flaxseed supplementation reduced myocardial



ischemic lesions and improved cardiac systolic and diastolic function in JCR:LA-cp rats.
Collectively, these findings in myocardial ischemia and in Mls further extend the beneficial
cardiovascular effects of flaxseed. It can also be concluded that dietary flaxseed has
cardioprotective potential as a therapeutic option in conditions of ischemic heart disease or cardiac

complications associated with metabolic syndrome.
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CHAPTER 1: LITERATURE REVIEW

1.1. Introduction

Cardiovascular diseases (CVD) are a leading cause of death globally according to the
World Health Organization. According to the Heart Disease and Stroke Statistics — 2020 Update,
ischemic heart disease (IHD) is the most common type of CVD, accounting for 42.6% of all the
CVD related deaths in the US (1). Although recent advances have resulted in a substantial
improvement in the outcomes of IHD, it remains the major cause of morbidity and mortality (2).
Therefore, new scientific discoveries are needed for improving the management of IHD. Dietary
intake of omega-3 polyunsaturated fatty acids (n-3 PUFAS) is an attractive therapeutic option.
While marine-derived n-3 PUFAs are widely studied and have been shown to reduce the risk of
CVD, plant-based n-3 PUFAs are less explored. A plant grown on the Canadian prairies, flax, is
one of the richest plant sources of n-3 PUFASs in the form of alpha-linolenic acid (ALA). The n-3
ALA is contained within the seed of flax. In addition, flaxseed contains the lignan
secoisolariciresinol and dietary fiber. Dietary flaxseed supplementation in animals has suppressed
atherosclerotic plague formation in growing (3-5) and established plaques (6), whereas in human
studies, flaxseed has lowered cholesterol levels (7) and blood pressure in peripheral artery disease
patients with elevated blood pressure (8, 9). The beneficial vascular effects of flaxseed provide the
rationale for further examinations of the effect of dietary flaxseed on cardiac damage caused by
myocardial ischemia. The objectives of this thesis are fourfold: i) to investigate the effects of
dietary flaxseed on arrhythmias and left ventricular remodeling after an Ml induced surgically by
ligation of the left anterior descending coronary artery; ii) to explore the molecular mechanisms
responsible for the potential cardioprotective effect of flaxseed in an MI state; iii) to study the

effect of dietary flaxseed in a model of spontaneous myocardial ischemia compounded by



metabolic syndrome; and iv) to examine whether a high-fat and high sugar diet will induce aspects

of CVD and determine if dietary flaxseed can protect against this.

1.2. Cardiovascular diseases

1.2.1. Incidence

Cardiovascular diseases are the leading cause of death, as they claim more lives every year
than all forms of cancer and respiratory diseases combined (10). According to the latest estimates
by the Heart Disease and Stroke Statistics — 2020 update, approximately 1 of every 3 deaths occur
due to CVD (1). Ischemic heart disease is the major cause of mortality as 43.2% of cardiovascular
deaths are attributed to it alone, followed by stroke (16.9%) (10). Physical inactivity, genetics,
smoking, elevated levels of blood pressure and cholesterol, diabetes, hormonal changes, and a diet

rich in salt and fat are important risk factors for CVD (11).

1.2.2. Ischemic heart disease

Ischemic heart disease (IHD), also termed as coronary heart disease (CHD) is a condition
that arises when there is an imbalance between myocardial oxygen supply and demand which
results in myocardial hypoxia and accumulation of waste metabolites (12). IHD is most often
caused by coronary atherosclerosis and thus it is also called coronary artery disease (CAD) (12).
In addition to CAD, other conditions that may result in an imbalance between myocardial oxygen
supply and demand can also cause myocardial ischemia. Decreased oxygen supply due to
hypotension, anemia, or excessive bleeding and increased oxygen demand in conditions such as
extreme exercise, tachycardia, acute hypertension, or aortic stenosis may cause myocardial

ischemia in the absence of coronary atherosclerosis (12).



1.2.3. Consequences of ischemia

A reduction in coronary blood flow reduces the amount of oxygen being delivered to the
myocardium thus resulting in the cessation of aerobic metabolism, a shift to anaerobic glycolysis,
depletion of creatine phosphate, and a fall in tissue ATP levels. When ischemia continues, tissue
acidosis is produced which results in potassium efflux, and reduced ATP levels fail to maintain
the membrane function leading to myocyte death (11). Brief periods of ischemia that cause a
reversible injury are tolerated by myocytes as no cell death occurs. However, extended periods of
more than 20 minutes results in an irreversible injury that extends as a wavefront of necrosis from
the subendocardial to the subepicardial layer of the heart (13). The cardiomyocyte death due to

this irreversible injury results in the development of a myocardial infarction.

Reversible Inju<r;| |_I:reversible Injury

@ necrosis necrosis necrosis

71sk zo0® 7Isk zor® /Isk zor®
4’} ] 20 min. 60 min. 3 hrs. >3-6 hrs.
Coronary occlusion

Reperfusion \/
Consequences @ Stunning @ Subendocardial ® Necrosis extends @ Near transmural
of Ischemia/ g preconditioning necrosis into midmyocardium, infarction
Reperfusion o oo Viability (salvage of subepicardium (no salvage of

(no necrosis) outer layers) tissue but may

4 LV remodeling)

Figure 1. Effect of ischemia and reperfusion on heart-based studies in an anesthetized canine
model of proximal coronary artery occlusion. Brief periods of ischemia of <20 minutes followed
by reperfusion are not associated with the development of necrosis (reversible injury). Brief

ischemia/reperfusion results in the phenomenon of stunning and preconditioning. If the duration



of coronary occlusion is extended beyond 20 minutes, a wavefront of necrosis marches from
subendocardium to subepicardium over time. Reperfusion before 3 hours of ischemia salvages
ischemic but viable tissue. (This salvaged tissue may demonstrate stunning.) Reperfusion beyond
3 to 6 hours in this model does not reduce myocardial infarct size. Late reperfusion may still have
a beneficial effect on reducing or preventing myocardial infarct expansion and left ventricular (LV)
remodeling (13). Kloner RA, Jennings RB. Consequences of Brief Ischemia: Stunning,
Preconditioning, and Their Clinical Implications. Circulation. 2001;104(24):2981-9. Reprinted

with permission.

1.2.4. Acute coronary syndrome

Acute coronary syndrome (ACS) is a term that is used to describe a group of clinical
characteristics compatible with myocardial ischemia (14). ACS includes unstable angina (UA),
non-ST-segment elevation myocardial infarction (NSTEMI), and ST-segment elevation
myocardial infarction (STEMI) (15-17). UA can serve as an imminent precursor to myocardial
infarction and has a similar pathophysiology to NSTEMI. UA and NSTEMI are collectively

termed as non-ST-segment elevation ACS (NSTE-ACS) (18).

ACS results from a sudden total (STEMI) or partial (NSTEMI) coronary artery occlusion
caused frequently by the rupture or erosion of atherosclerotic plaques that form an intraluminal
thrombus interrupting blood flow, and thus reducing the oxygen supply to the myocardium (15-
17). The end result of ACS is myocyte necrosis that may be detected by the elevation of cardiac
biomarker levels depending upon the severity of ischemia which is determined by the degree and
duration of vessel occlusion, the amount of myocardium supplied by the occluded vessel, and the

presence of collateral circulation (18).



1.3. Myocardial infarction (MI)

The fourth universal definition by the joint European Society of Cardiology
(ESC)/American College of Cardiology (ACC)/American Heart Association (AHA)/World Heart
Federation (WHF) of a clinical myocardial infarction is the presence of acute myocardial injury

detected by abnormal cardiac biomarkers and the evidence of acute myocardial ischemia (19).

1.3.1. Clinical presentations of Ml

The STEMI and NSTEMI have similar signs and symptoms that are not differentiated until
the ECG examination has been completed. The common presentation in both cases of an Ml is
chest pain which often lasts longer than 20 mins and radiates to the left arm, left shoulder, neck,
or jaw. The patients may also experience diaphoresis, vomiting, palpitations, dyspnea, or syncope
(11). Approximately 20% of acute myocardial infarctions are silent (painless) or atypical (all other
symptoms except significant pain), and are most common in women, elderly patients, and in

diabetics (20).

1.3.2. Diagnosis of Ml
The diagnosis of MI usually relies on the triad of chest discomfort, the detectable quantities
of markers for myocardial necrosis and the changes in the electrocardiogram (ECG) suggestive of

ischemia or infarction (18, 20).

Cardiac troponin (CTn) isoforms CTnl and CTnT are components of the cardiac contractile
machinery and are the preferred biomarkers for cardiac injury (19). The ischemia from myocardial
injury in a STEMI and NSTEMI, but not UA, is severe enough to produce detectable quantities of
CTn in the blood from the necrotic myocardium (21). CTn levels are detectable within 2-3 hours,
and peak within 24-48 hours of MI (22). The detection of cardiac troponin (CTn) levels above the

99" percentile upper reference limit (URL) indicates myocardial injury (19). Since the
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development of a high-sensitivity cardiac troponin T (hs-cTnT) assay, there has been an
improvement in differential diagnosis with a 20% increase in the diagnosis of NSTEMI and a
concomitant decrease in the diagnosis of UA (17). CTn can remain in the circulation for 7-10 days
or even longer in cases of renal failure. So, unless its levels are falling or subsequently rising again,
serial CTn detection is limited to detecting early ischemic events or recurrent Ml (18). Other
biomarkers such as creatine kinase myocardial band (CKMB) are less specific and sensitive. Both
the US and European guidelines emphasize CTn as the preferred biomarker and CKMB is less
sensitive in detecting MI (18). The injury is acute if there are dynamic rise and fall of the CTn

values above the 99" percentile URL, and chronic if values are persistently elevated (19).

A 12-lead electrocardiogram (ECG) is obtained and examined for ischemic changes within
10 mins of patients arriving at the emergency department (20). Electrocardiographic (ECG)
changes in NSTEMI and UA include ST-segment depression and T wave inversion. According to
the fourth universal definition of MI, ST-segment depression should be new horizontal or
downward sloping in at least 2 contiguous leads with >0.5 mm and T wave inversion >1 mm with
prominent R waves (19). For STEMI, new ST-segment elevation at the J-point should be >1 mm
in at least two contiguous leads. The J-point which is a junction between QRS complex termination
and the onset of ST-segment serves as a reference point for determining the magnitude of the ST-
segment shift (19). A STEMI typically results in transmural M1 as the injury transects the thickness
of the myocardial wall. As a consequence, pathologic Q waves are seen on the ECG in a STEMI,
however, as NSTEMI is limited to the subendocardium layer only, such changes are not observed

(15).

Other laboratory examinations in an MI patient may include a complete blood count, lipid

and metabolic profile. Patients may have a slightly elevated white blood cell count because of the



pro-inflammatory conditions that commonly accompany a MI. Moreover, it is imperative to assess
the presence of anemia or perform a platelet count if a patient is going to receive a thrombolytic
agent. Potassium and magnesium ion levels are closely monitored as alterations can result in fatal
arrhythmias (23). The initial risk assessment of Ml patients needs to address the risk of an early
adverse outcome. Two validated models that have been developed to assess this risk include the
Thrombolysis in Myocardial Infarction (TIMI) and the Global Registry of Acute Coronary Events

(GRACE) models (20).

Non-invasive imaging techniques commonly used for diagnosing and characterizing
myocardial injury and an Ml include echocardiography, a myocardial perfusion scan (MPS) using
single-photon emission computed tomography (SPECT) or positron emission tomography (PET),
computed tomography (CT), and cardiac magnetic resonance (CMR) (15). The important imaging
parameters are myocardial perfusion, viability, thickening, and motion. Each of the techniques
provides information about myocardial perfusion and function to a certain extent. While the
radionuclide-based technique gives a direct assessment of myocardial viability because of the

tracers used, other techniques provide an indirect assessment (10).
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1.3.3. Types of Ml

Type 1

A Type 1 MI is caused by atherothrombotic coronary artery disease and is usually
aggravated by atherosclerotic plaque rupture or erosion. It is defined by the following criteria: the
rise and fall of CTn values above the 99" percentile URL with at least one of the following a)
symptoms of acute myocardial ischemia, b) ECG changes suggestive of new ischemia, c)
pathological g wave formation, d) regional wall motion abnormality or new loss of viable
myocardium evident on imaging studies, or ) postmortem or intracoronary imaging demonstration
of a coronary thrombus (19). The intracoronary thrombus rupture may lead to distal coronary
embolism that results in myocyte necrosis (24). The ECG findings are integral in classifying a
Type 1 MI into ST-elevation myocardial infarction (STEMI) or non-ST elevation myocardial

infarction (NSTEMI), which then can be treated by appropriate guidelines (19).

— — = !\

Plaque rupture/erosion with
occlusive thrombus

Plague rupture/erosion with
non-occlusive thrombus

Figure 3. Type 1 myocardial infarction. Thygesen K, Alpert JS, Jaffe AS, Chaitman BR, Bax JJ,
Morrow DA, et al. Fourth Universal Definition of Myocardial Infarction (2018). Journal of the

American College of Cardiology. 2018;72(18):2231-64. Reprinted with permission.



Type 2

An MI caused by ischemic injury due to an imbalance of myocardial oxygen supply and
demand is designated as Type 2 MI. The criteria for defining a Type 2 Ml is similar to the ones
for Type 1, except for the identification of a coronary thrombus. Atherothrombotic plaque
disruption is not a characteristic of a Type 2 MI. It is more common in women and mortality rates
for patients with Type 2 MI have been reported to be higher than for Type 1 Ml patients (25). The
imbalance produced by the insufficient blood flow to the myocardium to meet the increased
demand for oxygen is multifactorial. Several stressors such as coronary atherosclerosis, coronary
embolism, microvascular dysfunction, coronary artery spasm, coronary artery dissection,
arrhythmias, hypotension/hypertension, severe anemia, and respiratory failure have been identified
as causative factors (19). The treatment strategy includes the correction of the underlying ischemic
imbalance by blood pressure management, volume adjustment, heart rate control, and respiratory

support (26).
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Figure 4. Type 2 myocardial infarction. Thygesen K, Alpert JS, Jaffe AS, Chaitman BR, Bax JJ,
Morrow DA, et al. Fourth Universal Definition of Myocardial Infarction (2018). Journal of the

American College of Cardiology. 2018;72(18):2231-64. Reprinted with permission.
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Type 3

An MI with suspected acute myocardial ischemic injury but lacking the cardiac biomarker
evidence is designated as a Type 3 MI (19, 27). Usually, these patients have typical clinical
manifestations of myocardial ischemia/infarction including ischemic ECG changes as well as
ventricular fibrillation. However, mortality rates escalate soon after the onset of symptoms and
before the elevation of cardiac biomarkers can occur or before the blood can be collected for the
detection of cardiac biomarkers (19, 27). This category facilitates differentiation of fatal M1 from
sudden death that may be non-ischemic or non-cardiac in origin (19). Once a Type 3 MI diagnosis
is made and a post-modern examination reveals the presence of a fresh or recent thrombus in the
infarct-related artery, Type 3 is redesignated as Type 1 MI (19). A Type 3 Ml is a rare clinical
observation with an annual incidence of 10/100,000 person-years and a frequency of only 3-4%

among all Ml types (28).
Type 4a

The myocardial injury may occur during or after the cardiac revascularization procedures
such as percutaneous coronary intervention (PCI) or coronary artery bypass grafting (CABG). In
the former case, it reflects a periprocedural issue, while the latter case could be because of
complications of a device used in the procedure such as early or late stent thrombosis or in-stent
restenosis for PCI, or graft occlusion or stenosis with CABG (19). The increased values of CTn
in the patients following a PCI or CABG reflect the procedural myocardial injury which can be

assessed by late gadolinium enhancement on cardiac magnetic resonance (LGE-CMR) (29, 30).

The development of a PCl-related MI in patients within 48 hours of the index procedure is

defined as Type 4a MI. It is characterized by a post-PCl elevation of CTn >5 times the 99"
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percentile URL in the MI patients with normal baseline values of CTn. In the patients with
preprocedural elevated CTn values that are stable (<20%) or falling, but the post-PCl rise is >20%
to an absolute value of >5 times the 99" percentile URL are also classified as having a Type 4a
MI (19). In addition to the elevated CTn values, one of the following criteria is also required to
define a Type 4a MI; a) ECG changes suggestive of new ischemia, b) pathological q wave
formation, c) regional wall motion abnormality or new loss of viable myocardium evident on
imaging studies, or d) angiographic or postmortem examinations revealing a procedure-related
complication such as coronary artery dissection, epicardial artery or a side branch

occlusion/thrombosis, collateral flow disruption, or distal embolization (19).
Type 4b

A subcategory of PCl-related Ml is stent/scaffold thrombosis or Type 4b MI which needs
to be confirmed by angiography or autopsy examination along with the criteria used for a Type 1
MI (19). The timing of the occurrence of the stent/scaffold thrombosis associated with the timing
of the PCI procedure is essential. The following temporal categories are advised: 0-24 hours, acute;
>24 hours to 30 days, subacute; >30 days to 1 year, late; and >1 year, very late after the

stent/scaffold implantation (31).
Type 4c

An MI can occur occasionally by in-stent restenosis or restenosis following balloon
angioplasty in the infarct artery. This PCl-related Ml is classified as a Type 4c MI and defined as

focal or diffuse restenosis, or a complex lesion using the same criteria for a Type 1 Ml (19).

12



Type 5

Several factors can result in procedural myocardial injury during a CABG. When estimated
by LGE-CMR, 32-44% of CABG patients suffer from procedural myocardial injury (19). A
CABG-related M1 that can occur within 48 hours of the index procedure is defined as an elevation
of CTn values >10 times the 99" percentile URL in patients with normal baseline values or with
elevated preprocedural CTn values that are stable or falling. However, a post-CABG elevation
must be >10 times the 99" percentile URL. One of the following criteria is also required for
designating a Type 5 MlI: a) pathological q wave formation, b) regional wall motion abnormality
or new loss of viable myocardium evident on imaging studies, or ¢) angiographic evidence of a

graft occlusion or a new native coronary artery occlusion (19).

1.3.4. Etiopathogenesis of Ml

A Ml is primarily caused by the reduction in blood flow to the myocardium which is mainly
due to atherosclerotic plaque formation complicated by coronary thrombosis. The inciting event is
the plaque rupture that exposes the necrotic core of the plaque to the blood that activates platelets
and clotting factors and thus results in thrombosis (24, 32). As mentioned earlier, there can be
other causes as well for the decrease in myocardial oxygen supply and the demand imbalance

causing a Ml.
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Figure 5. Myocardial infarction is usually caused by rupture of a vulnerable plaque leading to
formation of an occlusive thrombus in a coronary artery. A “vulnerable plaque” is often associated
with inflammation, activation of macrophages in the fibrous cap, and proteolytic degradation of
the matrix. Frangogiannis NG. Pathophysiology of Myocardial Infarction. Comprehensive

Physiology. 2015;5(4):1841-75. Reproduced with permission.

Platelets play an essential role in the initiation and progression of the thrombotic event
(33). Endothelial dysfunction caused by several risk factors including hypertension, smoking, and
hyperlipidemia, can result in immediate platelet adhesion to the exposed collagen via von
Willebrand factor (34). Various mediators such as thromboxane A2, adenosine diphosphate, and
thrombin, facilitates the activation of platelets. After the activation process, the content of the a-
granules is released from platelets which further contributes to platelet activation and

vasoconstriction. Platelet activation also results in a conformation change and thus exposure of the
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glycoprotein (GP) receptors Ilb/Illa on the platelet surface. Fibrinogen binds to 2 GP Ilb/llla
receptors on the adjacent platelets forming platelet aggregation and platelet-rich thrombus (33).
Atherosclerotic plaques are rich in tissue factor (TF) which is responsible for the initiation of the
coagulation cascade (35). This TF comes into contact with blood and combines with clotting factor
Vlla when an atherosclerotic plaque is disrupted. This complex of TF-Vlla activates factor X
which results in the conversion of prothrombin to thrombin and fibrinogen to fibrin. The
crosslinking of the fibrin polymers and entrapment of the red blood cells complete the coronary

thrombus formation occluding the vessel (33).

The flow restriction due to severely narrowing plaques results in the development of
ischemia (36). The cellular effects of ischemia begin within seconds of hypoxia and results in the
sudden cessation of aerobic metabolism. Cardiomyocytes under ischemic conditions use pathways
other than oxidative phosphorylation to generate adenosine triphosphate (ATP). The supplies of
creatine phosphate, which is the source of high energy phosphate, are rapidly depleted and
anaerobic glycolysis becomes the main metabolic pathway to generate ATP (36, 37). However, in
the absence of perfusion, glucose cannot be supplied to the cardiomyocytes and thus intracellular
glycogen stores serve as the main substrate for glycolysis. Moreover, anaerobic glycolysis is not
as efficient as oxidative phosphorylation in producing ATP at a rate commensurate to its
consumption. The end-product lactate accumulates creating intracellular acidosis which inhibits
the activity of many enzymes involved in glycolysis. As a result of this, within 15-20 min of
ischemia, the rate of anaerobic glycolysis decreases and the process is halted. With a marked
reduction in the ATP levels, ischemic cardiomyocytes cannot maintain homeostasis and thus
undergo irreversible changes (36). The metabolic changes during ischemia result in profound

electrophysiologic changes with disturbances of ionic balance (38). An efflux of potassium ions
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(K) is associated with ischemia and accumulation of extracellular K* causes a reduction in the
cardiac action potential. As more cardiomyocytes die during irreversible injury, more K" is
released into the extracellular spaces resulting in conduction block and inexcitability. Acidosis due
to ischemia also affects the function of various ion channels causing a reduction in resting
membrane potential, prolongation of the action potential duration and development of early-after
depolarizations. With the reduction in outward pumping, increases in the intracellular sodium
(Na") and calcium (Ca?") levels occur. These alterations can create an arrhythmogenic

environment (36).

Both apoptosis and necrosis have been implicated in the death of cardiomyocytes following
an M1 (36). Recent evidence indicates that both types of cell death are intertwined and occur in a
continuum (39). Apoptosis, a programmed cell death process, results in the removal of dead
cardiomyocytes without eliciting an inflammatory reaction, whereas necrosis, which is an
unregulated process, acts as a danger signal and thus triggers intense inflammation (36). The
relative contribution of apoptosis and necrosis in cardiomyocyte death following an infarct remains
unclear. However, studies have suggested that during ischemia the death of cardiomyocytes may
be due to necrosis, while reperfusion may stimulate proapoptotic pathways resulting in apoptotic
cell death (40). In the infarcted myocardium, apoptosis appears to be mediated through the
activation of an intrinsic pathway involving mitochondrial signaling as well as an extrinsic
pathway facilitated by the activation of membrane death receptors (36). Although apoptosis begins
with the onset of ischemia, its major impact is on ventricular remodeling after an MI (11). The
critical event activating apoptosis in cardiomyocytes involves the permeabilization of the outer
mitochondrial membrane (OMM) which results in the release of apoptogens such as cytochrome

C and apoptosis-inducing factor into the cytoplasm. Cytochrome C binds to the apoptotic protease
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activating factor 1 (Apaf-1) and activates procaspase-9. Subsequently, caspase-9 is activated which
ultimately cleaves several cellular proteins causing apoptosis (36, 41). In contrast, necrosis is
mediated through the opening of an inner mitochondrial pore termed the mitochondrial transition
pore (MPTP). Cytosolic calcium in the ischemic cardiomyocytes enter mitochondria triggering the
opening of mPTP and resulting in a) a sudden loss of the mitochondrial membrane potential and
subsequent cessation of ATP production, and b) mitochondrial swelling due to the influx of water.
These alterations can rupture the OMM and cause a release of apoptogens with cell death as a

consequence (42).

The role of autophagy is implicated in the survival of cardiomyocytes following an Ml
(43). During a stress condition, autophagy can promote the survival of cardiomyocytes by releasing
energy substrates through the degradation of unnecessary cellular components and by removal of
damaged or dysfunctional constituents (44). However, an uncontrolled autophagic process can
deplete cells of essential constituents and organelles resulting in autophagic cell death (45). In
ischemic cardiomyocytes, autophagy is mediated through the activation of the AMP-activated
protein kinase (AMPK)-dependent pathway (46). Increasing evidence suggests a positive impact
of autophagy on cardiomyocytes during an Ml (47), however, the effect of autophagy at this stage

is controversial as deleterious effects have also been observed (43).

Due to a negligible regenerative capacity of the heart, the death of a billion cardiomyocytes
following an MI results in their replacement with a non-contractile collagen-based scar that
maintains cardiac structural integrity and prevents catastrophic complications such as cardiac
rupture (36). The cardiac repair following an MI occurs in three distinct infarct healing phases: a)

the inflammatory phase, b) the proliferative phase, and c) the maturation phase (36).
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Figure 6. The phases of repair following myocardial infarction. Alarmins released by necrotic
cardiomyocytes trigger an intense inflammatory reaction that serves to clear the infarct from dead
cells and matrix debris. Removal of dead cells induces suppression of proinflammatory signaling,
leading to the transition to the proliferative phase. Fibroblasts acquire a synthetic myofibroblast
phenotype and deposit extracellular matrix proteins and a rich neovascular network is formed.
Finally, during the maturation phase, the extracellular matrix is cross-linked, while infarct
fibroblasts become quiescent and may undergo apoptosis. Frangogiannis NG. Pathophysiology of
Myocardial Infarction. Comprehensive Physiology. 2015;5(4):1841-75. Reproduced with

permission.

The inflammatory phase is characterized by the activation of the innate immune system to
remove the dead cells. Necrotic cell death releases a range of endogenous molecules called
‘alarmins’, that triggers an immune response by activating toll-like receptors (TLR), receptors for
advanced glycation end products (RAGE), and interleukin (IL) receptors (48). Alarmins such as
high mobility group box 1 (HMGBL) are critical regulators of immune pathways following an Ml
(49). Other intracellular contents such as members of the S100 family (S100A8/A9), interleukin
(IL-1a), heat shock proteins, as well as matrix proteins including fibronectin and hyaluronan

released during the degradation of extracellular matrix by the activation of latent collagenases, are
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also implicated in activating immune responses (36). The normal heart has a substantial
antioxidant defense system that inhibits the generation of reactive oxygen species (ROS) through
the activity of glutathione peroxidase, superoxide dismutase, and catalase enzymes. However,
excessive ROS production following an MI overwhelms the defense system. Generation of ROS
is essential for cardiac healing following an MI, however, excessive ROS-mediated signaling
promotes cell apoptosis and induces degradation of the extracellular matrix (36). Overactive ROS
then promotes leukocyte chemotaxis, activates the complement system, and upregulates the
expression of cytokines and chemokines through the activation of the nuclear factor (NF)-kB
system (50). In the infarcted myocardium, the NF-kB system induces the expression of several
pro-inflammatory cytokine genes (36). Chemokines such as monocyte chemoattractant protein

(MCP-1) play an important role as a chemoattractant in the infarcted myocardium (51).

During the proliferative phase of infarct healing, anti-inflammatory pathways are triggered
which suppress and resolve the inflammatory reaction. This is followed by infiltration of the infarct
with activated myofibroblasts and vascular cells (36). The effective suppression or resolution of
inflammation is crucial as overactive or prolonged inflammation can adversely impact
cardiomyocytes and impair ventricular geometry by excessive matrix degradation and fibrotic
expansion (36). Phagocytic ingestion and thus removal of dead neutrophils release anti-
inflammatory molecules such as IL-10, transforming growth factor- 8 (TGF-p), and pro-resolving
lipid mediators including lipoxins, protectins, resolvins, and maresins (52). The pro-resolving lipid
mediators promote clearance of dead neutrophils by macrophages and terminate leukocyte
recruitment (53). Dying neutrophils can also suppress inflammation by releasing annexin Al and
lactoferrin mediators that can abrogate further recruitment of neutrophils (54). The clearance of

matrix degradation proteins is also important for the resolution of inflammation. The hyaluronan
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fragments participate in the resolution of inflammation by interacting with a transmembrane
adhesion molecular CD44, which is a glycoprotein that is involved in a variety of cell-cell and
cell-matrix interactions (55). During this proliferative phase, cardiac fibroblasts undergo
phenotypic changes and transition into a synthetic, myofibroblast-like phenotype. These cells have
several unique characteristics including expression of contractile proteins, such as a-smooth
muscle actin, and an increased synthesis of extracellular matrix proteins (56). Although the cellular
origin of infarct myofibroblasts remains less known, however, several sources have been
suggested. The resident fibroblasts are proposed as the main contributor of the activated
myofibroblasts (57). Additional sources include cardiac pericytes, blood-derived fibroblast
progenitor endothelial cells undergoing mesenchymal transition, epicardial cells, and vascular
smooth muscle cells (36, 58). Angiotensin Il, aldosterone, growth factors, matricellular proteins
such as ED-A fibronectin are involved in the activation of myofibroblasts in the healing infarct
(36). Growth factors such as TGF- are required for the conversion of fibroblasts to myofibroblasts
and this action is mediated through the Smad3 signaling that stimulates a-SMA expression (59).
Other mediators involved in the activation of infarct myofibroblasts include fibroblast growth
factor, platelet-derived growth factor, and the mast cell proteases such as tryptase and chymase
(60-63). Furthermore, extracellular matricellular proteins such as thrombospondin (TSP-1, -2),
osteopontin, secreted protein acidic and rich in cysteine (SPARC), tenascin-C, and periostin are

upregulated in the infarcted myocardium and regulate the healing response (36).

The maturation phase is characterized by progressive changes in the composition of the
infarct and the extracellular matrix. Collagen undergoes crosslinking through the upregulation of
the enzyme lysyl oxidase (64). The expression of matricellular proteins decreases and the number

of activated myofibroblasts is reduced. Infarct myofibroblasts may either become quiescent, or
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undergo apoptosis, or exhibit suppressed synthetic capacity with reduced expression of contractile
proteins (36). Defects in this process can result in excessive fibrosis and adverse ventricular

remodeling (36).

On cessation of blood flow during coronary occlusion, the contractile function of the zone
of myocardium supplied by that vessel is adversely impacted (11). The following four abnormal
contraction patterns develop: a) dyssynchrony, which is a dissociation of contraction between
adjacent segments with respect to time, b) hypokinesis, which is a reduction in the extent of
shortening, c) akinesis, which is termination of shortening, and d) dyskinesis, which is expansion
and systolic bulging (11). STEMI patients may also exhibit a condition termed ‘ischemia at a
distance’, where the non-infarcted zone has impaired myocardial contractile function because of
the loss of collaterals from the occluded vessel (65). The early abnormality that develops even
with infarcts involving only a small portion is ventricular stiffness in diastole (11). Diastolic
dysfunction impairs ventricular compliance. The ventricular relaxation is an energy-dependent
process and the impaired energetics during ischemia affects ventricular filling and relaxation (66).
Left ventricle contractile function is depressed when a sufficient portion of the myocardium is
affected and cardiac output, stroke volume, blood pressure, and peak dp/dt decreases, whereas end-
systolic volume increases. When 15% of the left ventricular segment is affected, the left ventricular
ejection fraction (LVEF) drops and left ventricular pressure and volume rise. Clinical heart failure
and cardiogenic shock develop when >25% and >40% of the LV myocardium is lost, respectively

(11).

The consequences of a large MI are alterations in the LV geometry. The LV becomes
dilated and more spherical. The infarcted zone becomes thinner while the viable myocardium

undergoes hypertrophy. These changes are referred to as ventricular remodeling which affects
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ventricular function and prognosis (67). Cardiac hypertrophy is an adaptive process during post-
infarct remodeling that counteracts excess load, prevents progressive ventricular dilation and
stabilizes cardiac contraction (67). Hypertrophy induces and regulates several transcription factors
such as natriuretic peptides, insulin-like growth factor-1, and transforming growth factor-p1 (67).
Infarct size, ventricular volume, loading conditions, and patency of the infarct artery determine the
process of LV dilation (68). Ventricular dilation is associated with a higher risk of arrhythmias
and mortality, the progression of systolic dysfunction and a worsening of prognosis (69). Elevated
ventricular volume and pressure exert stress on the myocardial wall increasing the risk of infarct
expansion, whereas a patent infarct artery expedites the process of scar formation and reduces the
risk of infarct expansion and ventricular dilation (11). Infarct expansion usually accompanies
adverse ventricular remodeling following an MI. It is described as acute thinning and dilation of
the infarcted area that is not explained by additional cardiomyocyte necrosis (11, 70). Infarct
expansion can be explained by several unique processes such as: a) the side-to-side slippage and
thus rearrangement of cardiomyocytes, which reduces the number of layers across the ventricular
wall, b) the disruption of normal cardiomyocytes; and c) the degradation of the extracellular matrix
by matrix metalloproteinases that contributes to chamber dilation (11, 71). The apex is particularly

vulnerable to infarct expansion as its thinnest wall is exposed to higher stress (72).

Cardiac remodeling is a complex pathological condition where many molecular
components are involved. At present, many investigations are focusing on dissecting the molecular
mechanisms involved in post-infarction remodeling and heart failure. Endogenous miRs have
important roles in various cardiovascular pathologies (73, 74). Altered levels of miR have been
reported in ischemic/reperfused hearts in animal and human studies. He et al. (75) observed an

upregulation of 10 miRs and a downregulation of 6 miRs in Sprague-Dawley rat hearts subjected
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to 1 h ischemia followed by 3 h reperfusion. In a total coronary occlusion rat model of myocardial
infarction, Dong et al. (76) reported differential expression of 38 miRs in the infarcted zone and
33 miRs in the border zone compared with the non-infarcted zone. Bostjancic et al. (77) examined
infarcted heart tissue from MI patients and found 77 dysregulated miRs, of which 47 miRs changed

within 1-week post-MI and 30 miRs were altered 4 weeks post-MI.

1.4. MicroRNAs and cardiovascular disease

Several microRNAs (miRs) have been shown to be involved in cardiac pathological
processes such as acute myocardial infarction, cardiac arrhythmias, and hypertrophy (78). The role
of miRs is increasingly being recognized as diagnostic, prognostic markers or therapeutic targets
for cardiovascular diseases. A study by Da Costa Martins et al. (79) reported that genetic deletion
of a nuclease enzyme involved in miR biogenesis resulted in maladaptive cardiac remodeling and
heart failure. This underlines the importance of miRs for cardiac function. MiRs can either promote
or inhibit the apoptosis of cardiomyocytes, they can modulate angiogenesis, alter cardiac
regeneration and reprogram cardiac fibroblasts into cardiomyocytes (80). These effects clearly

support a relationship between altered miR expression and ischemic heart disease.

1.4.1. Biology of microRNAs

MicroRNAs are endogenous, noncoding, single-stranded RNAs of 22-26 nucleotides that
inhibit messenger RNA (mMRNA) expression through the Watson-Crick base pairing between
sequences located in the three prime untranslated regions (3’UTR) of mRNA and miR (78, 80).
MiRs are transcribed by RNA polymerase Il as pri-miRs, which are ~ 2 kb in length. In the nucleus,
pri-miRs are cleaved by the RNase Il1-type enzyme Drosha, Dgcr8, and other factors to produce

a short stem-loop structure of ~ 70 nucleotides called pre-miRs (81). They are then exported out
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of the nucleus through exportin-5 into the cytoplasm where they undergo further processing by the

ribonuclease Dicer producing a double-stranded RNA molecule (80).

One strand of the miR duplex is selected as mature miR and the other one, known as the
“passenger strand”, is eliminated and degraded (74, 80). This selection process is determined by
the strength of base pairing between the two strands of miR duplex (74). These then associate with
the Argonaute protein to form the RNA-induced silencing complex (RISC) (80). miRs in RISC
can bind to specific mMRNAs by identifying miR recognition elements (seeds) located in the 3' UTR
of target mRNAs. The nucleotides at the 2-8 position at the 5-end of the miRs must be
complementary to the ‘seed’ region of the target mRNAs for miRs to exert their functional effects
of translational depression or direct degradation of the target mMRNAs (78, 80). The greater degree
of complementarity between miRs and target mMRNAs is more likely to result in target mMRNA

degradation (82).

The miRs can either bind to target mMRNA and undergo degradation or can be released from
cells through the following export mechanisms (83, 84). The pre-miR can be incorporated into
multivesicular bodies that fuse with the plasma membrane and are then released into the
extracellular space and the circulation in the form of exosomes. The cytoplasmic miRs can also be
secreted from the cells as microvesicles through membrane blebbing or shedding. They can also
be released in the form of apoptotic bodies by some cells types such as endothelial cells. The
circulating miRs can thus be found either in a “free” form complexed with proteins or in the
membrane-bound bodies (83, 84). Circulating miRs are derived from the heart, liver, lung, kidney,
and blood cells (82). As the circulating miRs reside either in the exosomes, microvesicles or

apoptotic bodies, they are protected against degradation by the endogenous RNase activity (82).
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This stability of circulating miRs can be being exploited to use them as diagnostic and prognostic

biomarkers for diseases.

The human genome is estimated to encode approximately 1000 miRs that can target
hundreds of distinct mMRNAs (82). Based on the genomic locations of miR genes, miRs are
classified into the following four types: a) the intergenic miRs, which are transcribed from their
own genes; b) the intronic miRs, which are transcribed from the introns of their host protein-coding
genes; c) the exonic miRs, which are transcribed from the exons of their host protein-coding genes;
and d) the untranslated region miRs, which are transcribed from the 3' or 5' UTR of the protein-

coding genes (85).
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Figure 7. Schematic of miRNA Biogenesis and Function. Condorelli G, Latronico MVG,
Cavarretta E. microRNAs in Cardiovascular Diseases: Current Knowledge and the Road Ahead.

Journal of the American College of Cardiology 2014;63: 2177-2187. Reprinted with permission.

1.4.2. Myocardial infarction and microRNAs

Cardiac injury during a myocardial infarction (MI) is caused by ischemic and hypoxic
conditions. An MI can cause cardiac cell death, impaired cardiac signaling which can lead to
infarct expansion, amplified oxidative stress, and remodeling of surviving cardiomyocytes.
Cardiac remodeling starts as an adaptive mechanism to maintain heart function. However, this
process becomes maladaptive in pathological conditions and consequently, cardiac fibrosis, dilated

cardiomyopathy and heart failure develop.

Impairment in the function of ion channels, transporter proteins, intracellular calcium
handling proteins, and other relevant proteins during an MI can create substrates which can
predispose the heart to abnormalities in electrical conduction and arrhythmias. Recent studies have
highlighted the importance of miRs in the regulation of cardiac rhythm (80). MiRs that play
important roles in the cardiac remodeling and arrhythmias that occur during an Ml are discussed

in the following section.

1.4.3. MicroRNA-1

MiR-1 is one of the most abundant miRs expressed in the myocardium (86). Its
overexpression is observed in coronary artery disease patients (87). The miR-1 family consists of
a miR-1 subfamily containing miR-1-1 and miR-1-2 transcripts. However, these two subfamily
members are located on two separate chromosomal regions, 20913.33 and 18q11.2, respectively

(86).
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An approximately 2.6-fold increase in miR-1 expression was accompanied by arrhythmias
in arat Ml model of permanent coronary artery ligation (80). Increased expression of miR-1 results
in a widening of the QRS complex, indicating slowed cardiac conduction which explains the role
of miR-1 as an arrhythmogenic agent in ischemic hearts. MiR-1 post-transcriptionally inhibits the
potassium voltage-gated channel subfamily J member 2 (KCNJ2), which codes for the Kir2.1
protein. Kir2.1 is the subunit of the K+ channel which carries the inward rectifier potassium current
(80). A reduction in Kir2.1 prolongs the action potential duration and QT interval, resulting in
higher incidences of ventricular tachyarrhythmia (86). MiR-1 represses the gap junction protein
alpha 1 (GJA1), which encodes the connexin-43 gap junction channel protein, thus slowing down
the cardiac conduction in the setting of an M1 (87). Other targets of miR-1 include the notch ligand
delta, the Rho GTPase Cdc42, Iroquois homeobox domain 5 (Irx5), and Shal-related family

member 2 (KCND2) (88).

These cellular mechanisms could be responsible for the arrhythmogenic potential of miR-
1. Consistent with this hypothesis, the introduction of miR-1 worsened arrhythmias, while
suppression through antisense inhibitors reduced arrhythmias in rats undergoing an Ml (88).
Moreover, propranolol, a B- blocker used as an antiarrhythmic agent, can downregulate miR-1
expression and thus improve cardiac conduction (89). Interestingly, the expression levels of miR-
1 in the left atrial tissue from patients with atrial fibrillation were reduced. This differential
regulation of miR-1 in the left atrial and ventricular tissues suggests that the miR-1 levels in the
myocardium should be maintained within a proper range (80). However, further studies are
warranted to understand the effect of miR-1 expression in different tissues and conditions. The
induction of the miR-1 expression in the rat model of MI lowered the expression of insulin-like

growth factor-1(90), and other anti-apoptotic genes such as B-cell lymphoma-2 (Bcl-2) and heat
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shock protein (HSP) -60 and -70 (73). This could be responsible for the activation of the pro-

apoptotic pathways in cardiomyocytes which may ultimately impact left ventricular remodeling.

1.4.4. MicroRNA-133

miR-133 is dominantly expressed in cardiomyocytes and cardiac fibroblasts (19). Its
targeted deletion, overexpression, and antisense-mediated knockdown have demonstrated its
essential roles and targets in cardiac remodeling (91). The miR-133 family has two isoforms, -133a
and -133b. Both isoforms have a similar sequence except for the 3'-terminal base, where guanidine
is found in miR-133a and adenosine in miR-133b (73). The miR-133a isoform has two further
subvariants, -133a-1 and -133a-2. Depending upon the species, these miRs are located on different
chromosomes. For example, in the murine genome, miR-133a-1 is arranged with miR-1-2 on
chromosome 18, mir-133a-2 is clustered with miR-1-1 on chromosome 2, and miR-133b is located
with miR 206 on chromosome 1. However, in the human genome, miR-133a-1, miR-133a-2, and

miR-133b are located on chromosomes 18, 20, and 6, respectively (92).

MiR-133 and miR-1 are transcribed together, however, whereas miR-1 is pro-apoptotic,
miR-133 has an anti-apoptotic role (93). In both in vitro and in vivo models of ischemia and
reperfusion injury, overexpression of exogenous miR-133a reduced the apoptosis of
cardiomyocytes (94). The B-blocker carvedilol protected cardiomyocytes against apoptosis by
upregulating miR-133 expression (95). MiR-133 exerts its action by inhibiting pro-apoptotic genes
such as death-associated protein kinase 2 (DAPKZ2), apoptotic protease activating factor 1

(APAF1), caspase-9, Bcl-2 like 11, and Bcl-2 modifying factor (BMF) (73).

A downregulation of miR-133a levels in a rat model of MI (73), and also in cardiac tissue

from M1 patients has been observed (96). Conversely, circulating levels of miR-133a in blood have
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been upregulated in acute MI patients, which could suggest cardiac damage (97). The levels of
circulating miR-133a are sensitive to cardiac injury and are elevated before changes in cardiac
troponin T (cTnT) or creatine phosphokinase (CPK) can be oberved (98). This implies that miR-
133a could provide strong diagnostic and prognostic information compared to the traditional
markers (99). In a rat model of MI, the overexpression of miR-133 increased left ventricular
ejection fraction and fractional shortening (100). Overexpression of miR-133a has improved
cardiac function by decreasing myocardial fibrosis in the streptozotocin-induced diabetic
cardiomyopathy in mice (101) and heart failure in rats (102). miR-133a exerted its anti-fibrotic
effect by inhibiting the expression of profibrotic genes such as connective tissue growth factor
(CTGF) and collagen 1A1 (103) as well as suppression of the upregulated Akt-dependent signaling
pathways in heart failure (102). Inflammation plays a critical role in the adverse left ventricular
remodeling after an MI (104). Overexpression of miR-133a reduced the inflammatory cell
infiltration in the myocardium after a MI (105). miR-133a can also be cardiogenic by
reprogramming human and murine fibroblasts via suppressing Snail, a key modulator of epithelial
to mesenchymal transition (106). It can also induce transdifferentiation of cardiac fibroblasts by
inhibiting the transforming growth factor-p (TGF-B) signaling cascade (105). miR-133 has also
been studied for its correlation with the incidences of ventricular fibrillation (VF). The
downregulation of miR-133a/b was associated with the development of VF in MI patients by
increasing the expression of hyperpolarization-activated cyclic nucleotide-gated ion channel 2
(HCN2), which determines cardiac automaticity. This indicates that increased expression of miR-
133a/b could be used therapeutically for reducing the incidence of arrhythmias in MI patients

(107).
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In summary, because of its anti-fibrotic, anti-apoptotic, and regenerative potential, miR-
133a could be further explored therapeutically for its cardioprotective and regenerative effects

after cardiac injury.

1.4.5. MicroRNA-29

The miR-29 family consists of miR-29a, miR-29b-1, miR-29b-2, and miR-29c (108).
Despite being transcribed from different genetic loci, both miR-29b-1 and miR-29b-2 have
identical mature sequences (109). Thus, both are collectively termed as miR-29b. In the human
genome, miR-29a and miR-29b-1 are located on chromosome 7, whereas miR-29b-2 and miR-29c
are on chromosome 1 (109). A study has demonstrated that miR-29b is the dominant member of
the miR-29 family as its myocardial expression is 4- and 8-fold higher than miR-29a and miR-29c,
respectively (110). MiR 29 is an essential regulator of extracellular matrix proteins and pathways
that are related to fibrosis (108). miR 29 family members target 16 genes that code for extracellular
matrix proteins such as collagen isoforms, fibrillin 1, elastin, matrix metalloproteinase 2, laminin

v1, and integrin B1 (111, 112).

MiR-29 is highly expressed in fibroblasts and its inhibition can induce collagen expression
in both cell culture and mice after an M1 (79). This demonstrates the profibrotic effect of lowering
miR-29 expression. A study by Zhang et al (113) demonstrated the antifibrotic effect of miR-29b
in angiotensin ll-induced cardiac fibrosis in mice. Consistent with this, carvedilol produced an
antifibrotic effect in a murine model of MI by upregulating miR-29b (114). However, Sassi et al
(115) demonstrated that miR-29 promotes rather than reduces cardiac fibrosis. However, these
contrasting data could be explained by the use of a mouse model for left ventricular pressure
overload induced by transverse aortic constriction (TAC) by Sassi et al (115) unlike other studies

(108, 116) that used a coronary artery ligation induced animal model of MI. There are differences

30



in the type of cardiac fibrosis produced in these experimental models (117). The cardiac fibrosis
in TAC is mainly characterized as reactive interstitial fibrosis, which occurs as an adaptive
mechanism to preserve cardiac structure and function. In contrast, in ischemic injury model,
replacement fibrosis occurs to fill up the void of viable cardiomyocytes to prevent cardiac rupture.
In addition, other studies have shown the beneficial effects of the upregulation of a specific variant
of miR, -29b, while Sassi et al (115) assessed the global deletion of miR regardless of variant
subtypes. Therefore, these experimental differences could be responsible for the contrasting results

in these studies.

An upregulation of miR-29b improved cardiac function in doxorubicin-induced
cardiotoxicity in rats (110). The improved cardiac function by miR-29b has been attributed to its
inhibitory effect on the apoptosis of cardiomyocytes. Consistent with this, overexpression of miR-
29b promoted apoptosis of cardiomyocytes in vitro and downregulation by of miR-29b by an miR-
29b inhibitor suppressed apoptosis of cardiomyocytes in vitro (110). The exact mechanism behind
this anti-apoptotic effect of miR-29b has been identified. It targeted the Bax 3'UTR to reduce Bax
expression, which is a pro-apoptotic protein. It also induced the expression of Bcl-2, an anti-
apoptotic protein. Furthermore, it inhibited mitochondrial membrane depolarization, cytochrome
C release, and activation of caspase-3 (110). miR-29b has also been shown to suppress tumor
necrosis factor-related receptor 5 (TRAF5) to exert its anti-apoptotic effect in hypoxia-induced
cardiomyocyte injury (118). miR-29b may also improve cardiac function through the activation of
Akt in endothelial cells that promotes endothelial cell-mediated angiogenesis (116). The induction
of angiogenesis in M1 is known to improve cardiac function and decrease the risk of cardiac rupture

(119).
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Increasing evidence now suggests that the downregulation of miR-29 contributes to the
development of cardiac fibrosis. In this setting, miR-29 mimics that could elevate the expression
levels of miR-29 or, alternatively, pharmacological inhibitors that could prevent the

downregulation of miR-29 might represent effective therapeutic strategies (108).

1.4.6. MicroRNA-135

MiR-135 is comprised of two variants, miR-135a [miR-135a-1 and miR-135a-2], and miR-
135b (120). MiR-135 is less widely studied in the field of cardiovascular physiology and
pathophysiology. MiR-135a is encoded by two genes located on chromosome 3 and 12, whereas
miR-135b is found on chromosome 1 (121). MiR-135b is expressed 10-fold less in the midbrain
raphe nuclei than miR-135a (120). Chu et al (122) reported a reduction in cardiac hypertrophy by
the overexpression of miR-135b in both angiotensin Il and TAC -induced models. CACNA1C, a
gene that codes for L-type calcium channels, was the main target of miR-135b (122). It was also
predicted to target phosphodiesterase 1A (PDE1A), and the cardiac-specific sodium-calcium
exchanger (NCX1) (122). miR-135b improved cardiac function in a murine MI model and
protected cardiomyocytes in vitro by downregulating the expression of caspase-1, NOD-like

receptor-containing pyrin 3 (NLRP3), and interleukin-1p (IL-1p) (123).

MiR-135a expression levels are reduced in myocardial ischemia-reperfusion injury in
diabetic mice (124). Upregulation of miR-135a was achieved by using mimics in this model. This
reduced the myocardial infarct size and apoptosis by decreasing the expression of the thioredoxin-
interacting protein (TXNIP) (124). TXNIP (also called the thioredoxin binding protein-2 or
vitamin D3-up-regulated protein -1) regulates the cellular redox state and is associated with
apoptosis (125). Wang et al (126) reported that upregulation of miR-135a decreased myocardial

infarct size and apoptosis in an ischemia-reperfusion injury model. Protein tyrosine phosphatase
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1B (PTP1B), which plays an important role in several cellular processes such as differentiation,
proliferation, migration, and apoptosis, is a direct target of miR-135a (126). A negative association
between PTP1B and miR-135a was observed (126). Wu et al (127) demonstrated that the
antifibrotic effect of miR-135a is mediated through the transient receptor potential melastatin 7

(TRPMT7) channel, which plays a crucial role in cellular proliferation and differentiation.

Duoung et al (128) reported the downregulation of miR-135a in the left ventricle of mice
with a complete atrioventricular block induced by His-bundle ablation. The sodium-calcium
exchanger type 1 (NCX1) has been identified as the main target of miR-135a (128). Increased
expression and activity of the NCX1 that bi-directionally exchanges 3 Na" for 1 Ca*™, is an
adaptive mechanism during the cardiac remodeling process to maintain cardiac function. However,
this alteration can become pro-arrhythmic and produce early- and delayed-after depolarizations as
a consequence (128). To support this, overexpression of miR-135a reduced the spontaneous
beating frequency of rat neonatal cardiomyocytes by 63% (128). miR-135a should be explored
further to exploit its anti-arrhythmic potential for modulating cardiac automaticity, spontaneous

calcium release and calcium efflux.

1.4.7. Limitations of using microRNA as a therapeutic

Despite being widely studied and shown to be effective in experiments, there are some
limitations to the current status of miRs as prospective therapeutics. miRs and inhibitors of miRs
do not affect the existing proteins, but rather alter the levels of mMRNA and their translation.
Therefore, it would be necessary to understand the pharmacokinetics of any proposed miR therapy
(88). Studies are also required to develop stable anti-miRs that can achieve therapeutic efficacy in
the heart and to better prevent any off-target effects (88). Further, the overexpression of any miRs

for therapeutic purposes requires viral approaches which would pose a potential challenge for any
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translational studies in humans (79). Finally, in some cases, any attempts at genetic deletions have
lacked a therapeutic response compared to the short-term inhibition of specific miRs (129). Long-
term and carefully designed studies in the future will help understand the disparate outcomes and

aid in the development of efficacious miR therapies for cardiovascular pathologies.

1.4.8. Summary

MicroRNAs are emerging as therapeutic target options for impaired heart rhythms and
hemodynamic function. Unlike the standard pharmacological agents that target single molecules
in a pathological pathway, miRs can interact with several mRNAs and regulate multiple
downstream mediators affecting a number of signaling cascades together (79). In particular, miR -
1, -133, -29 and -135 could be investigated further for their beneficial actions on regulating the

function of several ion channels, inhibiting cardiac apoptosis and improving cardiac function.

1.5. Treatment and management of Ml

The patients with STEMI usually have a complete arterial occlusion and therefore
reperfusion is required as quickly as possible. Coronary reperfusion is achieved by means of either
primary PCI or intravenous fibrinolysis (20). Approximately 80% of STEMI patients are treated
with PCI, while 11% with fibrinolytic agents (130, 131). Both the US and European guidelines
recommend reperfusion therapy in STEMI patients quickly and effectively (16, 132). Several
studies have shown reduced infarct size and lower mortality in those who receive reperfusion
therapy quickly compared to those with a delay (133). The guidelines recommend the first medical
contact-to-device time, or the door-to-balloon angioplasty time, for primary PCI of 90 minutes or
less (ACC-AHA class | recommendation, evidence level A). This time has been associated with
improved morbidity and mortality (133). Compared to balloon angioplasty, stent placement is

better and drug-eluting stents such as cobalt-chromium everolimus-eluting stents are more
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effective than bare-metal stents in reducing the target vessel revascularization (20, 134, 135).
Fibrinolysis is preferred in the treatment of STEMI when PCI cannot be readily performed (ACC-
AHA class | recommendation, evidence level A). However, it is only 33-60% successful in
restoring patency of an artery involved in an infarct (136). Fibrin derivatives such as alteplase,
reteplase, tenecteplase are preferred over non-fibrin specific drugs such as streptokinase (137).
Limitations of fibrinolytic therapy over PCI include a higher rate of early death, reinfarction, and
intracranial hemorrhage (20). All ACS patients undergoing PCI receive an initial dose of 162-325
mg of aspirin, followed by 81 mg/day indefinitely. Aspirin as an antiplatelet agent works by
inhibiting the synthesis of thromboxane A2 (TXA:) through an irreversible inhibition of platelet
cyclooxygenase-1 (21). Concomitantly with aspirin, a P2Y1, inhibitor such as clopidogrel,
prasugrel, ticagrelor, and cangrelor, is given as early as possible (16), and preferably continued for
at least 1 year (138). These P2Y 12 inhibitors block a subtype of the ADP receptor, P2Y 12, and thus
prevent binding of ADP as well as expression of GP Ilb/Il1a receptors on platelets, subsequently
reducing platelet activation and aggregation (21). In addition to reperfusion therapy, STEMI
patients on the first day of hospitalization may also receive intranasal oxygen if oxygen saturation
is low, sublingual nitroglycerin to reduce preload by vasodilation, a P2Y1, inhibitor, an
anticoagulant agent such as bivalirudin, unfractionated heparin, enoxaparin, or fondaparinux; and
IV B-blockers for patients with ongoing ischemia and elevated blood pressure (21). B-blockers
decrease myocardial oxygen demand by reducing heart rate and contractility and improving
ventricular filling and coronary perfusion. Through these effects, they reduce the risk of
reinfarction and ventricular arrhythmias following an Ml (21). GP IlIb/Illa receptor inhibitors
(GPIs) such as abciximab, eptifibatide, and tirofiban, block the final pathway in platelet

aggregation and are not preferred in the management of patients without the need of PCI because
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of a significant bleeding effect (16, 21). Angiotensin-converting enzyme (ACE) inhibitors are
initiated in all patients following an MI to reduce mortality and prevent the development of heart

failure (HF) (16). Following an M, statins reduce total mortality, CVD mortality and stroke (21).

In NSTEMI, the infarct artery is usually patent despite being severely stenotic and so the
goal is to prevent the progression of the thrombus to complete occlusion. In cases with a higher
risk of death or Ml, invasive revascularization interventions with either PCI or CABG is preferred
in patients with NSTEMI (21). The early pharmacotherapy in NSTEMI is similar to that of STEMI
(21). However, fibrinolytics are not recommended in NSTEMI patients because of an increased
risk of mortality (15). ACE inhibitors such as captopril and enalapril are effective for preventing
cardiac remodeling (21). Angiotensin |1 receptor blockers (ARBs) such as candesartan, valsartan,
and losartan improve clinical outcomes in patients with low EF and HF (139). Aldosterone
antagonists such as either spironolactone or eplerenone are indicated in M1 patients to attenuate
myocardial and vascular fibrosis, LV hypertrophy, hypertension, endothelial dysfunction,

electrolyte imbalance, and arrhythmias (140).

1.6. Primary prevention of Ml

The 2019 ACC/AHA guidelines on the primary prevention of cardiovascular disease
promoted the importance of a healthy lifestyle to prevent CHD by emphasizing lifestyle factors
such as exercise and diet that could affect cardiovascular risk factors (141). Several studies have
examined and established the independent role of physical activity in the primary prevention of
CHD (142, 143). A 20-30% lower risk for CHD has been associated with physical activity and
the amount of physical activity required for achieving these lower risks has been quantified (144).
At least 150 minutes per week of moderate intensity aerobic exercise or 75 minutes per week of
vigorous intensity aerobic exercise has been recommended to reduce the risk of atherosclerotic
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CHD (141). The total accumulated amount of physical activity is focused as shorter duration

exercise is equally beneficial as longer ones (145).

A healthy diet and nutrition has a potential impact on the modifiable cardiovascular risk
factors such as overweight, obesity, high blood pressure, high cholesterol, and diabetes (141). The
current guidelines have stressed the importance of increasing the intake of whole grains,
vegetables, fruit, nuts, lean animal protein, and fish, while reducing the intake of red meat,
processed red meat, trans fat, refined carbohydrates and sweetened beverages (141). Several
observational studies have shown associations between dietary pattern and cardiovascular
mortality. The traditional Mediterranean diet is characterized by a high intake of vegetables, fruits,
nuts and olive oil with a low intake of red and processed meat (146). The PREDIMED (Prevencion
con Dieta Mediterranea) trial demonstrated 30% and 28% risk reduction, respectively, in
cardiovascular mortality in groups that received the Mediterranean diet supplemented with either
extra virgin olive oil or nuts (147). This study underlined the importance of diet and in particular
unsaturated fat for cardiovascular health. A cohort study examined the association of specific
dietary fats with total mortality in 2 large ongoing studies, the Nurses’ Health Study with 83,349
women and the Health Professionals Follow-up Study with 42,884 men. Interestingly, the intake
of saturated fat (SFA) was associated with an increased mortality, whereas a 27% reduction was
observed when 5% energy from saturated fat was replaced with polyunsaturated fatty acid (PUFA)

(148).

1.7. Omega-3 PUFAs

Omega-3 fatty acids (n-3) are a family of PUFAs that play an essential role in various
cellular process such as maintaining membrane structure and function, cellular signaling and gene
expression (149). Marine animals such as fish are an important source of n-3 PUFAs such as
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eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (150). Studies have shown an
inverse association between fish intake and CVD risk (151). A recent meta-analysis of 13
randomized controlled trials with a total of 127,477 participants demonstrated a significant
reduction in the risk of MI, total CAD, and total CVD through supplementation of the diet with
marine n-3 PUFAs (152). However, fish consumption is lower than advised because of various
concerns such as the smell and taste of fish, as well as the content of potential toxins (153).
Moreover, it is not a dietary source for vegetarians and vegans. Alpha linolenic acid (ALA) is a
form of n-3 obtained from plants, found mainly in some seeds and nuts (151). Flaxseed, linum

usitatissium, is the richest plant source of ALA (153).
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1.8. Flaxseed and Cardiovascular diseases

Among all the dietary interventions being investigated for ischemic heart disease, flaxseed
is of particular interest with regard to the thesis research pursued here. Flaxseed is a rich plant
source of the omega-3 fatty acid — alpha-linolenic acid. In addition to this, flaxseed is also a good
source of fiber and an especially rich source of the lignan — secoisolariciresinol diglucoside. The
next section describes in detail the characteristics of flaxseed and its bioactive components.
Moreover, it also summarizes the available evidence underpinning the importance of flaxseed as

a potential dietary therapy for cardiovascular diseases and other chronic diseases.
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1.8.1. Flaxseed: Its Bioactive Components and their Cardiovascular Benefits

(Published in: Am J Physiol Heart Circ Physiol314: H146-H159, 2018)

Mihir Parikh-?, Thomas Netticadan® and Grant N. Pierce'?"

'Department of Physiology and Pathophysiology, Faculty of Health Sciences, University of
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Hospital Albrechtsen Research Centre, 351 Taché Avenue, Winnipeg, MB, Canada R2H 2A6

Abstract

Cardiovascular disease remains the leading cause of mortality and morbidity world-wide. The
inclusion of functional foods and natural health products in the diet are gaining increasing
recognition as integral components of lifestyle changes in the fight against cardiovascular disease.
Several preclinical and clinical studies have shown the beneficial cardiovascular effects of dietary
supplementation with flaxseed. The cardiovascular effects of dietary flaxseed have included an
anti-hypertensive action, anti-atherogenic effects, a lowering of cholesterol, an anti-inflammatory
action and an inhibition of arrhythmias. Its enrichment in the omega-3 fatty acid alpha-linolenic
acid and the antioxidant lignan secoisolariciresinol diglucoside, as well as its high fiber content
have been primarily implicated in these beneficial cardiovascular actions. Although not as well
recognized, flaxseed is also composed of other potential bioactive compounds such as proteins,
cyclolinopeptides and cyanogenic glycosides which may also produce biological actions. These
compounds could also be responsible for the cardiovascular effects of flaxseed. This article will
not only summarize the cardiovascular effects of dietary supplementation with flaxseed but also

review its bioactive compounds in terms of their properties, biological effects and proposed
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mechanisms of action. It will also discuss promising research directions for the future to identify
additional health-related benefits of dietary flaxseed.
Introduction

Cardiovascular disease is responsible for 1 of every 3 deaths in the US (1). About 2,200
Americans die of cardiovascular disease each day, an average of 1 death every 40 seconds (17).
Pharmacological drugs targeting specific pathways involved in cardiovascular pathologies have
seen recent advancement with newer and more efficient drug targets emerging, but are limited in
terms of their side effects and patient adherence. The potential of plant-based diets in the form of
functional foods is increasingly being realized as an option to treat and/or prevent cardiovascular
disease. Functional foods are specifically being studied in preclinical and clinical trials to
understand more about their effects on cardiovascular health (147). Omega-3 (n-3)
polyunsaturated fatty acids (PUFAS) have been regarded as cardioprotective by several clinical
trials such as DART (21), GISSI-Prevenzione trial (11), GISSI-HF (10), JELIS (63), and DOIT
(71). n-3 PUFAs have been reported to exhibit many beneficial effects against cardiovascular
diseases and risk factors including hypertension, platelet aggregation, dyslipidemia,
atherosclerosis, and arrhythmias (14). Fish is the major dietary source of n-3 PUFAs, moreover,
studies have shown the association of fish oil consumption and significantly reduced
cardiovascular disease risk factors (98). However, in spite of having cardiovascular protective
effects, fish oil consumption is limited due to concerns regarding its taste, smell, potential toxins
such as methylmercury, dioxins, and polychlorinated biphenyls, and allergies (98, 128). Flaxseed
is the other alternative plant source of n-3 PUFAs. It has the highest amount of alpha-linolenic

acid (ALA), which is an essential fatty acid that can be converted by biochemical pathways in the
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body to long-chain n-3 PUFAs. These metabolites of ALA can also exert beneficial cardiovascular
effects.
Flaxseed

Flaxseed, Linum usitatissimum, is also known as linseed. Flax is grown widely all over the
world, with the highest production in Canada. The flax plant produces pale blue flowers and fruit
capsules filled with small, brown seeds (25). The seeds can be industrially processed to obtain flax
oil, as it is one of the richest plant sources of the n-3 polyunsaturated fatty acid (PUFA) — a-
linolenic acid (17). The oil accounts for 32-45 % of seed mass, out of which 55-57% is ALA and
15-18% is linolenic acid which is a n-6 PUFA (116). Defatted flax meal represents 55-68 % of
flaxseed mass and is left after oil extraction. The oil is typically used as animal feed. Because of
fast polymerization properties of flax oil, it is also used in paints, varnishes, and inks. However,
because flaxseed contains the highest amount of essential fatty acids from a plant source, it is
increasingly used as a functional food. Flaxseed has many bioactive compounds besides ALA,
including lignans, cyclic peptides, cyanogenic glycosides, flax proteins and soluble and insoluble
fiber. Four common forms of flaxseed available for human consumption include whole flaxseed,
ground flaxseed, flaxseed oil, and partially defatted flaxseed meal. The composition of each form
of flaxseed is shown in Table 1.

Table 1. Nutritional composition of 4 common forms of flaxseed (per 100 g).

Fat(g) | ALA(g) | Protein | CHO (g) | Dietary Lignan | Calories
(9) fiber (g) | (mg) (Kcal)
Whole 41.0 22.8 20.0 28.9 27.8 82-2600 450
flaxseed
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Ground 40.8 23.1 20.0 29.2 27.7 82-2600 450

flaxseed

Flaxseed 100.0 57.0 0.0 0.0 0.0 0 884

oil

Partially 11.1 6.0 38.9 33.3 33.3 2500 389
defatted
flaxseed

meal

Note: The nutritional composition was adapted from Bassett CM et al, 2009.
ALA, a-linolenic acid; CHO, carbohydrates (including sugars, starches, and total dietary fiber).

The seed of the flax plant is comprised of an embryo and two cotyledons surrounded by a
shiny brown hull. Oil bodies called oleosomes are found in the endosperm and the cotyledons
(134). The protein content of flaxseed is high in arginine (10-31) % (134). About 56-70% of the
arginine is found in cotyledons and about 30% in the seed coat and endosperm. Flaxseed contains
20% soluble and 9% insoluble fibers which are present mainly in the hull. The soluble fiber
includes acidic (composed of L-rhamnose (25.3%), L-galactose (11.7%), L-fructose (8.4%), and
D-xylose (29.1%)) and neutral polysaccharides (L-arabinose (20%) and D-xylose/D-galactose
(76%)) (6). Insoluble fiber is composed of cellulose (7-11%), lignin (2-7%), and acid detergent
fiber (10-14%) (33).

The seed coat of flaxseed contains the richest source of a lignan phytoestrogen called
secoisolariciresinol diglucoside (SDG). The flax lignan complex (FLC) isolated from flaxseed
includes 34-38% SDG, 15-21% cinnamic acid glucoside, and 9.6-11% hydroxymethylglutaric acid

by weight (116). In plant physiology, lignans are thought to play a protective role and are involved
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in growth regulation. Once ingested, these plant lignans are metabolized by gut anaerobic microbes
that convert them into the free bioactive mammalian lignans enterolactone and enterodiol (111).
The Biological Actions of Dietary Flaxseed

Flaxseed and its bioactive components have been extensively studied over the past two
decades for their beneficial activities on cardiovascular risk factors and disease conditions. This
includes dietary supplementation with flaxseed and its effects on inflammation (24), atherogenesis
(44), lipid profile (146), platelet aggregation (14), arrhythmias (5), hypertension (25), oxidative
stress (114), estrogen activity (14) and glycemic status (146). Some of the important cardiovascular
effects will be discussed in detail below and are found in Table 2.

Table 2. Animal and clinical studies highlighting the cardiovascular effects of dietary

flaxseed.
Reference Model Component Dose and Effect
duration

Antihypertensive effects of flaxseed

Talom et al SHR and WKY Whole flax 20 %, 10-11 | NS | 4 mm Hg

(143) weeks in SBP

Al-Bishri WM | Wistar rats Whole flax 10%, 8 S | 12 mm Hg

(1) weeks in SBP and 23
mm Hg in DBP

Rodriguez- Peripheral artery Whole flax 309,24 S | 10 mm Hg

LeyvaDetal | disease (PAD) weeks SBPand 7 mm

(129) subjects Hg DBP
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FLAX-PAD

trials
Ogawa Aeal |SHR Flax oil (ALA) | 10%, 4 S | 11 mm Hg
(102) weeks SBP
Sekine et al SHR Flax oil (ALA) | 1mL,4h S | 14 mm Hg
(132) SBP
Begg DP etal | Dams and offspring Flax oil (ALA) | 3%, 30 S | 16 mm Hg
(15) weeks SBP and 8 mm
Hg DBP
Begg DP etal | Dams and offspring Flax oil (ALA) | 3%, 24 S| 16 mm Hg
(16) weeks SBP and 8 mm
Hg DBP
Barbeau PA et | Obese Zucker rats Flax oil (ALA) | 10%, 4 S | 10 mm Hg
al (12) weeks MBP
Takeuchi H et | Healthy subjects Flax oil (ALA) | 14 g (2.69 S | 8 mm Hg
al (142) ALA/day), SBP and 3 mm
12 weeks Hg DBP
Paschos GK et | Dyslipidemic Flax oil (ALA) | 15ml (8¢ S | 10 mm Hg
al (105) subjects ALA), 12 SBP and 8 mm
weeks Hg DBP
Cornish SM et | Metabolic syndrome | Flax lignan 543 mg/day | S |7 mm Hg
al (32) subjects (SDG) SDG, 24 SBP
weeks
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Billinsky Jet | Healthy subjects Flax lignan VRN
al (18) (SDG)
Udenigwe CC | SHR Flax protein 200 mg/kg, |a) S| 18.4
et al (148) a) FPI 24 h mm Hg at 6
b) ACPF h
b) S|17.9
mm Hg at 2
h
Doyen Aetal | SHR Flax protein 200 mg/kg, | S |27 mm Hg
(41) FPI (KCI-F1) |24h SBP
Whelton SP et | T2DM subjects Flax fiber 59,12 —
al (154) weeks
Lipid lowering and anti-atherosclerotic effects of flaxseed
Dupasquier Hypercholesterolemic | Flax 10%; S | 50% in
CMetal (44) | rabbits 16 weeks atherosclerosis
Edel Al et al PAD subjects Flax 309¢; S | 0.5 mmol/L
(47) FLAX- 48 weeks TC
PAD Trial S 10.4 mmol/L
LDL
Lucas EA etal | Ovariectomized Flax 7.5, 15, S10.9-1.2
(91) Golden Syrian 22.5%; mmol/L TC
hamsters 17 weeks
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S 10.1-0.3
mmol/L non-
HDL

S | ~80%

atherosclerosis

Dupasquier LDL" mice Flax 1%, 5%, S ]9-10
CM et al (43) 10%; mmol/L TC
24 weeks S | ~15% in
atherosclerosis
Francis AA et | Hypercholesterolemic | Flax 10%; S | ~40% in
al (54) rabbits 14 weeks atherosclerosis
Lee P etal Hypercholesterolemic | Flax oil 5%; VEN
(88) rabbits 8 weeks
Bassett CM et | LDL” mice Flax oil 4.4%; S | 5.2 mmol/L
al (13) 14 weeks TC
S | ~70% in
atherosclerosis
Pan A (103) Healthy and Flax oil 1-38g ALA | &
Meta-analysis | hypercholesterolemic (median 12.4
subjects 9);
2-52 weeks
(median 8.5
weeks)
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Prasad K (119) | Hypercholesterolemic | Flax lignan 15 mg/kg; S | 22 mmol/L
rabbits (SDG) 8 weeks TC
Prasad K (122) | Hypercholesterolemic | Flax lignan 40 mg/kg; S | ~32% in
rabbits complex 16 weeks atherosclerosis
- Not effective
in regression
of established
plaques
Hallund J et al | Postmenopausal Flax lignan 500 mg/kg; | <
(68) women (SDG) 6 weeks
Bassett CM et | LDL™ mice Flax fiber 7%); S | 5.2 mmol/L
al (13) 14 weeks TC
S | 0.44
mmol/L LDL
Jenkins DJ et | Hyperlipidemic Flax fiber 50¢ S 10.36
al (76) subjects PDFM/d, mmol/L TC
~20g S | 0.44
fiber/d; mmol/L LDL
3 weeks
Thakur Getal | T2DM Flax fiber 6 g/d; S | 0.5 mmol/L
(145) 12 weeks TC&LDL-c
Kristensen M | Healthy subjects Flax fiber 3 drinks/d S 10.55
et al (84) 5.29/10MJ | mmol/L TC
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S 1 0.48

mmol/L LDL-c

Anti-platelet effects of flaxseed

lancu Rletal | Golden Syrian Flax 15%; S | 46.6% in

(74) hamsters (Diabetic) 20 weeks platelet
aggregation
S | 58% in
platelet
adhesiveness

Haliga RE et al | Ovariectomized Flax 15%; NS | 17% in

(67) Wistar rats + high fat 36 weeks platelet

diet aggregation

S | 15% in
platelet
adhesiveness

Edel AL etal | Healthy subjects Flax 10, 20, 30, —

(46) 40 g;

4 weeks

Edel AL et a Peripheral artery Flax 30g; S155%in

(47) disease subjects 48 weeks platelet

FLAX-PAD aggregation

Trial
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Vas Dias FW | New Zealand white Flax oil 60 g/kg; S| 4% in
(152) rabbits 8.5 weeks platelet
aggregation
Holy EW etal | Mice Flax oil 7.3%); S | 10% in
(72) 2 weeks platelet
aggregation
Austria JA et | Healthy subjects Flax oil 6 g ALA; >
al (9) 12 weeks
Patenaude A et | Healthy subjects Flax oil 6 g ALA; —
al (108) 4 weeks
Sano T et al ApoE” and LDL™" Flax lignan 0.06%, 100 | <
(130) mice (SDG) mg/kg;
8 weeks
Sano T et al ApoE™ and LDL™" Flax lignan 5%, 8.3 S | 25%in
(130) mice (SDG) g/Kkg; platelet
8 weeks aggregation
Flaxseed effects on cardiac function
Ander BP et al | New Zealand white Flax 10%; - Shorter QT
(5) rabbits 16 weeks interval

compared to

control
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S | 78% in VF
during
ischemia

S 166% in VF
during

reperfusion

Caligiuri SP PAD subjects Flax 300; VRN
etl (26) FLAX- 48 weeks
PAD trial
Xie N et al Diabetic rats ALA 500 pg/kg; S 1 LV dp/dt
(155) 4 weeks
Ghule AE et al | Aortic stenosis in rats | Flax lignan 400 mg/kg; | - Shorter ECG
(61) complex 4 weeks intervals
-S 1 LVEDP,
LVSP,
LVdp/dt
Penumathsa Myocardial ischemic | Flax lignan 20 mg/kg; S 1 LV ejection
SVetal (109, |rats (SDG) 2 weeks fraction and
110) fractiona
shortening
Puukila S etal | Monocrotaline model | Flax lignan 25 mg/kg; S|RV
(124) of pulmonary arterial | (SDG) 3 weeks hypertrophy,
hypertension in rats RVEDP, RVSP
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1 significant increase, | significant decrease, <> no effect, ACPF Arginine-rich cationic peptide
fraction, ALA alpha-linolenic acid, ApoE™ apolipoprotein E knock-out, D day, DBP diastolic blood
pressure, FPI flaxseed protein isolate, HDL high density lipoprotein cholesterol, LDL low density
lipoprotein cholesterol, LDL” LDL receptor knock-out, LV left ventricle, LVdp/dt rate of rise of
left ventricular pressure, LVEDP left ventricular end-diastolic pressure, LVSP left ventricular
systolic pressure, NS not significant, PAD peripheral artery disease, PDFM partially defatted
flaxseed meal, RV right ventricle, RVEDP right ventricle end-diastolic pressure, RVSP right
ventricle systolic pressure, S significant, SBP systolic blood pressure, SDG secoisolariciresinol
diglucoside, SHR spontaneously hypertensive rats, T2DM Type 2 Diabetes mellitus, TC total
cholesterol, Values in % represents amount supplemented in diets, VF ventricular fibrillation, WKY

Wistar-Kyoto rats.

Antihypertensive Effects of Dietary Flaxseed

Whole flaxseed: Only two studies have been carried out in animals with whole flaxseed.
Talom et al could not detect a significant change in systolic blood pressure (SBP) in spontaneously
hypertensive rats (SHRs) given a flaxseed diet (144). On the contrary, another study reported a
significant fall of ~ 12 mm Hg in SBP and ~ 23 mm Hg in diastolic blood pressure (DBP) after the
administration of 8 weeks of a flaxseed supplemented diet (1). In humans, both observational and
randomized controlled trials have shown the antihypertensive effects of flaxseed. The longest
study, the FLAX-PAD Trial, a randomized, double-blinded, placebo-controlled year-long trial
investigated the effect of ground flaxseed, 30 g in food, in hypertensive patients. A significant

reduction of 10 mm Hg SBP and 7 mm Hg DBP was observed in the flax group of patients. An

71



even higher reduction of 15 mm Hg in SBP was observed in a patient subgroup that entered the
trial with elevated blood pressure at baseline (129). This drop in blood pressure produced by
flaxseed in hypertensive patients was more than the average decrease observed with
antihypertensive medications taken at standard doses (87). Because brachial blood pressure is not
always considered a good marker to assess the effect of antihypertensive compounds, effect of
flaxseed on central blood pressure was also checked. A drop of 3.4 and 4.9 mm Hg in central SBP
from baseline was observed at intervals of 6 months and 12 months, respectively, in the group of
patients that consumed 30 g flaxseed in food compared to placebo. Central diastolic blood pressure
exhibited 1.3 and 2.6 mm Hg fall at 6 and 12 months respectively (26).

Flax oil rich in ALA: Two studies examining the effect of dietary flax oil enriched in ALA
have exhibited a significant decrease in SBP (102, 132). In addition, offspring from rats fed
flaxseed during pregnancy also demonstrated a significant reduction in blood pressure compared
to offspring from dams not fed flaxseed (15, 16). Recently, flaxseed oil administered to obese
Zucker rats demonstrated a 6 % reduction in mean arterial blood pressure (MAP), and a 25 %
reduction in total peripheral resistance (TPR) (12). In the INTERMAP Trial, a large
epidemiological study of 4680 men and women, a significant inverse relationship was observed
between dietary ALA and blood pressure (149). Twelve weeks of daily consumption of 14 g of oil
enriched with 2.6 g ALA resulted in ~10 and 3 mm Hg reduction in SBP and DBP respectively, in
pre-hypertensive patients (142). Flaxseed oil was found to reduce SBP, DBP and MAP by 10, 8
and 8 mm Hg respectively in dyslipidemic patients after ingestion of 15 ml flax oil containing 8 g
ALA/day in a meal for 12 weeks (105).

Flax lignans and SDG: SDG in doses of 3, 5 and 10 mg/kg administered intravenously in

rats produced a dose dependent reduction in SBP (15-40 %), DBP (24-48 %), and MAP (22-43 %)
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(113). However, it is important to recognize that this type of intervention is entirely
unphysiological. Ingested SDG is not present in the circulation, but is metabolized in the gut into
its metabolites enterodiol (END) and enterolactone (ENL). Ingestion of the flax lignan SDG (543
mg/day, orally in tablet form, for 24 weeks) by metabolic syndrome patients induced a significant
decrease of 7 mm Hg DBP (32). However, a randomized controlled trial in a healthy population
for 6 months with Beneflax, a commercially available source of SDG that provides 543 mg of
SDG in one tablet, showed no difference between treatment groups (18). These negative results in
a normotensive population coincides with results in normotensive patients fed milled flaxseed as
well (40, 76, 129, 138).

Flax protein: A flaxseed protein isolate (FPI) given at a dose of 200 mg/kg body weight
to spontaneously hypertensive rats exhibited a delayed hypotensive effect starting 4 h after
administration with a maximum reduction of 18.4 mmHg in SBP at 6 hours. The delayed effect
may be due to the time required to metabolize the large proteins in the intestine before absorption
could take place. In the same study, these investigators generated peptide fractions through
hydrolysis of the FPI and separated it by electrodialysis and ultrafiltration to obtain cationic
peptides. These peptides were rich in arginine residues. This arginine-rich cationic peptide fraction
(ACPF) produced a significant decrease in SBP of 17.9 mmHg after 2 h of administration. This
was compared against the amino acid form of arginine which showed only a 10.3 mmHg reduction
in SBP. Moreover, the peptide fraction produced a long-lasting effect of up to 6 h. The could be
explained by a more efficient absorption of peptides compared to free arginine. Thus, in summary,
both the FPI and the ACPF exhibita hypotensive effect, but the FPI produces a slow and sustained
effect while the ACPF results in a faster less prolonged action (148). An antihypertensive effect

has also been demonstrated using a fraction of the FPI, called KCI-F1 (32). A large 27 mmHg
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reduction in SBP was observed after 4 h of administration to spontaneously hypertensive rats (41).
Recently a fraction sequence GVKVEGDGGLVRRDEI with a predominant compound sequence
of a 13-amino acid - GFPGRLDHWCASE, was identified (136). This sequence has the highest
antioxidant activity and could also be responsible for the hypotensive effect seen with flax protein.
This study has implications to advance our understanding of the bioactive molecular components
within the FPI (136).

Flaxseed fiber: A meta-analysis of 25 randomized controlled clinical trial reported
reduction of SBP and DBP with fiber doses of <=7.1 g/day orally and significant reduction of 3.4
mm Hg in SBP and 1.97 mm Hg in DBP with doses 7.2 to 18.9 g/day. However, this effect does
not increase by increasing the fiber dose above 19 g/day (154). A same trend of statistically
insignificant fall in SBP, DBP and MAP was also seen in a randomized controlled trial with
hypertensive patients consuming 5 g/day of flaxseed gum, orally in wheat flour chapattis, for 12
weeks (145). An increase in sample size may be required to define the action of flaxseed gum
conclusively.

Mechanism: Several studies have suggested that ALA may be the responsible bioactive
that produces antihypertensive action of flaxseed (Figure 8) (12, 15, 16, 102, 132, 149). The
mechanism may involve its action on oxylipin concentration. Oxylipins are oxygenated
metabolites of polyunsaturated fatty acids (58). They have been implicated in the pathogenesis of
hypertension because of their role in controlling inflammation and vascular tone. Polyunsaturated
fatty acids (PUFAS) cleaved from membrane phospholipids by cytosolic phospholipase Az initiates
the biosynthesis of oxylipins (28, 58). PUFAs can be metabolized by a) cyclooxygenase, b)
lipoxygenase, and ¢) cytochrome P450 (CYP450) (58). Epoxygenase CYP450 catalyzes formation

of epoxy-eicosatrienoic acid (EpETrE) oxylipins from PUFAs (58). EpETrE are further
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metabolized to dihydroxy-eicosatrienoic acid (DIiHETrE) by soluble epoxide hydrolase (SHE)
(28). EpETTrE are endothelial-derived hyperpolarizing factors that are associated with vasodilation
through activation of nitric oxide synthase (23). But because of metabolism of EpETrE to
DIiHETTE by sHE, there occurs a loss of vasodilation (27). Moreover, sHE also leads to production
of inflammatory and cytotoxic oxylipins particularly dihyroxyoctadecenoic acids (DiHOMES)
(23). Flaxseed exerts its antihypertensive action via inhibition of sHE activity as evidenced by
inverse relationship observed between ALA and % sHE activity (23).

An anti-inflammatory action may prevent the imbalance between vascular tone regulators
contributing to blood pressure control. A reduction in peripheral blood mononuclear cell
production of interleukin-6, interleukin-1 and tumor necrosis factor-alpha in hypercholesterolemic
patients fed an ALA-enriched diet for 6 weeks (161). Consumption of ground flaxseed for 4 weeks
reduced pro-inflammatory oxylipins in the plasma of older adults (24). Additionally, reactive
oxygen species are known to play a pathogenic role in hypertension (97). SDG metabolites may
lower BP through their antioxidant effects (38). Activation of guanylate cyclase and angiotensin |
inhibition are also proposed mechanisms for the BP lowering effects of SDG (113, 121). Inhibition
of the angiotensin-converting enzyme and renin could also be the possible mechanism of the anti-
hypertensive action of peptides (24). Finally, ground flaxseed and flaxseed peptides are rich in
arginine content, and as arginine is converted in the vascular endothelium to nitric oxide and
citrulline, they may also exert an anti-hypertensive action by increasing the availability of nitric

oxide and thereby causing vasodilation.
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Lipid-Lowering and Anti-atherosclerotic Effects of Flaxseed

Whole flaxseed: Several animal studies have shown variable effects of flaxseed on serum
lipid profile. Whereas one study demonstrated an increase in total cholesterol (TC) and LDL
cholesterol with a flaxseed supplemented diet (114), most show a decrease (43, 85, 126).
Dupasquier et al reported no changes in circulating cholesterol levels in rabbits, either in presence
or absence of additional cholesterol in the diet (44). The majority of the human studies have
reported that flaxseed reduces TC by 6-11 % and LDL cholesterol by 9-18 % in normolipidemic
subjects (31, 34, 35), and TC by 5-17 % and LDL by 4-10% in hypercholesterolemic patients (76,
93, 107). Results from the FLAX-PAD Trial reported a reduction of 15% and 11%, respectively,
in LDL cholesterol and TC at 1 and 6 month of the trial in subjects fed a diet supplemented with
30 g flaxseed compared to the placebo. However, at 12 months these differences were no longer
significant. Furthermore, significant differences observed at 1 and 6 months were only within the
flaxseed group and not between-treatment groups (47). This is consistent with other studies in
hemodialysis patients (82), in hyperlipidemic patients (76, 94), and in postmenopausal women
(107). Flaxseed consumption did not interfere and was additive to the cholesterol lowering effects
of cholesterol lowering medications like statins (47). Ground flaxseed, 38-40 g/day in food, can
also reduce the levels of atherogenic lipoproteins Lp(a) and apolipoproteins A-1 and B after 12
weeks of dietary intervention (19, 92).

Most animal studies have demonstrated no changes in serum high density lipoprotein
cholesterol (HDL) and triglyceride levels (TG) (43, 85, 91, 114). These results are consistent with
human studies as well. A meta-analysis of 28 studies concluded that flaxseed produces no
significant changes in HDL and TG levels (103). The same lack of action of flaxseed on HDL and

TG levels was also observed in an interventional clinical trial (47).
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Dupasquier et al reported a reduction in atherosclerosis in hypercholesterolemic rabbits fed
a flaxseed supplemented diet (44). A dose dependent reduction in atherosclerosis was also
observed in ovariectomized Golden Syrian hamsters (91). In LDL receptor knockout (LDL™)
mice, flaxseed supplementation to the diet produced a dose dependent (1%, 5%, and 10% flaxseed
diet) suppression in atherosclerotic plaque formation (43). Furthermore, it exerted an anti-
inflammatory and anti-proliferative action. Expression of IL-6 proinflammatory cytokine,
macrophage marker mac-3, vascular cell adhesion molecule VCAM-1, and proliferation cell
nuclear antigen (PCNA) levels were significantly reduced in the flaxseed supplemented group
compared to the cholesterol group alone (43). The effects of flaxseed on regression of established
atherosclerotic plaques have also been studied (54). Four weeks of 1% cholesterol feeding in
rabbits followed by 8 weeks of regular chow produced stabilized atherosclerotic plaques. Dietary
flaxseed administered for 14 weeks after plaque stabilization exhibited a significant ~40%
reduction in the extent of lesion area. The impaired vascular reactivity that accompanies
atherosclerosis was also improved in both contraction and endothelium-dependent vessel
relaxation in the presence of a flaxseed supplemented diet (54).

Flax oil rich in ALA: Lee and Prasad reported no effect of flaxseed oil on plasma lipids in
animals (88). However, in LDL™ mice, flaxseed oil lowered circulating cholesterol levels (13).
Clinical trials with flax oil (2-20 g/day) produced no beneficial effect on TC, LDL cholesterol,
HDL cholesterol, or TG levels after 4-12 weeks of intervention (79, 101, 103). Moreover, two
studies suggested that flax oil may cause more harm by increasing TC (8.3%) and decreasing HDL
cholesterol (8.3%) levels after 4-26 weeks of intervention (70, 101). However, flax oil rich in ALA
was observed to prevent the initiation of atherosclerotic development induced by administration

of trans fatty acids from industrially hydrogenated vegetable sources in LDL”" mice (13). This
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would suggest that flax oil (ALA) exerts an anti-atherogenic action by a mechanism other than
lipid lowering (13).

Flax lignan and SDG: A series of studies have demonstrated the beneficial effects of flax
lignan complex and SDG on the plasma lipid profile (57, 110, 115, 118-120, 122, 123). SDG and
its aglycone form secoisolariciresinol (SECO) reduced hepatic cholesterol levels in a dose
dependent manner in diet-induced hypercholesterolemic and hypertriglyceridemic female rats
(53). Dietary supplementation with 500 mg/day of SDG in healthy postmenopausal women
induced no changes in serum lipid levels after 6 weeks (68). However, Zhang et al (159) reported
a dose dependent (300 and 600 mg/day SDG in tablet) reduction in TC (22%) and LDL cholesterol
(24%) during 8 weeks of treatment in hypercholesterolemic adults. Flax lignan given at a dose of
0.41 g in nutrition bar also significantly reduced oxidized LDL cholesterol by 25% in healthy men
and women (3). Both animal and human studies have shown no effect on TG (57, 110, 118, 119,
159).

An 8-week diet supplemented with delipidated flaxseed and cholesterol to rabbits resulted
in a suppression of aortic atherosclerosis (123). SDG (20 mg/kg body weight) suppressed the
atherosclerotic plaque progression by 73% in hypercholesterolemic rabbits, whereas a flax lignan
complex (FLC) was only 31% effective. This suggests that for an anti-atherogenic action, SDG is
the main bioactive in FLC and other components in FLC may reduce the full effect of SDG. For
regression of atherosclerosis, SDG and FLC both were found to be ineffective (116, 119, 122).

Flax fiber: Very few animal studies have shown the effect of flax fiber (FF) on serum lipid.
Bassett and co-workers reported a significant reduction in serum cholesterol levels in LDL"" mice
fed a partially defatted flaxseed meal (PDFM) high in fibre content (13). PDFM fed to human

subjects at a dose of 50 g/day reduced TC by 4.6% and LDL cholesterol by 7.6% after 3 weeks
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(76). Flaxseed gum containing soluble fibre at a dosage of 5 g/day in wheat flour chapattis for
three months reduced TC and LDL cholesterol by 10% and 16%, respectively, in type Il diabetic
patients (145). Kristensen reported that flax fibre (FF) drink, (5.2 g/10MJ) 3/day, lowered TC by
12% and LDL cholesterol by 15%. In the same study, FF significantly increased the faecal
excretion of fat by 50% (84). Others have also suggested that the high fibre content of flaxseed
was responsible for its LDL cholesterol lowering action (47). Human trials with PDFM have
reported no effect on TG levels (47, 76, 84, 145). Though it has lipid lowering potential, FF was
found to exert no beneficial effect on hypercholesterolemic atherosclerosis in LDL™" mice (13).
Mechanism: Several mechanisms have been proposed for the anti-atherogenic activity of
flaxseed (Figure 8). Flaxseed decreased the expression of IL-6, VCAM-1 and PCNA. IL-6 is
involved in atherogenic smooth muscle cell and fibroblast proliferation, LDL oxidation, monocyte
and macrophage activation (75). VCAM-1 is involved in monocyte recruitment and infiltration
into the arterial wall and differentiation into macrophages (43). PCNA is a cell proliferation
marker and cell proliferation is thought to be an important component of atherosclerosis (157).
This suggests that flaxseed exerts its anti-atherogenic effects through anti-inflammatory and anti-
proliferative actions (89, 141). ALA is metabolized to the longer chain fatty acids eicosapentaenoic
acid (EPA), docosapentaenoic acid (DPA), and docosahexaenoic acid (DHA). DPA inhibited
cyclooxygenase | activity, and decreased cellular TNF-o activity, whereas EPA and DHA activated
peroxisome proliferator-activated receptors (PPARS) — y and a, which are known to be involved
in various anti-inflammatory and anti-atherogenic activities (95). By incorporating n-3 fatty acids
into the cell membrane, this may reduce the oxidative stress by scavenging reactive oxygen species
and consequently decreasing the activation of redox sensitive proinflammatory transcription factor

NF-kB (36). ALA can also cause cholesterol efflux from macrophages through inhibition of
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stearoyl CoA desaturase (SCD)-1 activity (158). The anti-atherogenic action of SDG may involve
a scavenging of the hydroxyl radical (OH) and its ability to lower lipid levels (117). In addition, a
metabolite of SDG, ENL, is a phase 2 protein inducer (77). Induction of the expression of this
protein can decrease oxidative stress (153). Flaxseed fiber may exert its lipid lowering effect by
creating satiety and thereby reducing caloric intake (7), decreasing transit time (50), increasing the
rate of bile acid excretion and reducing bile acid reabsorption, and via increased faecal excretion
of cholesterol (7, 51, 140). Fibers may also act through the formation of small chain fatty acids
(SCFAs) e.g. acetate, propionate. These SCFAs can influence multiple metabolic pathways
including fatty acid synthesis, oxidation, lipolysis and cholesterol synthesis (37, 52). Increased
levels of propionate inhibit the conversion of acetate to lipids (22, 37) and 3-hydroxy-3-

methyglutaryl-CoA reductase (37), thus, decreasing hepatic cholesterol synthesis.

Antiplatelet Effects of Flaxseed

Whole flaxseed: Only two studies have investigated the effects of whole flaxseed on
platelet aggregation in animal studies. One of them reported significant reduction in platelet
aggregation after 20 weeks of flaxseed diet supplementation (15% flaxseed diet) to diabetic Golden
Syrian hamsters (74). The other study also demonstrated an anti-aggregation effect on platelets in
rats given a flaxseed supplemented high fat diet (67). In contrast, clinical trials in humans have
not found any changes in platelet aggregation with flaxseed after 1 to 12 months of treatment (9,
39, 108). Edel et al also reported no changes in the rate and extent of platelet aggregation by
increasing the dose of flaxseed from 10-40 g/day in food (46). A large randomized, placebo-
controlled trial, the FLAX-PAD trial, exhibited only an isolated but significant inhibition of

thrombin-induced platelet aggregation by flaxseed in patients suffering from peripheral artery
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disease but most of the results examining the effects of dietary flaxseed on platelet aggregation
were negative (47).

Flax oil rich in ALA: Flaxseed oil supplemented in a rabbit diet (60 g/kg) demonstrated a
significant lowering of platelet aggregation after 60 days compared to control (152). Mice fed a
cholesterol diet rich supplemented with flax oil (7.3% flax oil supplemented diet) resulted in a
significant inhibition of thrombin- and collagen-induced platelet aggregation compared to control
(72). Again, in contrast to the animal data, most of the human studies with flax oil have detected
no effect on platelet aggregation (9, 55, 79, 80, 108). Only Allman et al have reported a decrease
in the collagen-induced platelet aggregation response was induced by flaxseed oil. However, with
a sample size of only 11 healthy individuals, these results may require a larger sample size to draw
any firm conclusions in view of the conflicting negative results (2).

Flax fiber, lignan and SDG: T Sano et al reported a reduction in thrombus formation in
apolipoprotein E and LDL™ mice fed a PDFM supplemented diet (130). However, SDG induced

no change in thrombus formation in the same species of mice (130).
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Figure 8. Proposed mechanism of action of flaxseed.

Mechanism: The modest effects observed on platelet aggregation could have been induced
by the ALA content of the flaxseed supplemented diet. ALA may cause changes in the fatty acid
composition of platelet lipids by increasing EPA and DHA content in the membrane (Figure 8).
The simultaneous release of EPA with arachidonic acid during aggregation may cause inhibition

of membrane released arachidonic acid metabolism to aggregatory metabolites in platelets (100,
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152). This may promote production of anti-aggregatory prostacyclin PGI3 and inhibition of pro-
aggregatory species TxA2 (45). B) Changes in G-protein coupled receptors or in the leucine-rich
repeat family of receptors may also have been involved (47). Alternatively, flaxseed fiber could
have decreased thrombus formation via a reduced plasminogen activator inhibitor-1 activity (139)

or coagulation factor VII (96).

Effects of Flaxseed on Cardiac Function

Whole flaxseed: Rabbits were fed a flaxseed supplemented diet in the absence or presence
of cholesterol enrichment in the diet as well (5). Isolated hearts from these animals were then
subjected to an ischemia and reperfusion (IR) challenge. The hearts from the animals fed the
flaxseed intervention exhibited a significantly lower incidence of arrhythmias. Specifically,
ventricular fibrillation (VF) was observed in only 6% of hearts from flaxseed diet group during
ischemia compared to cholesterol fed group which exhibited 28% VF. During reperfusion flaxseed
fed group showed 19% VF compared to 64% VF in cholesterol fed group (5). The flaxseed
supplemented diet also resulted in a shorter QT interval compared to the prolonged interval in
cholesterol fed-group (5).

In clinical trials, dietary flaxseed has exhibited no effect on cardiac function. Over 12
months’ intervention with flaxseed in the FLAX-PAD Trial, no significant changes were observed
on heart rate, left ventricular dp/dt, ejection duration, central diastolic duration, and the central

Buckberg subendocardial viability ratio (an index of myocardial oxygen supply and demand) (26).

Flax oil rich in ALA: ALA (500 pg/kg) administered in the diet for 4 weeks to rats
subjected to IR exhibited improved left ventricular developed pressure compared to a diabetic
control group not administered ALA (155). ALA also reduced infarct size, apoptosis, and TNF-a

and IL-6 concentrations (155). The dietary intervention also increased plasma IL-10
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concentrations and the expression of phosphatidylinositol-3 kinases (PI3K) and Akt
phosphorylation (155).

Recently Ganguly et al (59) reported the -cardioprotective effect of ALA in
ischemia/reperfusion condition. Oxidized phospholipid, especially oxidized phosphatidylcholine
(OXPC) species, produced by oxidation from free radicals have pro-inflammatory and pro-
apoptotic activities. Adult rat cardiomyocytes were treated with ALA for 24 h before exposing
them to ischemia and IR conditions for 1 h each. Besides increased cell death, two OXPC species,
1-palmitoyl-2-(9'-oxo-nonanoyl)-sn-glycero-3-phosphocholine  (POVPC) and 1-palmitoyl-2-
glutaryl-sn-glycero-3-phosphocholine (PGPC) were found to be significantly increased after IR
condition in adult rat cardiomyocytes. ALA pre-treatment for 24 h at 400 uM resulted in a
significant reduction in apoptosis. Furthermore, a signification decrease was observed in the levels
of POVPC and PGPC in the cardiomyocytes with ALA treatment (60).

Flax lignan and SDG: FLC delivered at a concentration of 400 mg/kg significantly
prevented prolongation of ECG intervals (QT, ST, RR, and PR) and increased heart rate and
amplitude of the QRS complex compared to control animals in a rat model of aortic stenosis-
induced cardiac hypertrophy. FLC treatment also resulted in an improvement of left ventricular
end diastolic pressure (LVEDP) and systolic pressure (LVSP) (61).

Penumathsa et al (109, 110) reported that SDG ingested at a dosage of 20 mg/kg for 2
weeks in an IR study reduced the myocardial infarct size and improved left ventricular ejection
fraction and fractional shortening (109, 110). Puukila and colleagues reported that SDG (25mg/kg)
provided protection against right ventricular (RV) damage and dysfunction in a monocrotaline-
induced model of pulmonary arterial hypertension by decreasing RV hypertrophy and reducing

RV end diastolic pressure (RVEDP) and RV systolic pressure (124).
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Mechanism: QT prolongation is associated with polymorphic tachycardia and torsade de
pointes (Figure 8) (8, 106). Flaxseed fed rabbits exhibited a shorter QT interval suggesting that
flaxseed may produce its antiarrhythmic action by shortening the QT interval and in turn reducing
the action potential duration (5). No study has revealed the main bioactive behind the
antiarrhythmic effect. However, ALA may be the most likely bioactive responsible for this action
based upon the following four lines of evidence. First, primary action of n-3 PUFA is on the
phospholipid bilayer of the myocardial cells especially in the micro domains where fast, voltage-
dependent sodium channels are present (83). During ischemia, an increase in intracellular Ca?*
activates phospholipase Az, which then liberates n-3 fatty acids from the cardiac membrane (62,
150). N-3 fatty acids may shift the voltage required to change sodium channels from inactive to
active, thus this may decrease the activity of sodium channels in cardiomyocytes and increase the
threshold required for depolarization (49, 83). Second, EPA and DHA also regulate the activity of
L-type calcium channels, leading to a reduction in free cytosolic calcium ion. This stabilizes
myocyte electrical excitability to prevent fatal arrhythmia (49). Third, incorporation of n-3 fatty
acids in cardiac cell membrane may lower vulnerability to arrhythmias by producing variety of
eicosanoids (30). Fourth, increased Na*/Ca®* exchanger (NCX) activity is arrhythmogenic and
NCX is responsible for inward current associated with delayed afterdepolarizations or oscillatory
afterpotentials (48). ALA and EPA were observed to inhibit NCX activity in HEK293 cells (4).
This suggests that antiarrhythmic potential of ALA is mediated through inhibition of increased
NCX activity.

ALA has been suggested to improve cardiac function via increasing the expression of the
anti-inflammatory cytokine IL-10 and decreasing the expression of the proinflammatory cytokines

IL-6 and TNF-a in both serum and myocardium (155). ALA also decreased the production of
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reactive oxygen species and increased the levels of cardiac antioxidant enzymes (155). ALA also
upregulated the expression of the anti-apoptotic proteins Bcl-2 and Bcl-X in cardiomyocytes at
the same time as increasing the expression of caveolin-3 (Cav-3) (29). ALA increased the
internalization of TNF receptor 1 (TNFR1) and thus its pro-apoptotic effects are prevented by the
enhanced Cav-3 expression (29). These antiapoptotic actions of ALA may be mediated through a
PI3K-Akt signaling pathway (29, 155). Alternatively, exposure of the cells to ALA may alter the
fatty acid composition of the myocardial cell membrane and reduce the production of cardiotoxic
oxidized phospholipid species (23). POVPC and PGPC can initiate apoptotic stress response by
activating acidic sphingomyelinases, caspase-3, and mitogen-activated protein kinase in smooth
muscle cells. So, it can be suggested that in cardiomyocytes also these two OXPC species can cause
apoptosis in a similar manner. ALA incorporates itself in the phospholipid membrane of
cardiomyocytes and decreases production of OXPC during IR. It also reduces DNA fragmentation
and decreases caspase-3 activation thereby inhibiting apoptosis (60).

SDG increased the expression of vascular endothelial growth factor (VEGF), angiopoietin-
1, and phosphorylated endothelial nitric oxide synthase (e-NOS) in the myocardium (109, 110).
VEGF is responsible for stimulation of blood vessel growth through induction of mitosis in
endothelial progenitor cells and it may also enhance endothelial cell survival (109). eNOS has been
suggested to be a downstream mediator of VEGF, and is also thus involved in the process of
neovascularization (99). Angiopoietin-1 increases endothelial cell survival by inhibiting apoptosis.
This is mediated through several pathways, including phosphatidylinositol 3-kinase/Akt activation
and upregulation of surviving protein (69, 104). HO-1 is a stress-inducible protein, which on
degradation releases CO that can activate the guanylate cyclase-cGMP pathway. This results in

vasodilation and inhibition of smooth muscle cell proliferation and platelet activation (42).
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Increased expression induced by SDG of these angiogenic proteins identified above may restore
vascular responsiveness in ischemic tissue resulting in improved myocardial perfusion and cardiac
function. SDG may thereby correct the imbalance between myocardial oxygen supply and demand
which causes myocyte necrosis, apoptosis and abnormal collagen accumulation in the myocardium
(61).
Effects of Other Bioactives Within Flaxseed

Cyanogenic glycosides: Flaxseed contains nitrogenous secondary plant metabolites called
cyanogenic glycosides (CGs). With a content of 250-550 mg/g dry weight of seed (135), CGs are
glycosides of cyanohydrins and include linamarin, linustatin, lotaustralin, neolinustatin, and
amygdalin (Figure 9) (134, 135, 156). Valine, leucine, isoleucine, phenylalanine, and tyrosine are
the primary amino acid precursors for aglycones of CGs (156). Upon ingestion, the glycone portion
is removed, liberating an unstable cyanohydrin. This metabolic process is mediated through
intestinal B-glucosidase-induced hydrolysis of glucosidic bonds. Cyanohydrin is further degraded
to hydrogen cyanide (HCN) which is toxic to the respiratory, nervous and endocrine systems (135).
Although this may initially be considered a significant health concern, it is not for several reasons.
First, the adult human body has the ability to detoxify up to 100 mg of cyanide/day. A person
would need to consume more than 1 kg of flaxseed each day for cyanide toxicity to manifest itself
(116). This is not realistic. Secondly, cooking destroys cyanide (116) and even 50 g/day of flaxseed
does not increase urinary thiocyanate levels (34). Thus, the toxicity of flaxseed from CGs is not a

realistic health threat.
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Figure 9. Chemical structures of some important flax compounds.

A recent study isolated and characterized five new CGs from flaxseed: linustatins A-E.
These new isolates were found to moderately inhibit aldose reductase activity, in addition to
modest inhibitions of a-glucosidase, dipeptidyl peptidase IV (DPP-IV) and fructose
bisphosphatase (FBPase) activities. a-glucosidase (131), DPP-1V (38, 137) and FBPase (151, 160)
are all involved in glucose homeostasis. Thus, these effects may have implications for diabetes
which is a major risk factor for cardiovascular disease. Linustatins A-E may have to be evaluated

to check their effects in a diabetes model. Moreover, in view of the efficacy of flaxseed in
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improving glucose homeostasis (73, 127), it is unlikely that these compounds are present in the
concentrations necessary to constitute a serious threat to the diabetic condition.

Cyclolinopeptides: Flaxseed contains cyclic hydrophobic peptides of eight or nine amino
acid residues known as cyclolinopeptides (CLs) (66, 78, 133). To date, 25 CLs have been
discovered (78) with molecular weights around 960-1100 Da (86). Most of the CLs contain the
same amino acid sequence but differ in the oxidation state of the methionine residue (78). CLs are
hydrophobic in nature and after seed processing they are found dissolved in oil with a total
concentration of ~270 pg/g of dry seed weight (66). The first CL to be identified from flax oil was
cyclolinopeptide A (CLA). Subsequently discovered CLs were then assigned the next alphabet in
the series (65).

CLs are biologically active. Kessler et al reported an inhibition of cholate uptake into
hepatocytes by CLA (81). Gorski et al demonstrated an immunosuppressive effect of CLA and
this effect, which is identical to cyclosporine A, was mediated through an inhibition of interleukin
1-a and interleukin-2 (64, 134). CLB and CLE also exhibited an immunosuppressive activity but
it was modest compared to CLA (112). CLs have added value to flax oil and they should be now
investigated more for their anti-inflammatory and hepatoprotective effect in cardiometabolic
syndrome.

Flax gum: Soluble flaxseed gum, also called mucilage, is a series of water-soluble
polysaccharides from the hulls of flaxseed (20, 90). In vitro assays such as 2,2-diphenyl-1-
picrylhydrazyl (DPPH), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), and a 3-
carotene bleaching test have demonstrated the powerful antioxidant activity of soluble flaxseed
gum (20). In addition to polysaccharides, oligosaccharides from flaxseed exhibit biological activity

as well. Oligosaccharides are short polymers of 2-20 monosaccharide units interconnected by
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glycosidic bonds (56). These oligosaccharides have several physiological functions such as
regulation of gastrointestinal function, liver protection, antitumor, reducing the risk of
cardiovascular disease (90, 125). Recently Liang et al reported a method of H.0, oxidation to
degrade flaxseed gum to obtain a novel oligosaccharide (90). This novel flaxseed oligosaccharide
is an acidic pyranoligosaccharide with a molecular weight of 1047 Da. The monosaccharide
composition of flaxseed oligosaccharide includes rhamnose, fucose, xylose, mannose, arabinose,
glucose and galactose. The flaxseed oligosaccharide exhibited a strong potential to scavenge
hydroxyl radicals (90). The proposed antioxidant mechanism for the flaxseed oligosaccharide
involves OH: inducing abstraction of the hydrogen atom bonded to a carbon on the carbohydrate.
The resultant carbon-centered radical then reacts with OH- to form carbohydrate-OH complexes
(90). It may be of value to conduct further studies to assess the antioxidant activity of flax gum in
cardiovascular diseases that may have a component of oxidation like atherosclerosis.
Conclusion

Flaxseed is one of the richest sources of the essential fatty acid ALA and lignan SDG.
Recently discovered new components of flax have also shown biological effects. While
cyclolinopeptides have immunosuppressive effect, cyanogenic glycosides improve glucose
homeostasis and thus may indirectly affect cardiovascular system. Flax fiber/gum by reducing
caloric intake may produce antiatherogenic activity. SDG restores vascular function by increasing
neovascularization and thereby improves cardiac function. It also has powerful antioxidant
activity. ALA/flax oil has shown antihypertensive activity by altering pro-inflammatory oxylipin
concentrations, antiatherogenic activity by reducing inflammatory cytokine production,
antiplatelet action through inhibition of anti-aggregatory prostacyclin, anti-arrhythmic effects by

decreasing ventricular fibrillation, and effect on cardiac cell survival by upregulating antiapoptotic

91



proteins. With knowledge gained so far, it can be mentioned that ALA/ flax oil could be the most
beneficial bioactive of the flaxseed for the cardiovascular effects. However, it should be noted that
other bioactives are not very well studied in multiple cardiac conditions as flax oil has been. So
further future investigations may challenge what we currently believe, or it may reaffirm the
cardioprotective ability of ALA. More preclinical studies as well as larger trials and clinical trials

are needed to identify a comprehensive list of bioactives from flaxseed.
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Abstract

Flaxseed is composed of a unique combination of bioactive components that appear to generate,
either through an isolated or synergistic action, a significant beneficial effect on the cardiovascular
system. With a significant increase in the generation of data on the dietary impact of flaxseed on
the cardiovascular system, a review of where we stand — what we know and what we still need to
understand about these effects on the heart and the vasculature — was thought to be of value and
the rationale for this paper. For example, although we now know how to deliver the bioactives
most efficiently (oil versus ground seed versus whole seed) but we do not know how different
foods can influence that delivery. Further, we know flaxseed has anti-arrhythmic, anti-atherogenic,
anti-hypertensive, and cholesterol-lowering actions in animal studies and some selected human
trials but much more needs to be learned, particularly in human trials. These results have justified
further commitment of resources to the initiation of human trials. Because of the impact of nutrition
on many chronic diseases, this may not only be true for the effects of flaxseed on cardiovascular

disease but may be just as relevant for many other disease conditions.
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An introduction to flaxseed

Linum usitatissimum, more familiarly known as flaxseed, is an oilseed crop grown
throughout most of the world (Caligiuri et al, 2014). It contains three bioactive compounds
beneficial in the treatment and potentially for the prevention of cardiovascular disease. First, it is
one of the richest sources of the plant omega-3 (n-3) fatty acid, alpha-linolenic acid (ALA; C18:3n-
3) (Gebauer et al, 2006). Second, flaxseed also contains a potent antioxidant (Prasad, 2000), the
lignan secoisolariciresinol diglucoside (SDG), in larger quantities than any other source [Edel et
al, 2015a]. SDG is not bioactive itself but is converted in the colon by gut microbiota into its
primary metabolites enterolactone (ENL) and enterodiol (END). ENL and END possess weak
estrogenic action in addition to acting as antioxidants (Carreau et al, 2008). Finally, flaxseed is
also enriched in soluble and insoluble fibers. Cardiovascular disease is thought to have components
of inflammation, oxidation and hyperlipidemia as key causative factors in its development (Parikh
et al, 2018). Providing the body with the anti-inflammatory action of ALA (Dupasquier et al,
2007), the anti-oxidative ability of lignans (Prasad, 2000) and the cholesterol-lowering capacity of
dietary fiber (Edel et al, 2015b) may, therefore, represent the primary mechanisms whereby
flaxseed can induce its beneficial health-related actions on the cardiovascular system. In view of
the increasing prevalence of cardiovascular disease globally, gaining a better understanding of: a)
how we can introduce flaxseed into the diet, b) what effects flaxseed has on the cardiovascular
system, and c) identifying the gaps in our current knowledge to direct future research in this area,

has great value and is the purpose of this manuscript.
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The introduction of flaxseed into the diet: What we know and what we don’t know
How do we eat flaxseed to provide its bioactive components optimally to the body?

Flaxseed stability is influenced by the form of flaxseed studied. Whole flaxseed is stable
for long periods of time (months and even years) due to its hard seed coat that acts as a barrier to
oxidative degradation (Edel et al, 2015a). Temperatures up to 350°C did not influence ALA
content and baking had no effect on oxidative stability of the flaxseed (Edel et al, 2015a). Grinding
(milling) the flaxseed breaks up the seed coat barrier and increases its susceptibility to oxidation.
However, the integrity of ground flaxseed was unchanged when kept in plastic bags for 4 to 20
months at room temperature (Malcolmson et al, 2000; Przybylski and Daun, 2001). Flax oil is the
most sensitive form of flaxseed to oxidation. However, if stored at refrigeration temperatures in
dark bottles under routine usage conditions, flax oil is stable for up to 6 months (Edel et al, 2015a).
At room temperature storage conditions, the flax oil is very sensitive to oxidation and can oxidize
within a week (Edel et al, 2015a). It is important to note that the individual components of flaxseed,
its oil and SDG content, may also be protected from oxidation when incorporated into functional
foods (Edel et al, 2015a). This is a concept that the food processing industry must address as they
endeavor to develop new foods containing flax.

The form in which flaxseed is ingested will also influence the bioavailability of the
bioactives within flaxseed. Flaxseed is best consumed in form of flax oil in order to provide ALA
to the body [Figure 10]. Ground (milled) flaxseed will also provide significant amounts of ALA
to the body. However, flaxseed ingested in the form of whole seed delivers very little ALA to the
circulation [Figure 10]. However, since flax oil is not tolerated as well as ground flaxseed (Austria
et al. 2008), the best form of flaxseed to practically deliver ALA to the body is ground flaxseed

(Austria et al, 2008).
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The age of the population ingesting flaxseed was also studied as a variable for influencing
bioavailability. Would an elderly population tolerate the high fiber content of flax as well as a
younger counterpart? We now know the answer to that question. Older people (aged 45-69 years)
can tolerate ground flaxseed as well as younger subjects (18-29 years) (Figure 11) (Patenaude et
al. 2009). The older subjects also absorbed ALA (Patenaude et al. 2009) and converted the SDG

into enterolignans (Edel et al. 2015a) as well as the younger participants.
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Figure 10. Plasma alpha-linolenic acid (ALA) of subjects ingesting whole, ground flaxseed or
flaxseed oil after 0, 4, and 12 weeks, adapted from Austria et al. (2008). @ At 4 weeks, there was a
significantly higher concentration of ALA in plasma from subjects fed ground flaxseed in
comparison to whole flaxseed (P < 0.05) and in those fed flaxseed oil in comparison to both the
other groups (P = 0.004). ® At 12 weeks, there was a significantly higher concentration of ALA in
plasma from subjects fed ground flaxseed in comparison to whole flaxseed (P < 0.05) and in those

fed flaxseed oil in comparison to both the other groups (P = 0.002).
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The type of food into which ground flaxseed is incorporated also influences its acceptance
in the North American diet. For example, flax bagels and muffins are well accepted but when
ground flaxseed was included in buns, tea biscuits and pasta, these choices were not as popular
(Figure 12). The flavor of the food product was also important in influencing ingestion of flaxseed
(Austria et al. 2016). The incorporation of ground flaxseed into a variety of different foods ingested
by cultures outside of North America is yet another challenge. For example, the Indian diet
incorporates flaxseed into laddoos and parathas but many other baked and dessert options exist.
Other cultures will look to different ways to incorporate the nutty goodness of flaxseed into their

own traditional dishes.
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Figure 11. Plasma n-3 fatty acid concentrations following dietary supplementation with ground
flaxseed and flaxseed oil for two age groups: 18-29 and 45-69 years, adapted from Patenaude et
al. (2009). ALA, a-linolenic acid. *p<0.05 compared with 0 weeks in the same flaxseed source

and age group; a P < 0.05 compared with ground flaxseed in the same age group.
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What do we still not know about flaxseed ingestion in our diet?

1. Is ALA and lignan bioavailability different when flaxseed is incorporated into different foods
or beverages?

2. Is ALA and lignan bioavailability and stability different when the flaxseed is in a roasted form?
3. Is organic flaxseed nutritionally superior to non-organic flaxseed?

4. |s flaxseed tolerated and the bioactives absorbed well in children?

5. Do different ethnic populations react differently to dietary flaxseed?

6. How can flaxseed be incorporated into culturally acceptable foods for different countries of the
world?

These six questions still require additional research in order to provide answers.
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Cappucino Chocolate Bar
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Orange Cranberry Bar
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Biscuit
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Sundried Tomato
Bun
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Sunflower Sesame Bagel
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Plain Bagel
9%

Cinnamon Raisin Bagel
18%

Figure 12. Individual food preferences in terms of total flax-supplemented foods delivered to
patients during the one-year FLAXPAD trial (Austria et al. 2016). Values represent a % of the

total foods ordered.
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The biological actions of dietary flaxseed on the cardiovascular system
What do we know about the effects of dietary flaxseed on the heart and vasculature?

No epidemiological data have been produced on the ingestion of flaxseed. However, one
of its primary bioactives, ALA, has been studied in epidemiological investigations.
Epidemiological studies have long suggested that the ingestion of ALA has cardioprotective
effects. It is important to emphasize that these studies draw indirect evidence by association, as do
all epidemiological studies. Despite this limitation, these works remain powerful because they
identify potential sources of cause-and-effect relationships and because of the large sample sizes
studied in many of these investigations. For example, the NHLBI Family Heart Study examined
4584 subjects and found a significant reduction in the risk for heart disease by 40% for linoleic
acid and 70% for ALA (Djousse et al. 2001). The Health Professionals Follow-Up Study compiled
data from 51,529 health professionals and found a 1% increase in ALA intake (as a % of energy)
resulted in a 40% lower risk of non-fatal coronary heart disease (Ascherio, et al. 1996). The
Nurse’s Health Study gave a 1,116-item food frequency questionnaire to 76,283 women. It had a
10-year follow-up period. They found that a higher intake of ALA in the form of an oil/vinegar
salad dressing for 5-6 times per week resulted in a significantly reduced risk of fatal coronary heart
disease (Hu et al. 1999). The MRFIT Study followed 12,000 men aged 35-57 years old for 6-8
years and concluded that a higher intake of ALA resulted in a decreased risk of death from
cardiovascular disease, coronary heart disease and all causes of death combined (Dolecek, et al.
1992). They also reported that an increase in the ALA content of the plasma phospholipid fraction
of as little as 0.06% was associated with a 28% reduction in the risk of stroke (Simon et al. 1995).
The Finnish Dietary Intervention Study showed an increased ALA consumption was associated

with a decreased coronary heart disease mortality and a >60% decrease in the incidence of stroke
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(Vartiainen, et al. 1994). The Cardiovascular Health Study found a higher intake of ALA was
associated with a lower risk of fatal ischemic heart disease (Lemaitre et al. 2003). The Costa Rica
Study found an inverse relationship between ALA content in adipose tissue and the risk of non-

fatal acute myocardial infarctions (Baylin et al. 2003).
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Figure 13. Mean systolic and diastolic blood pressure at baseline, 1 month, and 6 months for
placebo (PL) and flaxseed (FX) groups (Rodriguez-Leyva et al. 2013). *P=0.04, flaxseed vs
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pressure at 6 months.
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Interventional studies have also demonstrated powerful results linking ALA, and in some
cases, flaxseed with cardiovascular outcomes. The Lyon Diet Heart Study was a randomized
secondary prevention trial with over 600 men and women enrolled to consume a typical western
style diet or a Mediterranean diet enriched in ALA from canola margarine. They found a 75%
reduction in non-fatal myocardial infarctions, a 70% reduction in total death and a 61% reduction
in cancer risk in the experimental group without a change in serum cholesterol levels. The results
were attributed to a consumption of ALA (de Lorgeril et al. 1999). The FlaxPAD Trial involved
110 subjects with peripheral artery disease who ingested 30 grams of ground flaxseed or a placebo
mixture incorporated into a variety of foods including bagels, muffins, pasta, tea biscuits, snack
bars and buns. They found a dramatic 15 mmHg reduction in systolic and a 7 mmHg drop in
diastolic blood pressures in hypertensive subjects over a 6-month ingestion period (Figure 13)
(Rodriguez-Leyva et al. 2013). Significant decreases in blood pressure were observed in as little
as one month after the initiation of the dietary intervention (Rodriguez-Leyva et al. 2013). Central
blood pressure was also reduced without changes in cardiac hemodynamic performance (Caligiuri
et al. 2016). The effects were attributed to the ALA content of the diet and its effects on oxylipin
metabolism (Caligiuri et al. 2014). ALA was shown to inhibit soluble epoxide hydrolase, an
enzyme that converts vasodilatory oxylipins into oxylipins incapable of vasodilation (Caligiuri et
al. 2014). This enzyme also metabolizes other oxylipins into pro-inflammatory oxylipins (Caligiuri
et al. 2014). The inhibition of the activity of soluble epoxide hydrolase was suggested to be a
critical mechanism for the anti-hypertensive action of the dietary flaxseed (Caligiuri et al. 2014).
However, the delivery of other vasoactive components within dietary flaxseed (like L-arginine) is
also considered to be a contributing factor in the anti-hypertensive action of flaxseed (Parikh et al.

2018). Although these results were predicted to induce a dramatic reduction in the incidence of
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strokes and myocardial infarctions, the actual number of these cardiovascular events was too low
in the FlaxPAD Trial to achieve statistical significance (Rodriguez-Leyva et al. 2013) despite a
trend for a lower incidence of significant cardiovascular events in the flax group as opposed to the
placebo group (Rodriguez-Leyva et al. 2013). At the same time as reducing blood pressure,
flaxseed ingestion also induced a significant decrease in total and LDL cholesterol levels (Edel et
al. 2015b). It did not interfere with the cholesterol-lowering capacity of conventional cholesterol-

lowering drugs like statins (Figure 14) (Edel et al. 2015b).

Figure 14. Dietary flaxseed helps prevent cholesterol induced atherosclerotic development
(Dupasquier et al. 2007). Representative images of atherosclerotic development on the luminal
surface of aortas obtained from LDLrKO mice fed a regular chow diet (A), 10% ground flaxseed
supplemented chow diet (B), atherogenic chow diet supplemented with 2% cholesterol (C), or 10%

ground flaxseed supplemented atherogenic chow diet (D).
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The cholesterol-lowering effects of flaxseed may represent an important mechanism to
explain the anti-atherogenic effects of dietary flaxseed shown in animal studies. Ingestion of
flaxseed inhibited the development of atherosclerosis in rabbits (Dupasquier et al. 2006) and mice
fed an atherogenic diet (Figure 14) (Dupasquier et al. 2007). In rabbits, flaxseed did not lower
circulating cholesterol levels but still decreased atherogenesis (Dupasquier et al. 2006). This
suggested strongly that the cholesterol-lowering action of flaxseed was not the only mechanism
through which atherosclerosis was inhibited. Further work provided evidence that the mechanism
likely involved an anti-inflammatory action through ALA (Dupasquier et al. 2007). The anti-
atherogenic action of dietary flaxseed was observed not only in the presence of cholesterol-

supplemented diets but in conditions of elevated trans fats in the diet as well (Bassett et al. 2011).
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Figure 15. Mean percent change from baseline in plasma LDL-C in patients with PAD in FX or
PL subgroups consuming the diet plus CLMs (A) or just the diet (B) after 1, 6, and 12 months
(Edel et al. 2015b). Values are represented as means (SEMs). Different from placebo, *P < 0.05.
Within a group, labeled means without a common letter differ, P < 0.017. CLM, cholesterol-
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lowering medication; FX, milled flaxseed treatment; G, group; LDL-C, LDL cholesterol; PAD,

peripheral artery disease; PL, placebo; T, time.

Most anti-atherogenic studies examine the effects of a dietary intervention on growing
plaques. However, in a clinical setting, physicians and patients are commonly faced with an
established atherosclerotic plagque that causes clinical symptoms and want to know if the plaque
can be reduced which would relieve some of the clinical symptoms. Francis and co-workers (2013)
created an animal model in which the atherosclerotic plaque was already established, stable and
no longer growing, and only then introduced the flaxseed supplementation to the animal’s diet.
They demonstrated that dietary flaxseed was capable of regressing established atherosclerosis
plaque formation (Francis et al. 2013).

As expected, although this animal data provides mechanistic information and new avenues
for the use of dietary flaxseed, this remains to be tested in human trials.

Ingestion of flaxseed may also lower the incidence of life-threatening arrhythmias. Rabbits
were fed a regular chow diet, or a flaxseed supplemented diet, or a cholesterol-supplemented diet,
or a flaxseed and cholesterol supplemented diet. In isolated heart preparations isolated from these
from rabbits exposed to both experimental ischemia and ischemia/reperfusion, the incidence of
ventricular tachycardia and fibrillation was reduced significantly in hearts from rabbits fed the
flaxseed supplemented diets, even if cholesterol was also present in the diet (Ander et al. 2004).

Examining the effects of dietary flaxseed in other pathological conditions like obesity have
also produced positive results relevant to cardiovascular disease. For example, flaxseed oil has
been associated with lower plasma levels of the inflammatory marker CRP, reduced carotid intima-
media thickness and thus a lower cardiovascular disease risk in obese subjects (De Oliveira et al,

2017). Insulin resistance which occurs as a consequence of obesity has been attributed to the
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secretion of pro-inflammatory cytokines. Flaxseed oil ingested in a mouse model of obesity
demonstrated strong anti-inflammatory and immunomodulatory activity (Bashir et al, 2015). The
mechanism proposed for its ability to improve insulin sensitivity was suggested to be a reduction
in the levels of TNF-alpha, IFN-gamma and IL-4 levels (Bashir et al, 2015). The higher amount
of polyunsaturated fatty acids rather than saturated fat in obese subjects consuming flaxseed was

thought to be the critical factor in generating these positive results.
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Figure 16. Schematic of the biological actions of dietary flaxseed that have demonstrated

cardioprotective effects.

A schematic summarizing the known biological effects of dietary flaxseed that provide
demonstrated cardioprotective action is depicted in Figure 16.
What do we still not know about the effects of dietary flaxseed on cardiovascular disease?
1. Can flaxseed inhibit the incidence of arrhythmias after an experimental myocardial
infarction? Can it reduce infarct size?
2. What is the bioactive responsible?

3. Can flaxseed inhibit human atrial fibrillation?
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4. Is flaxseed cardioprotective in human conditions of ischemia/reperfusion or myocardial

infarctions?

5. Can flaxseed lower blood pressure in newly diagnosed hypertensive patients?
6. Can flaxseed replace anti-hypertensive medication?

7. What is the optimal anti-hypertensive dose of flaxseed?

8. Does flax reduce myocardial infarctions/stroke associated with hypertension?
9. What is the mechanism of action?

10.  Can flaxseed inhibit atherosclerosis/CHD in humans?
11.  What is the bioactive responsible?
12.  Can dietary flaxseed prevent/delay CHD in humans?
13.  Can dietary flaxseed regress atherosclerosis/CHD in humans?
14. Does flaxseed interact with any other functional food components or cardiovascular drugs that
may alter its biological actions?
The opportunities for the use of dietary flaxseed in other diseases related to cardiovascular
disease

Although we likely know more about the cardiovascular actions of flaxseed than any other
disease condition, many opportunities exist to expand the usage of dietary flaxseed as a strategy
to treat other diseases related to heart disease.
(1) The cardiotoxic effects of many drugs like doxorubicin and trastuzumab used to treat breast
cancer are well known. Flaxseed is already used extensively in animal studies to treat a variety of
cancers including breast cancer (Mason and Thomson, 2014). The possibility exists that dietary
flaxseed through one or more of its bioactive components may delay or prevent the onset of

cardiotoxicity induced by these anti-cancer drugs.
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(2) The critical role that omega-3 fatty acids obtained from marine sources play in brain
development is well known (Lauritzen et al, 2016). Will ALA have the same impact? Can it treat
a variety of cardiovascular-related brain disorders like stroke? Stroke is an interesting and
potentially viable target for flaxseed therapy. Polyunsaturated fatty acids from marine sources have
shown positive effects when administered in experimental conditions of stroke (Jiang et al, 2018).
It is possible that the ALA content of flaxseed will have beneficial effects as well.

(3) The influence of the microbiome on human and animal health is receiving increasing attention
for its influence on cardiovascular function (Ettinger et al, 2014). The impact of dietary flaxseed
on the gut microbiome in healthy and diseased populations is also unknown. It may be very
different in the two populations.

(4) The economic impact of using flaxseed to replace conventional drugs for cardiovascular
disease needs to be carefully analyzed by economists to provide reliable data of its value to
governments and the lay public. The same type of data is required for the impact on the agricultural
sector if flaxseed is employed as a viable strategy in the medical field (Brown et al, 2018).
Conclusions for the future research directions for dietary flaxseed.

The basic question facing those in the nutrition/cardiovascular disease field is: Is it time to
implement dietary flaxseed as a strategy to control human cardiovascular disease? As a general
postulate, dietary strategies, nutritional supplements and life style changes can be as effective as
pharmaceutical approaches for controlling cardiovascular disease (Caligiuri et al. 2017). In
addition, these interventions can prevent as well as treat cardiovascular diseases. The ASCEND
trial recently reported that omega-3 fatty acid supplements had only a modest or no benefit in the
risk for serious cardiovascular events. This study is significantly different than the flaxseed/ALA

results based on several points. First, the ASCEND Trial studied the effects of fish derived omega-
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3 supplements, not a plant-based source like the ALA in flaxseed. Secondly, the ASCEND Trial
used a relatively low dose of omega-3 fish oil (~1g) as opposed to the 6 g of ALA used in the
FlaxPAD Trial (Rodriguez-Leyva et al, 2013). Third, the ASCEND Trial studied cardiovascular
disease in a diabetic population and ALA has not been used to measure its effects in this
population. Finally, mortality caused by arrhythmias were not separately analyzed in the ASCEND
Trial but coupled with other causes of death from coronary heart disease. Strong evidence exists
supporting the potential anti-arrhythmic effect of omega-3 PUFASs and their role in prevention of
sudden cardiac death. There may have been significant differences between groups if the study
had examined the different causes of death in diabetic patients. In view of the preceding discussion,
at the very least, the animal and human data should make a compelling case to justify further
research on the efficacy of dietary flaxseed in different types of cardiovascular diseases. However,
there are many other arguments favouring the use of nutritional interventions like flaxseed as
viable treatment strategies for cardiovascular disease. For example, pharmaceutical strategies are
only partly effective. Adherence to drugs is a continuing struggle for patients. Flaxseed offers the
unique opportunity to control different aspects of cardiovascular disease and its risk factors
simultaneously. For example, flaxseed can decrease blood pressure and cholesterol levels. No
single drug can achieve both of these effects. Preliminary cost analyses would suggest that dietary
interventions are typically less expensive than medication. Flaxseed is consistent with this
(Caligiuri et al. 2017). Whereas medication in the form of pills, tablets or capsules can be tasteless
or taste badly, flaxseed has a pleasant nutty taste that would encourage its use, not discourage it.
Pharmaceuticals are well known to have significant side-effects, many of which are undesirable.
Flaxseed ingestion can induce some side-effects, but these can be relatively minor and controllable

(Brown et al. 2018). Most importantly, dietary interventions like flaxseed can provide important
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alternative strategies to control cardiovascular disease or its risk factors in third world countries
that cannot afford medication for the population at large. Indeed, flaxseed may be the only option
available to many economically disadvantaged countries. Finally, the increased usage of flaxseed
in the medical field can stimulate the flax industry and the agricultural economy. New food
processing options would be required, more acreage devoted to flax, and an expected increased
price for the commodity would all stimulate the flax industry and improve the economic picture
of the farmer and the food processor right through to the marketplace (Brown et al. 2018).

Much has been accomplished in the last two decades to help us understand flaxseed as a
potential strategy to control cardiovascular disease. Clearly, much more remains to be done,
particularly with the implementation of human trials. Research using flaxseed as an intervention
in many pathologies including cardiovascular disease remains an attractive avenue for enterprising

researchers in the future.
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Abstract

Flaxseed is a rich source of the omega-3 fatty acid, alpha linolenic acid, the lignan
secoisolariciresinol diglucoside, and fiber. These compounds provide bioactivity of value to the
health of animals and humans through their anti-inflammatory action, anti-oxidative capacity and
lipid modulating properties. The characteristics of ingesting flaxseed or its bioactive components
are discussed in this article. The benefits of administering flaxseed or these individual bioactive
components on health and disease are also discussed in this review. Specifically, the current
evidence on the benefits or limitations of dietary flaxseed in a variety of cardiovascular diseases,
in cancer, gastro-intestinal health, brain development and function, as well as hormonal status in

menopausal women is a comprehensive topic for discussion.
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Introduction

Dietary flaxseed has an impressive and growing research literature supporting its use in a
variety of health conditions. Whereas in the late 20™" century little was known of the health-related
benefits of flaxseed as well as how to consume flaxseed to achieve any health benefits, today is an
entirely different time. Research information on the effects of dietary flaxseed has increased
dramatically. We now know what diseases flaxseed can treat or prevent, the health impacts dietary
flaxseed can provide, the bioactives within flaxseed that provide these health-related effects in
many cases, and the forms of flaxseed that are required to provide these bioactives to the body.
Data on the impact of dietary flaxseed on disease has been translated, albeit in limited amounts,
from animal research studies to human trials. Many of these trials have been conducted with the
highest standards of control available in order to provide solid, reliable information on its value to
the general public and, more specifically, to those in a disease compromised condition. These data
have sparked the food processing industry to create a greater variety of foods that contain flaxseed,
giving the public an increased opportunity to incorporate flaxseed into their everyday diet. With
this growing availability of flaxseed in the marketplace and the increasing awareness of the public
to its impact on human health when supplemented into the diet on a daily basis, it would be
expected that flaxseed will also grow in the coming years in economic importance to the farmer,
the food processer and the retailer in the marketplace (1).

We now know that environmental factors like diet can have a profound effect on the
maintenance of health and the appearance of disease (2). It is also increasingly apparent that the
treatment of disease is not only achieved through pharmacological therapy but through dietary

interventions as well. The purpose of this review is to provide a broad summary of the highlights

137



of the research that has supported the growth of flaxseed as a commodity with significance in the

fields of health and medicine.

Flaxseed and Its Use in the Diet

The main bioactive compounds in flaxseed include alpha-linolenic acid (ALA), lignans, and
fiber. Four common forms of flaxseed available for human consumption include whole flaxseed,
ground flaxseed, flaxseed oil and partially defatted flaxseed meal (3). A new form available in the
market is flax “milk” (Pizzey Ingredients Inc, Manitoba, Canada). An alternative to “milks” like
almond milk, flax milk is finely milled flaxseed mixed with filtered water and other minor
compounds. Flax milk is high in ALA and is an excellent alternative to diary milk, as it has no
cholesterol or lactose. It is suitable for people allergic to soy, nuts, and gluten, as it contains more
health benefits than almond milk.

However, no matter how good a food is for the general public to consume, if that food does
not have acceptable taste, texture, appearance, colour and aroma qualities, the majority of people
will not eat it. Flaxseed has several characteristics that could negatively affect its flavor profile
and are cause for concern. The two most important are the potential for the very high omega-3
fatty acid content in flaxseed to become rancid through oxidation, and the propensity for bitterness.
The high content of alpha linolenic acid (ALA) renders it highly susceptible to oxidation. The
oxidation and subsequent rancidity will lead to off flavours and a musty aroma that would be
rejected in taste tests. The antioxidant content in flaxseed provided in turn by its
secoisolariciresinol diglucoside (SDG) content is of great value in curtailing any oxidation process.
In addition, flaxseed has been described as possessing a “nice nutty smell and aroma” [4] and is

potentially ideal for the incorporation into a variety of foods. In research studies, flaxseed has been
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incorporated successfully into snack bars, muffins, bagels, bread, buns, tea biscuits, cinnamon rolls
and pasta [5,6]. The concentration of flaxseed in the food will, of course, influence its flavor
characteristics. Flaxseed has been incorporated into foods for human consumption from 5-28% of
total ingredients by weight before baking [7]. The amount of flaxseed ingested daily over an
extended period of time has been as much as 40 to 50 g [8]. Clinical trials having patients ingesting
a food each day for up to one year have been successfully completed with drop-out rates of
approximately 20% in both placebo and flax groups [5]. This demonstrates that it is not the
flaxseed that induces non-compliance per se, but instead a great number of different flax-
containing foods are needed to allow variety in the daily choices if one is to maintain subjects in a
trial with an extended duration.

The most common foods in which to have flaxseed are baked goods. The process of baking
even up to 178°C for two hours does not alter the composition or content of ALA in a baked muffin,
for example [9]. The addition of flavouring to the baked good also makes it possible to disguise
any less than optimal flavor profile induced by the bitterness of flaxseed or any minor rancidity.
Flavourings like banana and nuts, banana chocolate chip, cinnamon apple raisin, cinnamon raisin,
cinnamon spice, gingerbread raisin, cappuccino chocolate chip, sunflower sesame and cranberry
orange have been used in research studies [7,10]. The public will have preferences to these
flavourings and matrices for the flaxseed. In a study of the daily preferences of the ingestion of
food products containing 30g of milled flaxseed over one year, bagels were consumed > muffins
> snack bars > sprinkles > tea biscuits > pasta > sundried tomato buns [11]. Cinnamon raisin
flavourings were preferred > cranberry orange > apple spiced > sunflower sesame [11]. Recently,

a company (Pizzey’s Ingredients, Manitoba) has developed a flax “milk”, much the same as
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almond “milk” on the market. This provides an even more convenient way to consume flaxseed
and preserve it as well.

Each of these different food matrices can influence the stability of the flaxseed. Processing of
the seed, storage temperature and duration as well as the form of flaxseed (milled flaxseed versus
whole seed versus flax oil) will also influence the stability of the product. Milling, grinding or
crushing flaxseed will destroy the hard protective seed coat on flaxseed exposing the ALA and
SDG to oxidation [12]. However, this process is required to render these bioactive ingredients
bioavailable [12]. ALA is more bioavailable to the body if it is in oil or milled form [13]. The
incorporation of milled flaxseed into baked products may actually protect the ALA and SDG from
degradation [12]. Cooler storage temperatures and a shortened storage duration, particularly for
flax oil, will also result in a better preservation of the ALA and SDG [12].

Recently, a concern was raised about the presence of components in flaxseed that may have
undesirable effects that could affect the bioavailability and bioaccessibility of essential nutrients
[14]. These include the presence of protease inhibitors, phytic acids, linatine and cyanogenic
glycosides in flaxseed. However, there are no deleterious effects reported of these components in
human studies. The concentrations of these components delivered through dietary flaxseed may
be below that needed to induce any biological actions. Nevertheless, it is prudent to take into
account the raised concern. Plant bio-breeding and/or food processing methods may be considered

to reduce the levels of these components in flaxseed.

Dietary Flaxseed and Cardiovascular Disease
The effects of flaxseed on parameters of cardiovascular disease have become one of the most

intensely studied areas with regard to the health-related benefits of dietary flaxseed (Figure 17).
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In animal models of heart disease, dietary flaxseed has decreased the progression of
atherosclerosis induced by a high dietary cholesterol or a high dietary trans fat content [15-17],
likely via an anti-inflammatory action provided through its ALA content (15,16,18). Depending
upon the animal species, flaxseed may (mice and rats) or may not (rabbits) lower circulating
cholesterol levels (15,16,18). Flaxseed can also lower circulating trans fats levels (17). In a stable,
established atherosclerotic plaque, supplementation of the diet with flaxseed can also regress

atherosclerosis (19).
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Figure 17. The effect of dietary flaxseed on the various types of cardiovascular disease. arrows
going up denote an increase in a specific parameter whereas arrows going down denote a decrease

in a specific parameter.

Ischemic reperfusion challenge to isolated hearts can induce arrhythmias. Rabbits on a
flaxseed supplemented diet prior to being subjected to the ischemic reperfusion insult are protected
from ventricular fibrillation (20). If rats are placed on a flaxseed supplemented diet prior to and

after the induction of a myocardial infarction, they exhibit smaller infarcts, less arrhythmias and a
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reduction in left ventricular dilation (18). The mechanism once again is likely to involve the ALA
content of flaxseed (18). ALA has shown a capacity to alter arrhythmogenic ionic currents in the
heart (21). However, the metabolism of SDG into enterolignans within the circulation may also
have a cardioprotective role (18,22).

In humans exhibiting symptoms of cardiovascular disease, dietary flaxseed has displayed
powerfully protective effects. The most impressive involves the decrease in both systolic and
diastolic blood pressure in patients with peripheral arterial disease (PAD) (5). Both brachial and
central blood pressures were significantly reduced by dietary flaxseed in this trial (5,23). In the
double-blinded, placebo-controlled, randomized FlaxPAD Trial (24), PAD patients fed 30g of
milled flaxseed every day for 6 months exhibited significant decreases in both systolic and
diastolic blood pressure (5). As shown in Figure 18, not all patients responded to the flaxseed diet
with decreases in systolic blood pressure (SBP). In the placebo group, fifteen subjects showed a
decrease in SBP over the 6 months whereas twenty-one exhibited an increase in SBP. In the flax-
fed group, twenty-seven subjects exhibited a decrease in SBP over the 6 months and twelve had
an increase in SBP over this time. The SBP in two subjects was unchanged over this time period.
The average drop in the flax group was substantial (10 mm Hg) and statistically significant. This
hypotensive effect was shown as early as 1 month after commencing the flaxseed in the diet and
maintained for up to 1 year (5). The decrease was sufficient to predict a 50% decrease in the
incidence of myocardial infarctions and strokes (5). This action was shown to be associated with
a significant change in lipid metabolism such that the generation of oxylipins with less vasodilatory
and more pro-inflammatory action was blocked (25). This action was suggested to be due to the
ALA content of the flaxseed (24). Alternatively, in animal studies, flaxseed protein hydrolysates

and flax oil decreased blood pressure in the spontaneously hypertensive rat in acute or chronic
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conditions, respectively (26,27). As well, a flaxseed lignan concentrate reduced blood pressure in
the deoxycorticosterone acetate (DOCA-salt) induced renal hypertensive rats (28) and the high fat,

high sugar-fed rat (29).
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Figure 18. Individual values of systolic blood pressure at baseline or after 6 months of dietary
supplementation with a placebo (A) or 30 g of milled flaxseed per day (B). Baseline systolic blood
pressures in the placebo group were 143.5 £ 2.88 at baseline and 144.8 + 3.33 after 6 months (n=
36). Baseline systolic blood pressures in the flax group were 146.6 + 3.37 at baseline and 136.5 +

3.53 after 6 months (n=41). Results are obtained from Rodriguez-Leyva et al, 2013 [5].
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Dietary Flaxseed and Diabetes

Flaxseed also impacts another major disease that is growing in incidence across the globe:
diabetes. Flaxseed supplementation reduced blood glucose in subjects with type 2 diabetes (30,31)
and lowered blood glucose in subjects with prediabetes (32). Flaxseed derived gum and lignan
supplement also decreased blood glucose in subjects with Type 2 diabetes (33,34). Pre-clinical
studies have reported anti-hyperglycemic effects of the flaxseed lignan SDG in animals with Type
| diabetes (35). Whether SDG or flaxseed supplementation improves glycemic control in human
subjects with Type 1 diabetes remains unknown and could be a topic of experimentation in the

future.

Dietary Flaxseed and Cancers

Flaxseed is already used extensively in animal studies to treat a variety of cancers (36).
Perhaps the most studied cancer with respect to the impact of dietary flaxseed is breast cancer. In
both experimental animal studies (36,37) and in human trials (36-38), dietary flaxseed has
significant protective effects against breast cancer. A systematic review of 10 human trials led to
the conclusion that flaxseed reduced tumour growth in women with breast cancer (36,38). They
also found evidence in support of flax-associated protection against primary breast cancer as well
as a reduced risk of mortality in women living with breast cancer (38). Beneficial effects were
observed with 25 g doses of milled flaxseed (38).

Flaxseed lignan are nonsteroidal phytoestrogens that have a chemical structure that resembles
mammalian estrogens and hence produce estrogen-like effects in mammals. Flax lignans are
metabolized by intestinal bacteria to become bioavailable in the plasma (39). Lignans derived from

food occur mainly as glucosides and undergo deglycosylation by B-glucosidases from gut

144



microbiota before their intestinal absorption. Secoisolariciresinol diglucoside (SDG) is hydrolyzed
in this way to release secoisolariciresinol (SECO). Deglycosylation of SECO is followed by
demethylation by microbiota to produce dihydroxyenterodiol, which further results in the
formation of enterodiol through dehydroxylation. Finally, dehydrogenation of enterodiol produces
enterolactone. Enterodiol and enterolactone are absorbed from large intestine, and ultimately
appear as glucuronide and sulfate conjugates in body fluid and are excreted in urine (40). The
metabolism of SDG to enterolactone occurs in all subjects irrespective of gender differences (39).
A pharmacokinetic study in humans demonstrated the appearance of enterolignans in the plasma
8-10 h after ingestion of SDG, with the mean maximum plasma concentration of enterodiol and
enterolactone attaining ~14.8 h and ~19.7 h, respectively, after consumption (40). The mean
elimination half-life reported for enterodiol is ~4.4 h, and enterolactone is ~12.6 h (40).
Epidemiological studies in postmenopausal breast cancer patients have reported an association of
higher blood concentration of enterolactone with a reduced risk of breast cancer, decreased
mortality rate and better survival. Clinical evidence also exists supporting the protective effect of
enterolactone in the breast, colon, prostate, gut and lung (41).

Breast cancer is not the only cancer that has shown sensitivity to dietary flaxseed or its
components. Cancer of the prostate gland (42), lung (43,44), colon (45), ovary (41), endometrium
(41), hepatocellular (41) and cervix have been inhibited by flaxseed.

The mechanisms responsible for the beneficial anti-oncotic action of milled flaxseed have
been studied in cell culture, in animal experiments and in human trials. The rich compositions of
both SDG and ALA have been postulated to play a role in the beneficial action of flaxseed on
cancer (37,38,45,46). Lignans like SDG reduce the breast cancer mortality by 33-70% and reduce

all-cause mortality by 40-53% (36). Doses of 50 mg of SDG will reduce tumours (38). However,
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it is unlikely that SDG is itself responsible for the anti-tumour activity. SDG is restricted to the
gastro-intestinal space and does not enter the blood stream. It is metabolized within the
gastrointestinal tract to the enterolignans, enterolactone and enterodiol (47). These compounds
have estrogenic and antioxidative properties (36). Enterolactone and enterodiol can bind to
estrogen receptors and alter cell growth (37). It is likely that these metabolites of SDG are
ultimately responsible for the anti-tumour capacity of SDG (41). The anti-inflammatory action of
ALA may also play a role (41). Flaxseed oil (enriched in ALA) also potentiates the anti-tumour
action of drugs used in oncotic therapy. Flax oil administered with trastuzumab for epidermal
growth factor receptor 2 positive breast cancer enhanced the anti-tumour effects of trastuzumab
and significantly lowered the concentrations of trastuzumab needed to kill tumours in athymic
mice (48). Similar results have been observed using flaxseed with tamoxifen, another anti-tumour
drug (37).

The cellular oncotic pathways affected by flaxseed and its bioactive components include a
modulation of estrogen metabolism (36), an inhibition of cellular proliferation, angiogenesis,
metastasis and inflammation, as well as a stimulation of apoptosis within the tumour (36,38,41-
43,45,46). The molecular targets for the anti-tumour actions of flaxseed and its bioactive
components includes a suppression of the phosphorylation of p-AKT, p-ERK and p-JNK kinases
(resulting in a general slowing of the MAPK pathways) (43,46), inhibition of CDK4 (45), down
regulation of multiple miRNAs (44), decreased expression of mMRNAs for Bcl2, cell cycle proteins,
ERalpha and beta, and epidermal and insulin-like growth factor receptors (46).

It would appear that increasing our understanding of the value of dietary flaxseed, flax oil and
SDG in this field and its efficacy in human trials may be a profitable avenue of future study. As in

the case of the effects of flaxseed and its bioactive constituents in cardiovascular disease, it would
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appear that sufficient data already exists for the institution of these dietary therapies in specific

cases of cancer prevention and treatment.

Dietary Flaxseed and The Brain

The critical role that omega-3 fatty acids obtained from marine sources play in brain
development is well known (49). This work has focused in the past primarily on the omega-3 fatty
acids docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). Whereas research has
established an essential role for DHA in pre- and post-natal brain development (49,50), EPA
appears to modulate behaviour and mood (50). A loss of brain DHA content has been associated
with poorer performance in spatial and learning tasks (51).

These data suggest that another omega-3 fatty acid, ALA, which is enriched in flaxseed, may
have similar functional significance for the brain. When mothers of rats were fed flaxseed during
pregnancy, the brains of newborn pups were heavier and contained significantly greater amounts
of both ALA and DHA (52). In pups given milled flaxseed or flaxseed oil soon after birth, these
pups showed higher brain mass demonstrating the value of milled flaxseed particularly in
contributing to early postnatal brain development (53). However, although dietary flaxseed may
improve brain development and spatial memory, research has cautioned that the diet may depress
body growth due to an imbalance between omega-3 and omega-6 fatty acid levels (54).

Dietary flaxseed may also improve aspects of brain function during conditions of neural
disease. Maternal intake of flaxseed prevented depressive symptoms in offspring and demonstrated
neuroprotection during experimental neonatal hypoxic-ischemic encephalopathy by lessening
brain mass loss together with improvements in motor hyperactivity and spatial memory (55). In

mice exposed to chronic mild stress, dietary flaxseed reduced all parameters of chronic stress (56).
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Supplementation to the diet with flaxseed lignans like SDG have shown anti-depressant-like
effects in mice subjected to chronic stress (57) and demonstrated protective effects in cortical

neurons against NMDA-induced neurotoxicity (58).

Dietary Flaxseed and Female Hormonal Status

Dietary flaxseed may also exhibit a protective effect against menopausal symptoms (59).
Several studies have examined the effects of flaxseed or its bioactive ingredients on quality of life
and hot flashes frequency and severity in post-menopausal women. The estrogenic action of certain
metabolites of flaxseed suggested a potentially positive effect on these post-menopausal
symptoms. In a study of 140 postmenopausal women, menopausal symptoms decreased and the
quality of life increased in women who ingested a flaxseed supplemented diet (60). A particularly
large trial (199 women) of an unusually long duration (1 year) on a high dose of flaxseed (40 g per
day) reported a significant decrease in menopausal symptoms but this effect did not differ from
the control group that ingested a wheat germ placebo (8). Another study reported similar
inconclusive evidence of a positive effect of flaxseed on menopausal symptoms with up to 90 g of
flaxseed per day (61). Further randomized controlled trials and systematic reviews of clinical trials
found no significant effect of flaxseed or on quality of life or hot flashes during menopause (62-
65). It is concluded that randomized, placebo-controlled trials are necessary to determine
conclusive effects on menopausal symptoms. When carefully controlled trials are carried out in
this manner, it would appear that flaxseed does not induce a significant effect on quality of life or
the incidence and severity of hot flashes in menopausal women.

Caution has been advised for flaxseed consumption during pregnancy and lactation. SDG and

flaxseed oil given to pregnant rats have shown opposite effects on total fat mass of the body. SDG
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administration resulted in higher fat mass while flaxseed oil lowered the fat mass. Furthermore,
flax oil also reduced serum and milk triglycerides and cholesterol levels in the female rats during
lactation (66,67). Similarly, male and female pups of mothers on flaxseed oil exhibited lower body
fat mass and triglycerides levels (66,67). With such changes in maternal and offspring biochemical
parameters, it may appear prudent to exercise caution when using flaxseed or its components in
pregnancy. However, as no other studies have reported similar changes, randomized, placebo-
controlled trials in pregnant subjects are warranted to provide any conclusive evidence.
Postmenopausal women are at increased risk of osteoporosis. In a short 6 weeks study by
Arjmandi et al (68), a slightly lower bone resorption marker (tartrate-resistant acid phosphatase)
was observed in postmenopausal women receiving flaxseed. However, no influence was reported
when using anabolic bone agents. Conversely, most studies have shown no effect of flaxseed
consumption on bone mineral density, bone mineral content, or bone turnover in postmenopausal
women (69). In animal model, flaxseed supplementation resulted in an additional benefit when
combined with estrogen therapy. Flax oil rich in ALA showed a positive effect on bone health,
particularly in pathological conditions such as obesity and kidney disease. ALA may be
responsible for this improvement in osteoporotic bone conditions than the estrogenic lignan

content of flaxseed (69).

Dietary Flaxseed and Skin Health

A 12 week, randomized, double-blinded study on healthy female volunteers with sensitive
skin reported a positive improvement in skin properties with the ingestion of flaxseed oil. A
significant decrease was noted in skin sensitivity, transepidermal water loss, skin roughness and

scaling, with an increase in skin hydration and smoothness (70). ALA was identified as the main
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bioactive responsible for these effects on skin and aging. Compared to a younger population, older
individuals have higher concentrations of proinflammatory oxylipins including 5-HETE, 9,10,13-
TriHOME, and 9,12-13-TriHOME, which could explain higher levels of inflammation in this older
demographic (71). Dietary supplementation of flaxseed has been shown to correct the balance of

pro- and anti-inflammatory oxylipins and thus may exert a healthy effect on aging (71).

Dietary Flaxseed and Gastro-Intestinal Health

The influence of the microbiome on human and animal health is receiving increasing attention
from the research community (72). However, our understanding of the impact of dietary flaxseed
on the gut microbiome in either healthy or diseased populations is limited. It was known that the
lignans that are unusually high in content within flaxseed need to be metabolized by intestinal
bacteria in order to gain access to the systemic circulation in humans. The production of
enterolignans like enterodiol and enterolactone from SDG is best generated from milled flaxseed
and defatted flaxseed meal in comparison to a variety of other foods that contain SDG (73). This
intestinal metabolism is accomplished via the biotransformative action of specific intestinal
bacteria (74) including Ruminococcus bromii and Ruminococcus lactaris (75). Others have found
L. casei and L. acidophilus were important for the digestion of whole flaxseed in order to increase
enterodiol bioaccessibility (76).

Early studies have shown the capacity of flaxseed supplementation in the diet to alter the
bacterial flora in the intestines of animals. For example, flaxseed supplemented to the diet of mice
will alter Enterobacteriaceae diversity and prevalence in the feces and cecum (77). Power and
colleagues (78) showed that a flaxseed supplemented diet will alter the microbial

microenvironment in the colon with a 20-fold increases in Prevotella spp. and a 30-fold decrease
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in Akkermansia muciniphila abundance. Others have shown that a combined high fat, flaxseed and

fish oil supplemented diet increased the abundance of intestinal Bifidobacterium (79).

Proteobacteria L .
l Torphyromonaices —l Alcoholic liver disease

I Prevotella
Enterolignans:

Akkermansia muciniphila Colitis
—
END. ENL Bifidobacterium | Colon cancer

Flaxseed

T Bifidobacterium —I Colon cancer

i Faecalibacterium ——g Tnsulin senstivity

Figure 19. The effect of dietary flaxseed on the gastrointestinal health.

Changes in specific bacteria in the microbiome may have implications on disease progression
(Figure 19). Dietary flax oil consumption can, under some conditions, reduce the presence of
Proteobacteria and Porphyromonadaceae in the gut microbiome, which may have a positive
impact on alcoholic liver disease (80). Defatted flaxseed meal (which is a partially delipidated
form of flaxseed) reduced the appearance of aberrant crypt foci in the colon of mice through an
increase in the expression of Bifidobacterium (81). Daily intake of flaxseed mucilage resulted in
changes in the abundance of 33 different metagenomics species in the gut microbiota including
eight different species of Faecalibacterium. This altered insulin sensitivity in these women (82).

These data contrast with those of Lagkouvardos et al (75) who found flaxseed did not significantly
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change the fecal microbiome nor the abundance of the dominant bacterial species present. Others
have also challenged the efficacy of dietary flaxseed to alter the appearance of disease based upon
a change in the gut microbiome. For example, a 5% flaxseed supplemented diet had no protective
effect against the development of intestinal tumours (83). Caution in the use of flaxseed in the diet
has also been introduced by the results of Maatanen and co-workers who showed that whereas a
reduced fat diet could protect against colitis, the high levels of PUFAs provided by flaxseed
supplementation to the diet diminished these beneficial effects (84).

The potential for dietary flaxseed to replace or reduce the use of constipation medication in
different populations at risk (the elderly, the ill, in personal health care homes, etc) and the
reduction in side-effects associated with conventional constipation medication is worthy of study.
Two recent randomized trials have generated results of great interest for the introduction of
flaxseed into diets for relief from constipation. In the first trial (30), flaxseed baked into cookies
was ingested in constipated patients with Type 2 diabetes. They found the flaxseed reduced
constipation symptoms, weight, fasting plasma glucose, triglycerides, and LDL and HDL
cholesterol levels. In a subsequent trial using the same type of patient population, flaxseed affected
all of these parameters once again and, importantly, was superior in its capacity to reduce
constipation symptoms to psyllium (85). Flaxseed may also be of use in reducing the symptoms
of irritable bowel syndrome, however, further research is required (86). Flaxseed oil was also
beneficial in reducing experimental diarrhea (87).

The mechanism of action of flaxseed in stimulating fecal output during constipation clearly
lies largely with its high fiber content. It is not surprising, therefore, that even partially defatted

flaxseed meal was a valuable laxative in both normal and constipated condition (78). However,
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flaxseed oil has been shown to act on intestinal muscarinic receptors and blocks K+ channels (77),
actions that would both lead to modifications of intestinal motility.
Toxicity of Flaxseed

Although no toxicity has ever been reported in clinical studies with dietary
supplementation of flaxseed, some compounds such as cyanogenic glycosides and linatine have
been identified as potential toxic compounds. Cyanogenic glycosides such as linamarin, linustatin,
neolinustatin, lotaustralin, and amygdalin are nitrogenous secondary plant metabolites (3). These
compounds are not exclusively found in flaxseed but are also present in other food items including
apples, spinach and cassava (88-90). The glycoside is converted by intestinal B-glycosidase to
cyanohydrin, which then decomposes to hydrogen cyanide (90). In flaxseed, this process is
catalyzed by two distinct enzymes: linustatinase and linamarase B-glucosidase (90). Hydrogen
cyanide could potentially cause acute cyanide poisoning, which may place the respiratory and
nervous system at risk (3). However, no increase in plasma cyanide levels above baseline have
been observed with the consumption of 15-100 g flaxseed (90). The linustatin and neolinustatin
found in flaxseed are thought to be the slowest cyanide producers compared to other cyanogenic
glycosides. This is because flaxseed glycosides have gentiobiose moiety that needs to be
hydrolyzed to glucose. The cyanohydrin formed by metabolism is highly stable (90), which,
therefore, resists any spontaneous decomposition to hydrogen cyanide. Theoretically, 1-2
tablespoons of flaxseed will produce approximately 5-10 mg of hydrogen cyanide after ingestion.
This is highly unlikely to cause toxicity for three reasons: a) 50-60 mg dose of cyanide is required
to cause acute toxicity, b) human body can routinely detoxify up to 100 mg/day of cyanide (3,89),
and c) cooking destroys cyanide (cyanide is heat labile) (91). Human studies with 50 g/day flaxseed

did not increase urinary thiocyanate levels (3). Based on these data, humans would need to
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consume the unrealistic amount of 1 kg of flaxseed daily for cyanide toxicity to ever manifest
itself.

Another potentially toxic compound is linatine (antipyridoxin factor) which has been
identified as vitamin B6 antagonist in chicks (89). However, flaxseed has never been shown to
induce vitamin B6 deficiency in clinical studies (91). Other compounds such as phytic acid and
trypsin inhibitor have also been suggested to induce negative effects on the nutritional status after
flaxseed ingestion. However, once again, no studies have reported any alterations in zinc status
due to phytic acid, or any difference in trypsin inhibitor activity in flaxseed compared with canola
or soybean seeds (89,91). In conclusion, it is important to recognize that no definite scientific data
have been produced to support the concept of toxicity from dietary flaxseed because of any of

these compounds.

Conclusions

Supplementation of the diet with milled flaxseed has many healthy benefits to the body.
Although cardiovascular disease and cancer are probably the best researched areas that have shown
convincing evidence of a beneficial action for dietary flaxseed, other areas like gastro-intestinal
health and diabetes have also been receptive to the beneficial effects of dietary flaxseed. Other
areas in human health require further research to make definitive conclusions but the preliminary
data is encouraging. With little or no evidence of toxicity for dietary supplementation with
flaxseed, there appears to be a clear argument to support its inclusion in the daily diet and little

reason to oppose it.
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CHAPTER 2: METHODS AND RESULTS

2.1. Dietary flaxseed and acute myocardial infarction

An anti-atherosclerotic, a cholesterol-lowering and an antihypertensive effect of flaxseed
has been observed previously. However, it’s in vivo effects on cardiac structure, function and
electrical activity needs to be elucidated. Due to the positive effects of dietary flaxseed on
cardiovascular disease and its risk factors, we investigated the effects of flaxseed and its bioactive

components ALA and SDG in an experimental model of MI.

It was hypothesized that in an MI induced by coronary artery ligation in rats, pretreatment
with dietary flaxseed and its components will reduce the incidence of cardiac arrhythmias, and
treatment after the surgery will a) prevent extensive fibrosis after infarction, and, b) improve

cardiac structure and function post-Ml.
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ABSTRACT

Dietary omega-3 polyunsaturated fatty acids (n-3 PUFAS) have been associated with a lower
incidence of cardiovascular events and sudden cardiac death. Flaxseed is one of the richest plant
sources of n-3 PUFAs and can retard the progression and accelerate the regression of
atherosclerotic plaques. The aim of the study was to examine the preventive effects of dietary
flaxseed on arrhythmias and curative effects on heart dysfunction that develops after a myocardial
infarction (MI). The left anterior descending coronary artery was ligated in rats to induce the MI.
Rats were randomized into five groups: sham MI with normal chow, MI with normal chow, Ml

with 10% milled flaxseed supplementation (flax), M1 with 4.4% supplemented flax oil enriched in
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alpha-linolenic acid (ALA), and MI with flax lignan secoisolariciresinol diglucoside (SDG)
supplementation (0.44%). Animals were fed with their respective diets for two weeks before and
for 8 weeks after the surgery. Echocardiography and continuous ECG recordings were obtained
after ligation to confirm the induction of the MI, to check for arrhythmias and to assess cardiac
function. Histological examination was also performed to evaluate cardiac fibrosis. Pretreatment
with dietary flax, ALA, and SDG significantly reduced the incidence of arrhythmias.
Supplementation of flax and component diets after the Ml resulted in significantly small infarct
size, less left ventricle dilation, decreased myocardial fibrosis and tumor necrosis factor-a levels
compared to the MI group. Together, this study generates evidence for a beneficial effect of

flaxseed in patients post-MI for the prevention of arrhythmias and ventricular remodeling.

Key words: Flaxseed, alpha linolenic acid, arrhythmias, echocardiography, myocardial infarction,

diet

INTRODUCTION

Cardiovascular diseases (CVD) are the leading cause of death [1], with 43.8% mortality
attributed to coronary artery disease (CAD) alone. The latest updates estimate that by 2035, more
than 130 million adults will have CVD in the US with a concomitant rise in health expenditure to
$1.1 trillion [2]. Omega-3 polyunsaturated fatty acids (n-3 PUFAS) were recently recommended
by the American Heart Association (AHA) for the secondary prevention of CAD and sudden
cardiac death (SCD), and also for heart failure patients with reduced ejection fraction [3]. n-3
PUFAs are essential fatty acids that have a role in cellular functions including membrane structure
and function, cell signaling and gene expression [4]. Several studies have shown an inverse
association between CVD risk with fish consumption [5]. Recently, a large clinical trial,

REDUCE-IT, demonstrated a 25% lower cardiovascular risk including myocardial infarction (MI)

170



and stroke in patients that received n-3 PUFA [6]. Fish are an important source of n-3 PUFASs such
as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) [4]. However, despite the
recommendation by AHA to have fatty fish at least 1-2 servings weekly [3], fish consumption is
lower because of physical and physiological concerns such as smell, taste, and potential toxins [7].
In addition to this, vegetarians and vegans cannot have this source at all. A solution to this is the
availability of an alternate source of n-3 PUFAs obtained from plants. Flaxseed, Linum
usitatissium, has one of the highest amounts of an essential n-3 PUFA obtained from plants, alpha
linolenic acid (ALA) [7]. Other than ALA, flax is also rich in the lignan phytoestrogen

secoisolariciresinol diglucoside (SDG) and dietary fiber [7].

Flaxseed has been found to have beneficial cardiovascular effects. The FLAX-PAD trial,
a one year, randomized controlled trial, demonstrated a significant reduction of 10 mm Hg systolic
blood pressure and 7 mm Hg diastolic blood pressure in peripheral artery disease patients with
elevated blood pressure [8]. In LDL receptor knockout mice, flaxseed suppressed atherosclerotic
plaque formation [9, 10] and was found to be effective in regression of established plaques [11].
Flaxseed supplementation has also reduced the incidence of ventricular arrhythmias in hearts
challenged by ischemia-reperfusion (I/R) ex-vivo [12]. In addition to its effect on cardiac electrical
conduction, the ALA found within flaxseed reduces apoptosis in cardiomyocytes during I/R insult
[13]. Flaxseed also regulates glucose levels, thereby exerting a hypoglycemic effect in diabetes

[14].

Although much has been studied about the vascular actions of flaxseed, it’s in vivo effects
on cardiac structure, function and electrical activity needs to be elucidated. In light of the positive
effects of dietary flaxseed on CVD and risk factors, we investigated the effects of flaxseed and its

bioactive components ALA and SDG in an experimental model of MI. We hypothesized that in an
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animal model of M1 induced by coronary artery ligation (CAL), pretreatment with dietary flaxseed
and its components will reduce the incidence of cardiac arrhythmias, and treatment after the
surgery will a) prevent extensive fibrosis after infarction, and, b) improve cardiac structure and

function post-MI.

MATERIALS AND METHODS

Nutritional composition of the experimental diets

The core proximate and chemical composition of the diet sample for crude protein,
carbohydrate, fat, fibre, ash, mineral, and moisture was carried out by the Central Testing

Laboratory (Winnipeg, MB, Canada).

Animal care

This study protocol (17-005) was approved by the University of Manitoba Office of
Research Ethics & Compliance and Animal Care Committee and was done in accordance with the
guidelines by the Canadian Council for Animal Care. Male Sprague Dawley rats (100-140 g;
Charles River Laboratories, Quebec, Canada) were housed in a temperature and humidity-
controlled room with a 12 h light/dark cycle. Animals were randomized into five groups: sham Ml
fed normal chow, MI fed normal chow, MI fed chow supplemented with 10% milled flaxseed
(flax), M1 fed chow supplemented with 4.4% flax oil enriched in alpha-linolenic acid (ALA), and
M1 fed chow supplemented with the flax lignan secoisolariciresinol diglucoside (SDG) (0.44%).
These dietary interventions and the concentrations used are similar to those used successfully in

previous studies [10].
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The four diets included a Prolab® RMH 3000 rodent regular chow (TestDiet, Richmond,
IN), a 10% ground flaxseed (BakePur Milled Golden Flaxseed, Pizzey Ingredients, Russell,
Manitoba, Canada) supplemented chow diet, or a 4.4.% flax oil (Cold Pressed Flax Oil, Royal
Harvest, Shape Foods, Brandon, Manitoba, Canada) supplemented chow diet, or a 0.44% SDG

(Archer Daniels Midland, Chicago, IL, USA) supplemented diet.

Animals were anesthetized with 1-5% isoflurane and oxygen at a flow rate of 2 L min™?
and kept in a surgical plane of anesthesia with 2% isoflurane during surgery. A left thoracotomy
was carried out, and the heart was gently exposed from the pericardial sac through the incision.
The left anterior descending coronary artery (LAD) was located and occluded with 6-0
polypropylene silk suture at about 2 mm from aortic root. The suture was tied and the ligation was
estimated to be successful when the anterior wall of the left ventricle turned pale. The heart was
repositioned, then the chest compressed to remove any air from the cavity and the incision was
closed using a purse string suture. Sham-operated animals that served as controls were subjected
to similar surgical procedures except that the LAD artery was not ligated. Buprenorphine 0.05 mg
kg™ was administered pre- and post-surgery (2 times a day for 2 days) subcutaneously as an

analgesic agent to all animals.

Animals were fed with their respective diets for two weeks before and for 8 weeks after

surgery. Thus, animals were sacrificed after a total of 10 weeks on the study protocol.
Ventricular arrythmias assessment

An electrocardiogram was recorded during the surgical period for: a) 2 min before and b)
10 min after the coronary artery ligation in stabilized animals under isoflurane anesthesia. ECG

tracings were obtained and analyzed using a BIOPAC data acquisition system. The Lambeth
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convention [15] was used to classify and interpret ventricular arrhythmias, as follows: Ventricular
premature beat (VPB): defined as a ventricular electrical complex that occurs prematurely and is
different in shape (voltage and/or duration) from the preceding ventricular complex; Bigeminy:
defined as repeated sequence of VPB, normal sinus beat, and VPB; Salvos: defined as series of 2-
3 consecutive VPBs; Ventricular tachycardia (VT): defined as a sequence of a minimum of 4
consecutive VPBs; Ventricular fibrillation (VF): defined as a minimum of 4 consecutive VPBs
that varies from beat to beat in shape and rate. The total arrhythmia incidence as well as the types

of arrhythmias was defined as the percentage of animals affected relative to all of the animals in a

group.

Transthoracic echocardiography

All experimental rats were weighed and anesthetized with 3% isoflurane in a chamber, and
then kept under 1.5-2% isoflurane throughout the procedure. An echocardiogram was obtained at
4 and 8 weeks post-surgery by 2D guided M-mode and Doppler modalities with a 13 MHz probe
(Vivid E9; GE Medical Systems, Milwaukee, WI, USA) as described earlier [16]. 2D M-mode
parasternal short-axis view images were obtained to determine systolic functional parameters such
as the percentage of left ventricle (LV) ejection fraction (EF), fractional shortening (FS), end-
systolic volume (ESV) and end-diastolic volume (EDV). Doppler measurements included
isovolumic relaxation time (IVRT), mitral valve (MV) E wave, A wave, and E wave deceleration
time. The cardiac structural parameters such as interventricular septal thickness (IVS), LV
posterior wall thickness (LVPW) and LV internal diameter (LVID) at diastole and systole were
determined from parasternal short-axis view images. All echocardiographic images were analyzed

to calculate the listed parameters using EchoPAC software (GE Medical Systems, Milwaukee,
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WI1). All measurements were performed blinded and averaged from three cardiac cycles to account

for inter-beat variability.

Biological sample collection and analysis

All animals were anesthetized with ketamine/xylazine (9.0 mg per 100 g and 0.9 mg per
100 g IM). The depth of anesthesia was assessed by a pedal withdrawal reflex. The blood sample
was collected from the inferior vena cava by opening the thoracic cavity and the heart was
immediately excised. Whole heart was rinsed in PBS, LV’s, septum, and fibrotic scar tissues were

separated, weighed and flash frozen in liquid nitrogen.

Percentage of infarct (scarred/fibrotic) LV tissue was calculated by dividing the weight of
scarred LV tissue by whole weight of LV tissue as described previously [17]. Evidence of overt
heart failure was assessed by determining the presence of ascites and by calculating the lung and

liver wet-to-dry weight ratio in all rats.

To determine Ml-associated inflammation, the levels of tumor necrosis factor-a (TNF «)

were assessed in heart tissue using commercial Elisa kits purchased from Abcam (ab100785).

Total fatty acids were extracted from the plasma samples and derivatized as previously
described [18]. The fatty acid methyl esters were separated on a DB225MS column (30 m X 0.25
mm diameter and 0.25 pum film thickness; Agilent Technologies Canada Inc., Mississauga,
Ontario) using a Varian 450 GC with FID. The temperature program was 70°C for 2 minutes, the
temperature was raised to 180°C at 30°C/minute, held for 1 minute, raised to 200°C at
10°C/minute, held for 2 minutes, then raised to 220°C at 2°C/minute and held for 10 minutes

before finally raising t0240°C at 20°C/minute and holding for 15 minutes. Total run time was
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46.67 minutes, and samples were run with a 20:1 split ratio and a 1.3ml/min column flow.
Hydrogen was used as the carrier gas. Components were identified by comparison with authentic

standards (Nu-Chek Prep, Elysian, MN)

Collagen volume fraction

To examine the degree of myocardial fibrosis, heart tissue slices were stained with
Masson’s trichrome. Each heart tissue was cut into three thick slices from apex to base along the
long axis using a tissue slicer (Rodent heart slicer matrix HSRS002:1, Zivic Instruments). After
OCT embedding, 7 pum thin sections were obtained using a cryostat (Microm HM 550) and then
sections were stained with Trichrome stains (Masson HT15) from Sigma Aldrich with the
following modification in the protocol. Briefly, tissue slides were fixed in preheated Bouin’s
solution at 56° for 1 hour. After this, samples on slides were washed and stained with Weigert’s
Iron Hematoxylin solution (10 minutes), rinsed in deionized water, stained with Biebrich Scarlet-
Acid Fucshin (10 minutes), rinsed again and placed in phosphotungstic/phosphomolybdic acid
solution (10 minutes), stained with Aniline Blue solution (10 minutes), placed in 1% acetic acid
(3 minutes), rinsed and dehydrated through 70%, and 90% ethanol, cleared in xylene and mounted.
Images were recorded using a Cytation 5 BioTek Instruments, Vermont, USA. The collagen
volume fraction in the infarcted and non-infarcted areas of LV was calculated by using NIS-
Elements AR Analysis 4.60, Nikon Instruments. Myocardial fibrosis was expressed as a

percentage of fibrotic area to left ventricle area (% of LV).

Statistical analysis

The incidence of ventricular arrhythmias was treated as categorical data, presented as

percentages (%), and a chi-squared test followed by Fisher’s exact test for p values was used for
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comparison between treatment groups. For normally distributed data, a one-way ANOVA with a
Dunnett post hoc test for multiple comparisons between groups was performed. Data distribution
was assessed by Kolmogorov-Smirnov test, D’ Agostino-Pearson omnibus normality test, and
Shapiro-Wik normality test. All data are expressed as mean + S.E.M and analyzed using GraphPad

Prism v 7. Statistical significance was accepted when p<0.05.

RESULTS

Experimental diets

The nutritional composition of the four diets used in this study is listed in Table 3. The ash,
protein, fiber, and carbohydrate content of all the diets were controlled and similar among the
groups. Although the SDG supplemented diet had a lower fat content, the digestible energy levels

provided by the diets were all in a similar range (within 3.6 and 3.9 kcal/g).

Table 3. Nutritional composition of the experimental diets

Ash, | Protein, | Fibre, | Fat, | CHO, | Protein, Fat, CHO, Energy,
Diets

% % % % | % kcal/100g | kcal/100g | kcal/100g | kcal/g
Control | 6.7 25.07 4.07 7.47 | 55.79 | 100.28 67.23 223.16 3.9
10%
ground 6.67 | 26.58 4.17 6.3 | 55.37 | 106.32 56.7 221.48 3.8
flaxseed
4.4%

6.67 | 25.38 3.7 7.43 | 55.92 | 101.52 66.87 223.68 3.9
flax oil
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0.44%
7.1 | 26.75 4 2.93 | 58.32 | 107 26.37 233.28 3.6
SDG

Ash, protein, fiber, carbohydrates, and fat (g/100 g diet) are represented as a percentage of total
nutrients, measured by proximate analysis (as fed). Caloric content of fat, protein, and CHO
constituents in the diet were calculated as 9, 4, and 4 kcal/g. Fiber content of the CHO component
was subtracted to yield the total caloric content of CHO. Energy was calculated as the sum of
energies of protein, carbohydrate, and fat. CHO, carbohydrates; SDG, the lignan

secoisolariciresinol diglucoside; protein, crude protein; fiber, crude fiber; fat, crude fat.

Body and organ weights as a function of diet and Ml

At the start of the dietary regimen, all of the animals had similar body weights. As expected,
over the course of 10 weeks, there was a significant within-group (p <0.0001) rise in body weight
amongst all of the groups. No significant differences were observed in the body weight of Ml
groups when compared to the sham control. However, body weight in the SDG group at the end
of the protocol was significantly lower than the body weights in the flax and flax oil group but not
with respect to MI group (respectively p<0.05 and p<0.001) (Table 4). Morphological
examinations were performed on heart, liver and lung weight as well as heart weight to tibia length
ratio. No statistically significant alterations were observed as a function of dietary intervention in

any of these parameters, as shown in Table 4.
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Table 4. Body and organ characteristics of animals at 8 weeks post-MI

Parameters Sham MI Flax oil SDG

Body weight (g) 411+10 41546 421+7 429+5 388+7*#
Liver weight () 10.90+0.36 | 11.13+0.18 | 11.31+0.25 | 12.274+0.22 | 11.59+0.20
Liver wet/dry weight 3.15+0.04 3.10+0.05 | 3.09+0.05 | 3.08+0.04 | 3.09+0.04
Lung weight (g) 1.328+0.02 | 1.317+0.03 | 1.271+0.02 | 1.327+0.02 | 1.302+0.04
Lung wet/dry weight 5.20+0.09 5.20+0.10 | 5.08+0.07 | 5.14+0.06 | 5.12+0.08
Heart weight (g) 1.06+0.02 1.10+0.02 | 1.08+0.01 | 1.09+0.01 | 1.05+0.02
Heart weight/Tibia length (g/cm) | 0.25+0.01 0.26+£0.01 | 0.26+0.01 | 0.26+0.00 | 0.25+0.01
LV weight (g) 0.56+0.02 0.52+0.02 | 0.54+0.01 | 0.55+0.01 | 0.53+0.02
RV weight (g) 0.19+0.01 | 0.18+0.01 |0.18+0.00 |0.18+0.01 | 0.19+0.01
SP weight (g) 0.23+0.01 0.22+0.01 | 0.24+0.01 | 0.23+0.01 | 0.23+0.01

Values represented are mean £ SEM. The body weight values are final values at 10 weeks before

termination. LV, left ventricle; RV, right ventricle; SP, septum. *significantly different from Flax,

p<0.05; #significantly different from Oil, p<0.01.

Dietary changes in the plasma levels of fatty acids

A comprehensive list of plasma fatty acids is compiled in the Table 5. Notable difference

were observed in the levels of palmitic acid (C16:0), stearic acid (C18:0), arachidonic acid (C20:0),

179



lignoceric acid (C24:0), eicosenoic acid (C20:1), linoleic acid (LA; C18:2 n-6), gamma-linoleic
acid (GLA; C18:3 n-6), eicosadienoic acid (C20:2 n-6), dihomo-gamma-linoleic acid (DGLA;
C20:3 n-6), arachidonic acid (AA; C20:4 n-6), adrenic acid (C22:4 n-6), and docosapentaenoic
acid (DPA; C22:5 n-3). The total amount of n-6 PUFAs was significantly (p<0.0001) decreased
with diets supplemented with flaxseed and its components. As shown in Figure 20, the
supplementation with ground flaxseed, and flax oil produced a significant (p<0.0001) increase of
17-fold and 24-fold respectively in the plasma levels of alpha linolenic acid (ALA; C18:3 n-3). A
relatively modest but significant (p<0.0001) increase was also observed in the levels of another
long chain omega-3 fatty acid - eicosapentaenoic acid (EPA; C20:5 n-3), with a 7-fold increase
with ground flaxseed, 8-fold with flax oil, and 2-fold with SDG supplementation. However, no
impact of dietary intervention was observed on the levels of docosahexaenoic acid (DHA; C22:6
n-3). The total amount of n-3 PUFAs was significantly (p<0.0001) increased with diets
supplemented with flaxseed and its components. Consequently, the ratios of n-6 to n-3 were
significantly lowered in the flaxseed and its components supplemented groups (~ 6-fold,

p<0.0001) compared to the control groups, as shown in Figure 20.

Table 5. Circulating plasma fatty acid analysis

Fatty acids | SHAM Ml FLAX OlIL SDG
C14:0 0.09+0.00 0.09+0.00 | 0.09+0.00 0.10+0.00 0.13+0.00*
C16:0 9.32+0.12 9.31+0.19 | 7.86+0.11* | 8.20+0.11* 8.84+0.15
C18:0 6.58+0.16 6.15+0.15 | 5.94+0.09* | 6.36+0.08 4.95+0.10*
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C20:0 0.06+0.00 0.06+0.00 | 0.05+0.00* | 0.04+0.00* 0.04+0.00*
C22:0 0.09+0.00 0.07+0.00 | 0.07+0.00 0.08+0.00 0.07+0.00*
C24:0 0.32+0.01 0.26+0.01 | 0.25+0.01* | 0.24+0.01* 0.23+0.01*
Ci16:1 0.14+0.01 0.17+0.01 | 0.18+0.01 0.20+0.01 0.42+0.04*
C18:1 3.21+0.06 3.22+0.14 | 3.09+0.10 3.53+0.11 2.46+0.11*
C20:1 0.06+0.00 0.06+0.00 | 0.04+0.00* | 0.05+0.00* 0.04+0.00*
C22:1 0.02+0.00 0.02+0.00 | 0.02+0.00 0.02+0.00 0.02+0.00
C18:2 (n-6) | 12.76+0.21 11.63+0.58 | 11.23+0.12* | 12.27+0.15 10.04+0.18*
C18:3 (n-6) | 0.04+0.00 0.05+0.00 | 0.02+0.00* | 0.03+0.00* 0.04+0.00
C20:2 (n-6) | 0.15+0.00 0.12+0.00 | 0.07+0.00* | 0.07+0.00* 0.06+0.00*
C20:3 (n-6) | 0.26+0.01 0.22+0.01 | 0.33+0.01* | 0.33+0.00* 0.32+0.01*
C20:4 (n-6) | 8.23+0.21 7.33+0.15 | 3.56+0.09* | 3.35+0.09* 4.32+0.11*
C20:3(n-3) |t t 0.04+0.00 0.06+0.00 t

C22:4 (n-6) | 0.11+0.00 0.10+0.00 | 0.02+0.00* | 0.02+0.00* 0.05+0.00*
C22:5 (n-3) | 0.11+0.00 0.09+0.00 | 0.48+0.02* | 0.51+0.02* 0.13+0.00
XPUFA 23.11+0.36 20.28+1.01 | 20.67+0.37 | 22.98+0.38 16.71+0.27*
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Xn-6 PUFA | 21.59+0.33

20.22+0.37

15.25+0.22*

16.08+0.17*

14.87+0.23*

Values represented are mean £ S.E.M. *significantly different from control diet groups - Sham

and M1, p<0.0001.
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Figure 20. Effect of flaxseed on plasma fatty acids. (A) Alpha-linolenic acid (ALA); (B)

eicosapentaenoic acid (EPA); (C) docosahexaenoic acid (DHA); (D) sum of omega-3 fatty acids
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(O'n-3); (E) ratio of omega-6 and omega-3 fatty acids (3 .n-6/n-3). Values represented are mean *
SEM. **** significantly different from the control diet groups — Sham and Ml, p<0.0001 (one-

way ANOVA one-way ANOVA with a Dunnett’s post hoc test).
Scar size as a function of diet

Scar size in the heart after ligation of the coronary artery was assessed in the animals 8
weeks post-surgery (Figure 21). The scar size was measured as a % of total left ventricle weight.

The percentage of scar weight was significantly lower (p<0.05) in the flax-supplemented M1 group

compared to the control-diet MI.
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Figure 21. Effect of flaxseed on myocardial infarct size. Values represented are mean + SEM.

* significantly different from MI, p<0.05 (one-way ANOVA one-way ANOVA with a Dunnett’s

post hoc test).

Occurrence of ventricular arrhythmias after Ml

As shown in Figure 22, sinus rhythm was observed on the electrocardiogram (ECG) of all

the animals before the surgery. Within 10 min after the coronary artery ligation, several changes

183



appeared indicating the impact of the coronary artery occlusion on the cardiac electrical
conduction. The MI created by the coronary artery ligation was confirmed by the appearance of

ST segment elevation on ECG tracings during the surgery procedure.

Various arrhythmic events such as premature ventricular contractions (PVCs), bigeminy,
salvos of three PVCs, ventricular tachycardia (VT), and ventricular fibrillation (VF) were observed
for 10 min after the coronary artery ligation (Figure 22). While no alterations occurred in the sinus
rhythm in the sham rats on the control diet, in the MI group on a normal chow diet, 73% of the
animals exhibited arrhythmic events within 10 min of the coronary artery ligation. In contrast, a
significantly lower incidence of arrhythmias was noted in the ground flaxseed (p<0.05), flax oil
(p<0.0001), and SDG (p<0.0001) treated groups compared to the MI group. Furthermore, a
significant decrease was also observed in specific types of arrhythmias including PVVCs, bigeminy

and salvo events, VT, and VF as shown in Figure 22.
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Figure 22. Effect of dietary interventions on ventricular arrhythmias. Representative images
of ECG tracings A-F. (A) Sinus rhythm; (B) ST elevation; (C) bigeminy; (D) salvos; (E)
ventricular tachycardia (VT); (F) ventricular fibrillation (VF). Antiarrhythmic effect of dietary
interventions G-J. (G) Arrhythmia incidence; (H) VT and VF incidence; (1) PVC incidence; (J)

bigeminy and salvos incidence. Values represented are mean £ SEM. * significantly different from
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MI, p<0.05; **** significantly different from MI, p<0.0001 (a chi-squared test followed by

Fisher’s exact test for p values). There were no arrhythmias observed in the sham control group.

Echocardiographic results

Echocardiographic outcomes were obtained to examine the effect of flaxseed on ventricular
remodeling at 4- and 8-weeks post-MI. Figure 23 shows representative images of the M-mode
view of cardiac performance of all the groups. At 4 and 8 weeks, left ventricle internal diameter in
diastole (LVIDd) and in systole (LVIDs) values were significantly increased (respectively p<0.01
and p<0.0001) in MI animals compared to the sham group implying LV dilatation, as shown in
Figure 23. Animals that received diets supplemented with ground flaxseed and SDG showed

significantly (p<0.05) decreased LVIDs at 8 weeks compared to the MI group on control diet.

As presented in Table 6, LV end-diastolic volume (EDV) was found to be altered at 4 and 8 weeks,
as the MI group demonstrated significantly (respectively p<0.01 and p<0.0001) higher values
compared to the sham animals. A similar trend was observed with end-systolic volume (p<0.0001)
at both the time points. EDV and ESV values in the dietary treatment groups and in the untreated-

MI group were similar.

Values for left ventricle posterior wall thickness in diastole (LVPWd) and in systole
(LVPWSs) were comparable between all the groups at 4- and 8-weeks post-surgery (Table 6).
Interventricular septum thickness in diastole (IVSd) and in systole (IVSs) was significantly
decreased at both the time points (p<0.01 and p<0.0001, respectively) in the MI group when
compared to the IVS in sham animals. No impact of dietary treatment was observed on LVPW and

IVS.
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Systolic function was reduced in the MI group as evidenced by significantly decreased
values of LV ejection fraction (EF) and fractional shortening (FS) at 4 and 8 weeks (p<0.0001)
when compared to the sham control (Table 6). Doppler echocardiography performed to assess the
effect on cardiac relaxation revealed altered diastolic function in the MI groups compared to the
sham animals. Although all the groups had similar values for early [E] and late atrial [A] filling
velocity ratio, isovolumetric relaxation time (IVRT) was significantly (p<0.01) increased in the
MI group at 8 weeks compared to the sham control. However, no statistically significant
differences were observed for systolic and diastolic functions in the dietary treatment groups
compared to the untreated MI group. The effect on heart rate (HR), stroke volume (SV), and

cardiac output (CO) are presented in Table 6.
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Figure 23. Effect of flaxseed on ventricular dilatation. Representative images of M-mode
echocardiograms. (A) Sham; (B) MI; (C) Flax; (D) Oil; (E) SDG; (F) left ventricle internal
diameter in systole (LVIDs) at 4 weeks; (G) LVIDs at 8 weeks. Values represented are mean +
S.E.M. #### significantly different from SHAM, p<0.0001; * significantly different from MI,

p<0.05 (one-way ANOVA one-way ANOVA with a Dunnett’s post hoc test).

Myocardial fibrosis and inflammation

Estimates of myocardial fibrosis demonstrated profound collagen accumulation in the Ml
groups compared to the sham control. As shown in Figure 24, dietary treatment with ground
flaxseed (p<0.0001), flax oil (p<0.0001), and SDG (p<0.01) significantly decreased the fibrosis
compared to the MI animals on a regular chow diet. Increased levels of proinflammatory cytokine
tumor necrosis factor-alpha (TNF-a) were found in the control MI group compared to the sham
group (p<0.05). All of the dietary treatment groups showed a significant decrease (p<0.05;
p<0.01; p<0.01) in the cardiac levels of TNF-a compared to the animals which underwent an Ml

and were maintained on a regular chow diet.
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Figure 24. Effect of dietary interventions on myocardial fibrosis and inflammation.
Representative images of the LV cross-sections showing myocardial fibrosis; upper and lower
panel scale bar = 2000 um and 250 pum, respectively. Myocardial tissue is stained in red and
collagen fibers are stained in blue by Masson staining. (A) Sham; (B) Ml; (C) Flax; (D) Oil; (E)
SDG,; (F) degree of fibrosis (%); (G) tumor necrosis factor-o. (TNF-a). Values represented are
mean £ S.E.M. #### significantly different from SHAM, p<0.0001; # significantly different from
SHAM, p<0.05; * significantly different from MI, p<0.05; ** significantly different from MI,
p<0.01; **** significantly different from MI, p<0.0001 (one-way ANOVA one-way ANOVA

with a Dunnett’s post hoc test).
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Table 6. Echocardiographic measurements at 4- and 8-weeks post-M|

4 weeks
SHAM MI FLAX OIL SDG

LVPWd, mm | 1.85+0.08 | 1.87+0.06 1.80+0.08 | 1.95+0.07 | 2.02+0.08
LVPWs, mm | 2.52+0.09 | 2.63+0.08 2.61+0.10 | 2.70+0.09 | 2.88+0.13
EDV, mL 0.76+0.04 | 1.51+0.13f |1.26+0.10 | 1.31+0.11 | 1.30+0.11
ESV, mL 0.19+0.01 | 0.65+0.07F | 0.49+0.07 | 0.54+0.07 | 0.48+0.05
LVIDd, mm | 6.92+0.14 | 8.82+0.291 | 8.29+0.24 | 8.36+£0.27 | 8.35+0.27
IVSd 1.75+0.04 | 1.47+£0.07* | 1.65+0.07 | 1.71+0.067 | 1.53+0.04
IVSs 2.26+£0.06 | 1.79+0.07* | 1.81+0.09 | 1.99+0.10 | 1.80%0.05
EF, % 74.33£1.93 | 58.67+2.207 | 63.14+2.99 | 61.07+2.94 | 62.54+£1.70
FS, % 39.07£1.74 | 27.67+1.427 | 30.86+£2.00 | 29.47+2.13 | 30.00+1.14
E/A 1.36+0.08 | 1.4+0.08 1.29+0.07 | 1.36+£0.04 | 1.27%0.06
IVRT, ms 19.02+0.69 | 19.4+0.769 | 20.06+0.79 | 20.31+0.37 | 21.95+0.72
HR, BPM 340+7 3375 328+5 341+6 32019

SV, mL 0.56+0.03 | 0.86+0.06 0.76+0.03 | 0.76+0.04 | 0.81+0.06
CO, mL/min | 192.8+0.01 | 289.1+0.01* | 252.8+0.01 | 262.0+£0.01 | 261.2+0.02

8 weeks
SHAM SHAM SHAM SHAM SHAM

LVPWd, mm | 1.90+0.09 | 1.94+0.09 2.02+0.07 | 2.03+0.11 | 1.97+0.11
LVPWs, mm | 2.59+0.10 | 2.44+0.11 2.61+0.05 | 2.59+0.12 | 2.64+0.10
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EDV, mL 0.86+0.07 | 1.27+0.11* | 1.22+0.09 | 1.36+£0.10 | 1.23+0.05
ESV, mL 0.21+0.02 | 0.70+0.08f | 0.63+0.06 | 0.68+0.08 | 0.61+0.02
LVIDd, mm | 7.21+0.21 | 8.26%0.28* | 8.21+0.21 | 8.50+0.24 | 8.25+0.13
IVSd 1.62+0.04 | 1.22+0.057 | 1.23+0.06 | 1.30+0.08 | 1.29+0.04
IVSs 2.59+0.06 | 1.58+0.11f | 1.58+0.06 | 1.69+0.13 | 1.55+0.05
EF, % 75.13+1.76 | 47.2+3.14F | 49.36+2.30 | 52+3.17 49.85+1.95
FS, % 39.60+1.61 | 21.07+£1.771 | 22.07£1.27 | 24.07+2.11 | 22.38+1.11
E/A 1.30+0.06 | 1.48+0.17 1.25+0.04 | 1.32+0.07 | 1.26+0.07
IVRT, ms 19.73+0.51 | 23.11+0.74* | 21.76+0.68 | 21.05+0.59 | 22.77+0.63
HR, BPM 335+7 335+6 329+7 342+4 320+7

SV, mL 0.65+0.06 | 0.56+0.04 0.59+0.03 | 0.67+0.04 | 0.62+0.04
CO, mL/min | 218.9+0.01 | 190.3£0.01 | 195.5+0.01 | 233.5£0.01 | 199.5+0.01

Values represented are mean + SEM. LV, left ventricle; LVPWd, LV posterior wall thickness in
diastole; LVPWs, LV posterior wall thickness in systole; EDV, LV end-diastolic volume; ESV,
LV end-systolic volume; LVIDd, LV internal diameter in diastole; LVIDs, LV internal diameter
in systole; 1VSd, LV interventricular septum thickness in diastole; IVSs, LV interventricular
septum thickness in systole; EF, LV ejection fraction; FS, LV fractional shortening; E/A, ratio of
early [E] and late atrial [A] ventricular filling velocity; IVRT, isovolumetric relaxation time; HR,
heart rate; SV, stroke volume; CO, cardiac output. * significantly different from Sham group,
p<0.01; T significantly different from Sham group, p<0.0001; { significantly different from Ml

group, p<0.05.
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DISCUSSION

This is the first study to investigate dietary flaxseed in the animal model of an acute Ml
induced by coronary artery ligation. The data demonstrate that dietary flaxseed given to animals
before and after an MI: a) reduced the incidence of arrhythmias; b) limited the size of the infarct;
c) prevented excessive dilation of the left ventricular chamber; d) exerted an anti-inflammatory
effect, and e) reduced cardiac fibrosis. The dosage of flaxseed and its bioactive components
employed in this study is similar to that used previously in animal studies [9, 12, 19] and is
applicable and relevant to that used in human dietary interventions with flaxseed [8, 20, 21].

In this study, dietary flaxseed and, in particular, flax oil demonstrated a significant
antiarrhythmic action in vivo. This anti-arrhythmic result is consistent with a previous ex-vivo
study from our lab that exhibited a significant reduction in the incidence of ventricular fibrillation
during ischemia in isolated hearts from rabbits fed a flaxseed-supplemented diet [12]. It is possible
from our study to determine the bioactive components within the diet that may be responsible for
this anti-arrhythmic action. Flaxseed, and particularly flax oil, is enriched in the omega-3 fatty
acid, ALA. Flaxseed is the richest plant source of ALA [22]. The mechanism responsible for the
effects of dietary flaxseed on the heart post-MlI, therefore, likely involves, directly or indirectly,
this rich content of ALA. Isolated hearts have shown a decreased capacity for arrhythmias when
perfused with ALA [23-25]. However, it is not possible to determine if ALA or a metabolic product
of ALA was responsible for the anti-arrhythmic effect of the flaxseed diet. A significant reduction
in ventricular fibrillation was observed in dogs intravenously administered ALA, EPA, and DHA
[23]. Dietary supplementation of flaxseed and flax oil enriched in ALA in this study increased the
plasma levels of both ALA and EPA, clear evidence that ALA is metabolized in rats to the longer

chain polyunsaturated fatty acid EPA but not to DHA. This effect in rats aligns with a previous
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report from our lab that showed similar results in mice [9] but contrasts with rabbits [19] and
humans [20, 26] which show limited if any metabolism of ALA to the longer chain fatty acids
EPA and DHA. Thus, the anti-arrhythmic action of dietary flaxseed may be primarily due to ALA
and/or EPA. In a large prospective cohort study, every 0.1% increase in energy content from ALA
intake was associated with a 12% reduction in the risk of sudden cardiac death in women. ALA
intake had a neutral effect on fatal CHD and nonfatal Ml [25].

The ionic mechanism responsible for the anti-arrhythmic action of the dietary flaxseed is
more difficult to identify based upon data obtained from the present study. However, previous
work in the literature is relevant and may shed some insight into the electrophysiological changes
induced by the dietary intervention. Ventricular arrhythmias occur in two phases in an animal
model of acute myocardial infarction. The phase | (immediate ventricular arrhythmias) usually
occur within 2 to 15 min of coronary artery ligation (CAL). This period represents reversible
myocardial injury [27]. Phase Il (delayed ventricular arrhythmias) occurs 15 to 30 min post-CAL
and is associated with the early inflammatory period of myocardial necrosis and infarct evolution
[27]. Phase | arrhythmias occur as a result of slow conduction and delayed activation of
subepicardial muscle. The dispersion in refractoriness that increases after CAL causes
unidirectional flow facilitating re-entry circuit development in Phase | [28]. Increased automaticity
contributes to arrhythmia occurrence during the delayed phase [29]. Dietary flaxseed has been
shown to reduce the QT interval and thus shorten the action potential duration [12]. Several ion
channels are targeted by omega-3 fatty acids. VVoltage-dependent sodium currents are suppressed
by omega-3 fatty acids, thus prolonging and shifting the inactivation state of the Na* channels to
more negative potentials. Omega-3 fatty acids also decrease L-type calcium currents, preventing

the cytosolic Ca?* fluctuations which are responsible for delayed afterdepolarizations which
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produce triggered arrhythmias [23]. ALA can also inhibit the activity of the Na*/Ca?* exchanger
which is responsible for the delayed afterdepolarizations [30]. In total, these molecular sites of
action represent plausible mechanisms through which dietary flaxseed (via its content of ALA)
exerts its effects on cardiac electrical activity.

The process by which the dietary flaxseed decreased the size of the infarct in the present
study may involve a multi-factorial mechanism. Following coronary artery occlusion, a wavefront
of necrosis gradually progresses from subendocardium to subepicardium [31]. Dead
cardiomyocytes are removed through an inflammatory process and are replaced by collagenous
scar tissue that originates from fibroblasts. After infarction, collagen content rises over the next 4-
7 days and reaches a plateau by 3-6 weeks [32]. The collagen volume fraction increases from 3%
to 30% in rats after coronary artery ligation [33]. As the most important determinant, infarct size
correlates with the post-infarction remodeling and the development of heart failure [33]. In this
study, dietary treatment with flaxseed significantly limited the infarct size 8 weeks after the
coronary artery ligation and prevented excessive left ventricle dilation. Powerful anti-
inflammatory and anti-fibrotic effects were also observed with dietary flaxseed. This is in accord
with a previous report where the ALA component of flaxseed reduced the MI size after
ischemia/reperfusion insult [34]. Part of the cardioprotective mechanism may involve the capacity
of ALA to block apoptosis in cardiomyocytes after ischemic reperfusion challenge [13]. ALA has
been shown to decrease the production of reactive oxygen species, upregulate the expression of
anti-apoptotic proteins in the myocardium, and inhibit the activity of angiotensin converting
enzyme [34-36]. SDG has also been reported to reduce infarct size and improve cardiac
contractility [37]. SDG increases the expression of VEGF, angiopoietin-1, and endothelial NO

synthase. These angiogenic proteins induce neovascularization and may reduce the imbalance of
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myocardial Oz supply and demand [37]. This is also consistent with the anti-inflammatory action
of the diet shown in the present investigation. In summary, the synergistic action of ALA and
SDG may be important for the beneficial effects exhibited here on infarct size and fibrosis
observed as a function of the dietary flaxseed.

The ventricular dilatation exhibited after an M1 was expected. After an Ml, the pathological
process of left ventricular remodeling impacts ventricular cavity shape and impairs contractile
function. A progressive ventricular dilation that is due to the myocyte side-to-side slippage [38]
increases the myocardial wall stress. The degree of left ventricular dilation determines the risk of
major cardiovascular events including ventricular arrhythmias and heart failure [39]. Inflammation
is a critical factor influencing ventricular remodeling and serves as an important target for
intervention. The inflammatory response is characterized by infiltrating neutrophils,
monocytes/macrophages, and lymphocytes [40]. Macrophages produce a variety of
proinflammatory cytokines and growth factors in the myocardium, this in turn causes amplification
of inflammatory response and cardiac fibrosis. An inflammatory chemokine, MCP-1, has been
shown to stimulate the fibroblast collagen expression through the production of several profibrotic
cytokines [41]. The anti-inflammatory action shown in the present study through the inhibition of
TNF-o expression is consistent with previous work that has shown dietary flaxseed can reduce the
expression of anti-inflammatory markers like mac-3, 1L-6 and VCAM-1 during cardiovascular
disease [9]. Thus, the inhibition of cardiac dilatation and fibrosis may, in part, be mediated by the
reduction in inflammation induced by the ALA and SDG components of flaxseed. The lack of
improvement in cardiac function despite the positive effect of dietary flaxseed supplementation on
cardiac structure and electrical activity warrants further investigations with longer duration of

flaxseed supplementation with or without a higher dose.
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Conclusion

Taken together, the present results support dietary flaxseed as a prophylaxis for
cardiovascular disease. Dietary flaxseed and/or its bioactive ingredients reduce the occurrence of
arrhythmias, limit infarct size, attenuate left ventricular dilation, and decrease cardiac fibrosis after
an MI. These data further support the consumption of omega-3 fatty acids from marine and plant
sources as an approach to reduce the risk of coronary artery disease and sudden cardiac death. It is
important to recognize that the present results demonstrate the impact of this dietary intervention
which was carried out before and after the induction of the MI. The effects of a dietary treatment
induced solely after an MI will need further investigation. The results presented here represent a
template to further investigate the efficacy of using flaxseed as a dietary supplement in patients
who have already had an M1 as well as to encourage the use of flaxseed as a preventative measure

before an MI occurs.
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2.2. Dietary flaxseed and microRNA

Endogenous microRNAs are being intensively investigated for their effect on
cardiovascular health and disease. Specific microRNAs have been implicated in the pathogenesis
of left ventricular remodeling after an MI. Due to the observed beneficial effects of dietary flaxseed
in the first study, we explored the molecular mechanisms especially the regulation of microRNA

expression by dietary flaxseed in an Ml.

It was hypothesized that in an MI induced by coronary artery ligation in rats, pretreatment
with dietary flaxseed and its components will modulate the expression of specific microRNAs and

proteins involved in adverse cardiac remodeling after an M.
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Abstract

MicroRNAs (miRs) are a novel class of molecular mediators known to be involved in the cardiac
remodeling process after a myocardial infarction (MI). miR-1, miR-133a, miR-133b, miR-135a,
and miR-29b play a key role in many cardiac pathological processes including apoptosis, fibrosis
and arrhythmias. Dietary flaxseed previously reduced the incidence of arrhythmias and decreased
cardiac infarct size and tissue fibrosis in a rat coronary artery ligation-induced model of MI. The
present study was carried out to test the hypothesis that dietary flaxseed supplementation before
and after an MI regulates the expression of specific miRs to produce its cardioprotective effect.
The M1 was induced in rats by ligating the left anterior descending coronary artery. Animals were

randomized into: a) sham M1 with normal chow, b) M1 with normal chow, ¢) MI with 10% milled
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flaxseed supplementation, d) MI with 4.4% supplemented flax oil enriched in alpha-linolenic acid
(ALA), and e) MI with flax lignan secoisolariciresinol diglucoside (SDG) supplementation
(0.44%). The feeding protocol consisted of 2 weeks before and 8 weeks after the surgery. Dietary
flaxseed oil supplementation upregulated the expression of miR133a, miR 135a, and miR 29b. The
levels of collagen I expression were reduced in the flaxseed oil group. We conclude that miR-
133a, miR-135a, and miR-29b are sensitive to dietary flaxseed oil likely due to its rich ALA

content.

Introduction

Cardiovascular disease (CVD) is a leading cause of morbidity and mortality, and according
to the latest estimates by the Heart Disease and Stroke Statistics — 2019 update, approximately 1
of every 3 deaths occur due to CVD. Ischemic heart disease is the major cause of mortality as
43.2% of cardiovascular deaths are attributed to it alone (1). Ischemia results in acute cardiac
damage through myocardial infarction (MI). Insufficient blood flow to the myocardium results in
an MI which in turn leads to inflammatory and fibrotic changes in both viable and infarcted
myocardium and consequently leads to adverse cardiac remodeling and ventricular dysfunction
(2). Recent advancements in the understanding of molecular mechanisms of heart function have
shone a light on the impact of endogenously encoded microRNAs (miRs) on cardiovascular health
and disease (3). In contrast to standard pharmacological drugs acting on single targets, miRs are

capable of modulating several downstream pathways in parallel (4).

MiRs are endogenous, noncoding, single-stranded RNAs of 22-26 nucleotides that regulate
messenger RNA (mRNA) expression through posttranslational inhibition or degradation (5).
Several miRs have been shown to be involved in cardiac pathological processes such as acute Ml,

cardiac arrhythmias, and hypertrophy (6). miRs can either promote or inhibit apoptosis of
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cardiomyocytes, they can modulate angiogenesis, alter cardiac regeneration and reprogram cardiac
fibroblasts into cardiomyocytes (7). These effects clearly support a relationship between altered
miR expression and ischemic heart disease. Recent studies have highlighted the importance of
miRs in the regulation of cardiac rhythm (7). miRs such as miR-1, miR-133, miR-29, and miR-

135 play important roles in cardiac remodeling and arrhythmias.

A recent meta-analysis of 13 randomized controlled trials with a total of 127,477
participants demonstrated a significant reduction in the risk of MI, total CAD, and total CVD
through supplementation of the diet with marine omega-3 polyunsaturated fatty acids (n-3 PUFAS)
(8). An alternative source of n-3 PUFAs is being investigated due to limiting physical and
physiological concerns regarding n-3 PUFAs obtained from marine sources (9). Flaxseed is a rich
source of alpha-linolenic acid (ALA), which is a plant-based n-3 PUFAs. In addition to the high
content of ALA, flaxseed is also a good source of lipid-lowering dietary fiber and the antioxidant
secoisolariciresinol diglucoside (SDG), which is a plant lignan (9). Dietary flaxseed recently
demonstrated several positive effects in a coronary artery ligation induced model of Ml in rats.
Flaxseed supplementation reduced the incidence of ventricular arrhythmias as well as prevented
an excessive increase in infarct size, myocardial fibrosis, inflammation, and left ventricular
dilation (10). However, the mechanism responsible for this cardioprotective effect of flaxseed was
unclear. In view of the above discussion of the impact of miRs on cardiac performance under
pathological challenge, it is possible that dietary flaxseed may alter miR expression and,
ultimately, affect myocardial adaptive processes. In support of this hypothesis, diet can induce
significant cardioprotective effects via a direct action on the epigenome (11). The current

investigation was thus performed to test the hypothesis that flaxseed supplementation modulates
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the expression of specific miRs, and protein molecules involved in the adverse cardiac remodeling

process after an MI.
Methods
Animals

This study protocol (17-005) was approved by the University of Manitoba Office of
Research Ethics & Compliance and Animal Care Committee and was done in accordance with the
guidelines by the Canadian Council for Animal Care. Male Sprague Dawley rats (100-140 g;
Charles River Laboratories, Quebec, Canada) were housed in a temperature and humidity-
controlled room with a 12 h light/dark cycle. Animals were randomized into five groups: sham Ml
fed normal chow, MI fed normal chow, Ml fed chow supplemented with 10% milled flaxseed
(flax), M1 fed chow supplemented with 4.4% flax oil enriched in alpha-linolenic acid (ALA), and
MI fed chow supplemented with the flax lignan secoisolariciresinol diglucoside (SDG) (0.44%).
These dietary interventions and the concentrations used are similar to those used successfully in
previous studies (12). The four diets included a Prolab® RMH 3000 rodent regular chow (TestDiet,
Richmond, IN), a 10% ground flaxseed (BakePur Milled Golden Flaxseed, Pizzey Ingredients,
Russell, Manitoba, Canada) supplemented chow diet, or a 4.4.% flax oil (Cold Pressed Flax Qil,
Royal Harvest, Shape Foods, Brandon, Manitoba, Canada) supplemented chow diet, or a 0.44%
SDG (Archer Daniels Midland, Chicago, IL, USA) supplemented diet. Animals were fed with their
respective diets for two weeks before and for 8 weeks after surgery. Thus, animals were sacrificed

after a total of 10 weeks on the study protocol.
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Induction of Ml

Animals were anesthetized with 1-5% isoflurane and oxygen at a flow rate of 2 L min™?
and kept in a surgical plane of anesthesia with 2% isoflurane during surgery. A left thoracotomy
was carried out, and the heart was gently exposed from the pericardial sac through the incision.
The left anterior descending coronary artery (LAD) was located and occluded with 6-0
polypropylene silk suture at about 2 mm from aortic root. The suture was tied, and the ligation was
estimated to be successful when the anterior wall of the left ventricle turned pale. The heart was
repositioned, then the chest compressed to remove any air from the cavity and the incision was
closed using a purse string suture. Sham-operated animals that served as controls were subjected
to similar surgical procedures except that the LAD artery was not ligated. Buprenorphine 0.05 mg
kg~ was administered pre- and post-surgery (2 times a day for 2 days) subcutaneously as an

analgesic agent to all animals.

Biological sample collection and analysis

All animals were anesthetized with ketamine/xylazine (9.0 mg per 100 g and 0.9 mg per
100 g IM). The depth of anesthesia was assessed by a pedal withdrawal reflex. The blood sample
was collected from the inferior vena cava by opening the thoracic cavity and the heart was
immediately excised. Whole heart was rinsed in PBS, LV’s, septum, and fibrotic scar tissues were

separated, weighed and flash frozen in liquid nitrogen.
MicroRNA detection in cardiac tissue

Total RNA was isolated from the left ventricle tissue using mirVana™ miRNA isolation
kit (Ambion, USA). Isolation was performed as per manufacturer’s instructions. The concentration

of the total isolated RNA from the heart homogenate was measured immediately with NanoDrop™
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Lite Spectrophotometer (Thermo Scientific, USA). Total RNA was reverse transcribed to cDNA
with TagMan® MicroRNA Reverse Transcription Kit (Applied Biosystems, USA) using T100™
Thermal Cycler (Bio-Rad, USA) as per the manufacturer’s instructions. cDNA was amplified
using the TagMan® Universal Master Mix 1l (Applied Biosystems, USA) with specific miRNA
assays for miRNA-1 (Assay ID 002064), miRNA-133a (Assay ID 002246), miRNA-133b (Assay
ID 002247), miRNA-135a (Assay 1D 000460), and miRNA-29b (Assay ID 000413) (Applied
Biosystems, USA). qPCR analysis was performed on CFX96™ Real-Time System (Bio-Rad,
USA), as per the manufacturer’s instructions. Amplification data were normalized to U6 snRNA

(Assay ID 001973) (Applied Biosystems, USA).
Western blot analysis for Collagen 1A1

The viable (non-infarcted) left ventricle tissue samples were homogenized in RIPA buffer
(Teknova, USA). The extracted protein was quantified using Pierce™ BCA Protein Assay Kit
(Thermo Scientific, USA). Equal amounts of protein samples (20 pug) were separated on 7.5%
sodium dodecy! sulphate-polyacrylamide gels (SDS-PAGE) using TGX Stain-Free™ FastCast™
Acrylamide Kit (Bio-Rad, USA). After electrophoresis, the separate proteins were transferred
using the Trans-Blot Turbo Mini Nitrocellulose Transfer Packs and the Trans-Blot Transfer
System (Bio-Rad, USA). The membranes were blocked with 5% dry milk in Tris-buffered saline
(TBS)/0.1% Tween 20 for 1 h at room temperature, and then incubated overnight at 4°C with a
primary anti-rat collagen type I (1:1000, CL50141AP, Cedarlane, Canada). The membrane was
washed with TBS and then incubated with secondary antibody IgG (1:10,000, Abcam, USA)
conjugated with horseradish peroxidase. The membrane blots were developed using Luminata™
Forte Western HRP Substrate (MilliporeSigma, USA) and imaged on a Gel Doc™ XR+ imager

(Bio-Rad, USA).
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Statistical analysis

All data are expressed as mean + S.E.M and analyzed by one-way ANOV A with a Tukey’s
multiple comparisons tests using GraphPad Prism v 7. Data distribution was assessed by
Kolmogorov-Smirnov test, D’Agostino-Pearson omnibus normality test, and Shapiro-Wik

normality test. Statistical significance was accepted when p<0.05.
Results
Dietary fatty acid analysis

The macronutrient composition of the experimental diets has been reported previously
(10). The fatty acid profile of the diets is presented in Table 7. Notable differences were observed
in the levels of saturated and monounsaturated fatty acids. As shown in Figure 25, due to the
supplementation of the diets with flaxseed and flax oil, a significant increase of 14-fold and 15-
fold, respectively, was observed in the levels of ALA (C18:3n3) as compared to the control diet.
Similarly, total n-3 fatty acid levels were also significantly higher in the flaxseed supplemented
diets when compared with the control diet. Consequently, the ratios of n-6 to n-3 fatty acid levels
were significantly lowered in the flaxseed and the flax oil supplemented diets compared to the

control diet, Figure 25.
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Figure 25. Effect of flaxseed supplementation in the diets. A, ALA (C18:3n3) levels. B, sum of
n-3 fatty acids (3n-3) levels. C, ratio of n-6 and n-3 fatty acids (3.n-6/n-3) levels. Data are

presented as mean+S.E.M. **** significantly different from the control diet, p<0.0001.

Table 7. Dietary fatty acid analysis

Fatty acid CONTROL FLAX OlIL SDG
C10:0 t t t t
C12:0 0.01+0.00 0.01+0.00 0.01+0.00 | 0.02+0.00*
C14:0 0.49+0.00 0.51+0.01 0.50+0.00 | 1.06+0.00*
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C15:0 0.07+0.00* 0.08+0.00* | 0.08+0.00* | 0.16+0.00*
C16:0 13.67+0.02* 10.17+0.02* | 10.16+0.02* | 16.37+£0.01*
C17:0 0.12+0.00 0.12+0.004 0.12+0.00* | 0.21+0.00*
C18:0 1.92+0.00 3.00+0.00* | 4.10+0.00* | 2.37+0.00*
C20:0 0.32+0.00 0.19+0.00* | 0.21+0.00* | 0.22+0.00*
C22:0 0.17+0.00 0.18+0.00* | 0.19+0.00* | 0.22+0.00*
C24:0 0.19+0.00 0.17+0.00t 0.15+0.00* | 0.21+0.00
Total SFA 16.98+0.02 14.43+0.02* | 15.51+0.02* | 20.82+0.01*
Cl4:1 t t t t
C16:1t 0.05+0.00 0.05+0.00t 0.04+0.00* | 0.07+0.00*
Cl6:1 0.68+0.01 0.66+0.01 0.60+0.01+ | 1.33+0.02*
C17:1 4.19+0.03 4.16+0.01 3.93+0.02* | 9.57+0.06*
C18:1 23.16+0.01 19.53+0.01* | 18.43+0.01* | 15.15+0.01*
C18:1n7c 0.81+0.00 0.87+0.00* 0.83+0.00¢+ | 1.19+0.01*
C20:1 0.39+0.00 0.33+0.00* | 0.25+0.01* | 0.50+0.01*
C22:1 0.03+0.00 0.03+0.00 0.04+0.00* | 0.05+0.00*
C24:1 0.05+0.00 0.04+0.00 0.04+0.00 | 0.10+0.00*
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Total MUFA 29.36+0.03 25.66+0.01* | 24.16+0.01* | 27.95+0.05*
C18:2 49.82+0.04 27.13+0.03* | 25.55+0.06* | 43.53+0.03*
C18:3n6 0.03+0.00 0.03+0.00 0.03+0.00 | 0.06+0.00*
C20:2 0.04+0.00 0.05+0.004 0.04+0.00 | 0.08+0.00*
C20:3n6 0.01+0.00 0.01+0.00 0.01+0.00 0.01+0.00
C20:4 0.06+0.00 0.08+0.00* | 0.07+0.00* | 0.16+0.00*
C20:3n3 0.00+0.00 0.01+0.00* | 0.01+0.00* | 0.00+0.00
C20:5 0.75+0.00 0.77+0.00 0.72+0.00 | 1.65+0.01*
C22:2 t t t t
C22:4 0.01+0.00 0.01+0.00 0.01+0.00 | 0.02+0.00*
C22:5n6 0.01+0.00 0.02+0.00* 0.01+0.00 | 0.04+0.00*
C22:5n3 0.09+0.00 0.10+0.00* 0.09+0.00 | 0.21+0.00*
C22:6n3 0.70+0.00 0.75+0.00* 0.70+0.00 | 1.58+0.01*
Total PUFA 53.66+0.04 59.91+0.02* | 60.33+0.02* | 51.23+0.04*

Data are presented as meanS.E.M, n=5-6. # Significantly different from the control diet, p<0.05;
* significantly different from the control diet, p<0.001. SFA, saturated fatty acid; MUFA,

monounsaturated fatty acid; PUFA, polyunsaturated fatty acid,; t, trace.
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The expression of miR 133a is sensitive to the flax oil treatment

Downregulation of miR 133 expression after an MI is related to the death of
cardiomyocytes as well as the development of ventricular fibrillation. In this study, the expression
of miR 133a and -133b was analyzed in the postinfarct cardiac tissue after 8 weeks of CAL surgery.
No significant differences in the expression patterns of both the isoforms of miR 133 were
observed in the untreated MI group when compared to the sham control (Figure 26). However,
flax oil treatment significantly upregulated the expression of miR 133a compared to the control

tissue. Interestingly, miR 133b expression was not sensitive to the flax oil treatment.

b
=}

2.5+ * 2.0+
§ 20 T s -
® i B 1.5
[=4] a
S 1.5- 5 1
> > 404 T
a T T o 1.
Q 4]
= >
© 8 0.5
4] -1}
[ o

T T 0.0- T T
SHAM MI FLAX OIL SDG SHAM MI FLAX OIL SDG

Figure 26. Effect of dietary interventions on miR 133 expression levels. A, miR133a. B,

miR133b. Data are presented as mean+S.E.M, n=5-6. * Significantly different from sham, p<0.05.

Upregulation of miR 135a and -29b by the flax oil supplementation

Increased expression of miR 1 is arrhythmogenic in the ischemic hearts, whereas the
downregulation of miR 135a and 29b is associated with apoptosis of cardiomyocytes and extensive
cardiac fibrosis, respectively. The flax oil supplementation significantly upregulated the
expression of miR 135a and -29b in the postinfarct cardiac tissue 8 weeks after CAL surgery

(Figure 27). An approximately 3.5-fold and 3.3-fold increase in the expression levels of miR 135a
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and -29b, respectively, was observed with respect to the control group, as shown in Figure 27. No

such changes were observed in the expression levels of miR 1 amongst experimental groups.
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Figure 27. Effect of dietary interventions on miR 1 (A), miR 135a (B) and miR 29b (C)
expression levels. Data are presented as mean+S.E.M, n=5-6. * Significantly different from sham,

p<0.05.

The effect of dietary flaxseed and its components on the expression of collagen |

After observing the effect of flax oil on upregulating the expression of miR 29b, a western
blot analysis was performed to evaluate the expression levels of collagen protein. Previous
morphometric staining data demonstrated a decrease in fibrosis and mir29b has been associated

with a modulation of tissue fibrosis as well (10). A significant 2-fold increase in the levels of
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collagen type I and alpha 1 (Col 1al) protein was found in the untreated MI group compared to
the sham control (Figure 28). Dietary supplementation with flax, flax oil, and SDG decreased the
protein levels of Col 1al by 2.36, 2.69, and 2.13-fold, respectively, compared to the untreated Ml

group as shown in Figure 28.
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Figure 28. Effect of the dietary interventions on collagen | levels. Data are presented as
mean+S.E.M, n=5-6. *# Significantly different from sham, p<0.001; *** significantly different

from MlI, p<0.001; and ** significantly different from MI, p<0.05.

Discussion

Dietary supplementation with flaxseed before and after an M1 has been reported to decrease
the incidence of arrhythmias, reduce the myocardial infarct size, decrease cardiac fibrosis, exert
an anti-inflammatory effect, and prevent excessive left ventricular dilatation (10). The present
study was thus undertaken to: a) elucidate the molecular mechanisms involved in the

cardioprotective effect of flaxseed in an M, and, b) identify the potential bioactive within flaxseed
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that may be responsible for the observed effects. In the current study, the data demonstrate that in
an animal model of acute MI induced by coronary artery ligation, dietary supplementation with

flaxseed regulates the expression of miR 133a, miR 135a, miR 29b, and collagen 1.

MiRs are short, non-coding nucleotides that negatively regulate the expression of target
genes by mRNA degradation or translational repression. Altered expression profiles of miRs have
been associated with various cardiovascular diseases including arrhythmias, MI and heart failure
(13, 14). Notably, an essential role of miRs has been reported in several pathological processes of
ischemia-induced cardiac damage including cardiac fibrosis and even the death of cardiomyocytes
(15, 16). Various nutritional components can modulate the expression of diverse miRs (17).
Omega-3 PUFAs, for example, protect cardiomyocytes after an Ml by upregulating the anti-
apoptotic miRs and downregulating the pro-apoptotic miRs (18, 19). Flaxseed is the richest source
of the plant-based omega-3 PUFA, alpha-linolenic acid (ALA). Dietary supplementation with
flaxseed has demonstrated antiarrhythmic, antiatherogenic, antihypertensive and cholesterol-
lowering effects in animal and human studies (9). Flaxseed and its components modulate the
expression of miRs in breast cancer cells (20, 21) and irradiated lung tissue (22). However, no

study has examined the effect of flaxseed or ALA on miRs in the setting of an M.

MiR 133 is expressed in cardiomyocytes and cardiac fibroblasts (23). miR 133, which is
frequently associated with an M, has two isoforms —133a and —133b (24). Our data showed that
the expression of miR 133a but not 133b was upregulated by dietary flaxseed oil supplementation
in rat hearts 8 weeks after coronary artery ligation. The location of miR -133a and -133b on
separate chromosomes may explain why only one of the isoforms was upregulated (25).
Overexpression of miR 133 reduces the apoptosis of cardiomyocytes (26). Pro-apoptotic genes

such as DAPK2, APAFL1, caspase-9, Bcl-2, and BMF have been identified as the target of miR 133
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(24). Interestingly, miR 133a also improved cardiac reprogramming to produce beating
cardiomyocytes from murine and human fibroblasts by repressing Snail which regulates epithelial
to mesenchymal transition (27). This is important because cardiomyocytes are unable to replicate
and regenerate any lost contractile tissue after an Ml (28). By upregulating the expression of

cardiogenic miR 133, dietary flaxseed may be a viable strategy to promote cardiac repair.

Our results also demonstrated that flaxseed oil treatment upregulated the expression of miR
135a and -29b after an MI. The upregulation of miR 135a has previously reduced MI size and
exerted an anti-apoptotic and antifibrotic effect in a model of ischemia-reperfusion injury (29).
miR 29b is highly expressed in cardiofibroblasts and is reported to target numerous genes involved
in extracellular matrix production and fibrosis such as collagen isoforms, elastin and matrix
metalloproteinases (30-32). An upregulation of miR 135a and miR 29b expression results in
decreased myocardial fibrosis (29, 33, 34). Increased accumulation of fibrillar collagen in the
cardiac matrix is a hallmark of myocardial fibrosis (35). Type | collagen is the most abundant as
it accounts for 85% of the collagen content within the myocardium (36). Previous work from our
lab has shown increased histochemical staining after an M1 induced by coronary artery ligation as
evidence of increased myocardial fibrosis (10). The tissue fibrosis was prevented when flaxseed
and flaxseed oil was included in the diet before and after the M1 was induced (10). Consistent with
these findings, an increased expression of collagen | was detected in the present study after the Ml
which was normalized when dietary flaxseed oil was included in the diet of the rats. These effects
on myocardial fibrosis by miRs 29b and 135a are complemented by the actions of miR 133. miR
133 inhibits the expression of collagen 1Al and connective tissue growth factor (CTGT) to exert
its anti-fibrotic effect (37). During overexpression of miR 133, inflammatory cell infiltration in the

myocardium is reduced after an M1 (38). Taken together, upregulation of miRs 29b, 135b and 133a

217



and the subsequent decrease in collagen | levels by flaxseed oil may represent the primary

mechanisms through which the ALA content of flaxseed exhibits its anti-fibrotic effect.

The anti-arrhythmic action of dietary flaxseed oil may also be associated with its capacity
to alter miR expression. The downregulation of miR 133 has been related to the incidences of
ventricular fibrillation in MI patients (39). miR 133 can increase the expression of
hyperpolarization-activated cyclic nucleotide-gated ion channel 2 (HCN2) which determines
cardiac automaticity (39). Alternatively, miR 135a can modulate the expression of the thioredoxin-
interacting protein (TXNIP), protein tyrosine phosphatase 1B (PTP1B) protein, and the transient
receptor potential melastatin 7 (TRPM7) channel (29, 40). miR 135a also targets the sodium-
calcium exchanger type 1 (NCX1) (41). NCX1 activity can be arrhythmogenic causing early- and
delayed-after depolarizations (41). In addition, increased expression of miR 135a can reduce the
spontaneous beating frequency of rat neonatal cardiomyocytes (41). Previous work from our lab
has shown dietary flaxseed and flaxseed oil is antiarrhythmic in models of ischemia-reperfusion
injury to the heart (42) and coronary artery ligation-induced MI (10). Flaxseed was particularly
effective against VF (42) and decreased expression of miR 133 increases the incidence of VF (39).
The capacity of dietary flaxseed oil to induce the expression of miRs 133 and 135a may, therefore,
represent the anti-arrhythmic mechanism of dietary flaxseed oil, likely through an action on NCX1.
Consistent with this line of reasoning, we have previously demonstrated that ALA can inhibit NCX
activity (43). Overall, these studies suggest that the reduced Ml size, fibrosis, inflammation and
incidence of arrhythmias shown previously (10) may have been associated with the ALA content

of dietary flaxseed.
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Figure 29. ALA-rich flaxseed oil upregulates the expression of miR 133a, miR 135a, and miR

29b and consequently exerts antiapoptotic, antifibrotic and antiarrhythmic effects.

In summary, this study has provided the first evidence that miR 133a, 135a, and 29b are
sensitive to dietary flaxseed oil and associated with significant cardioprotection in a model of MI.
The present study also suggests the cardioprotective effect of flaxseed in the setting of an acute
MI is mediated, at least in part, via its ALA content. These data complement previous studies on
hypertension and atherosclerosis that have also attributed the health benefits of dietary flaxseed to
its content of ALA (44-47). Overall, the experimental evidence that has accumulated on the
beneficial actions of dietary flaxseed and ALA on cardiovascular disease may warrant serious
consideration of the use of these dietary interventions as a viable strategy to reduce cardiovascular

disease globally.
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2.3. Dietary flaxseed and myocardial injury as part of metabolic syndrome

After investigating the effect of flaxseed in a surgically induced model of myocardial
infarction, further examinations were carried out in the JCR:LA-cp genetic rat model of metabolic
syndrome. Unlike the experimental model used in the first study, JCR:LA-cp rats are reported to
develop spontaneous myocardial ischemia. In addition, this rat strain is also claimed to exhibit

atherosclerosis and hypertension.

It was hypothesized that dietary flaxseed supplementation in the presence or absence of a
high-fat, high sucrose diet will alter the incidence of myocardial lesions, BP hemodynamics,

atherosclerosis, and cardiac function in male and female JCR:LA-cp rats.
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Abstract

The purpose of this study was to determine the effect of dietary flaxseed supplementation on
myocardial ischemic lesions as well as the impact of a high-fat, high sucrose (HFHS) diet on the
development of hypertension, atherosclerosis, and cardiac dysfunction in JCR:LA-cp rats, a model
of genetic obesity. Twelve-week-old male and female obese rats were randomized into four groups
(n=8 each) to receive, for 12 weeks, either a) control diet (Con), b) control diet supplemented with
10% ground flaxseed (CFlax), ¢c) HFHS diet, and d) HFHS supplemented with 10% ground

flaxseed (HFlax). Male and female lean rats served as control animals and received similar dietary
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interventions. 24-week old male and female obese JCR rats had higher plasma levels of total
cholesterol, LDL-C, HDL-C, and TGs compared to the lean control animals. However, no such
changes were observed in the plasma glucose levels between the two genotypes. Dietary flaxseed
supplementation in the CFlax diet lowered the levels of total cholesterol and LDL-C significantly
compared to the Con diet in male obese rats. Compared to the Con, the HFHS diet administration
in male obese rats resulted in increased liver weights and liver enzyme levels which were
significantly reduced in the HFlax group. Although lean female rats showed less marked metabolic
changes, the HFHS diet resulted in reduced fractional shortening and increased left ventricular
dilatation (LVID) as well as end-systolic volume (ESV). Flaxseed supplemented HFlax diet
improved cardiac structure and function in lean female rats compared to the HFHS. Obese rats on
the HFHS diet exhibited increased myocardial ischemic lesions and diastolic dysfunction
regardless of sex. The HFlax diet significantly lowered the frequency of cardiac lesions and
improved diastolic function in male and female obese rats compared to the HFHS diet. After 12
weeks on the Con diet, the blood pressure values were similar in obese and lean rats and en face
aortic analysis for atherosclerotic lesions revealed no detectable aortic lesions. Surprisingly, the
HFHS diet did not elevate blood pressure or induce detectable atherosclerotic lesions. Collectively,
this trial shows: i) a HFHS diet can increase myocardial ischemic lesion frequency and can
exacerbate cardiac dysfunction in lean and obese animals; ii) a HFHS diet abolished the protective
effect of female sex on cardiac function; iii) a lack of hypertension and atherosclerosis in JCR:LA-
cp rats despite severe obesity even after the administration of an atherogenic diet; iv) dietary
flaxseed reduced myocardial ischemic lesions, exerted a cholesterol-lowering effect, improved
liver enzyme levels and ameliorated cardiac dysfunction. Taken together, important outcomes

from this study are two-fold. First, flaxseed could be an effective strategy against various aspects
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of cardiac injury exhibited in an obese condition of cardio-metabolic syndrome, and second, this
rodent model may be valuable for obesity studies where the confounding factors of hypertension

or atherosclerosis are to be excluded.
Introduction

Flaxseed is one of the richest plant sources of the n-3 PUFA alpha linolenic acid (ALA).
Recently, flaxseed supplementation decreased myocardial infarct (MI) size, reduced the incidence
of arrhythmias, limited cardiac fibrosis, and prevented excessive left ventricular dilation (1).
However, these actions of dietary flaxseed were achieved in a surgically induced model of Ml, the
coronary artery ligation-induced M1 (2). The capacity for dietary flaxseed to reduce MI’s in a
naturally occurring model of MI would represent important information more relevant to the

clinical situation.

Although there are several small animal models that manifest cardiac damage, each has its
own advantages and limitations (3). The widely studied ApoE” and LDLR”" mice models develop
severe dyslipidemia and atherosclerosis but do not exhibit Mls (4). The db/db and ob/ob murine
models develop obesity but again do not demonstrate myocardial ischemia (4). Rat models such
as the spontaneously hypertensive obese rat, a rat fed a high fat/high sucrose diet, as well as the
genetically manipulated rat models such as fatty Zucker and Zucker diabetic fatty rats exhibit
aspects of metabolic syndrome and cardiac dysfunction but they do no develop atherosclerosis or
myocardial ischemia (4, 5). Only JCR:LA-cp rat model has been reported to spontaneously exhibit
cardiovascular dysfunction associated with metabolic syndrome, MI, stroke, hypertension,
atherosclerosis and heart failure (4, 6-10). The JCR:LA-cp is a unique rat strain with autosomal

recessive corpulent trait affecting the leptin receptor gene. Homozygous (cp/cp) JCR rats have a

229



total absence of functional leptin receptors and are obese-prone, while heterozygous (cp/?) are

lean-prone and metabolically normal (11).

Overweight and obese individuals are at a 75% risk of developing primary hypertension
(12). Hypertension, a leading cause of death, is a strongly modifiable cardiovascular risk factor
(13). The cellular mechanisms contributing to the obesity-related hypertension development
remain less clear. However, the renin-angiotensin-aldosterone system, increased sympathetic
activity, high sodium diet, leptin resistance, and endothelial dysfunction are believed to be
involved as the causative factors (12). Obesity also accounts for the increased risk of
atherosclerotic vascular disease (14). Endothelial dysfunction, inflammation, adipocyte imbalance
and oxidative stress are some of the cellular mechanisms involved in linking obesity and
atherosclerosis (14). The JCR:LA-cp obese rat model of metabolic syndrome is purported to
develop hypertension and atherosclerosis (12). However, due to complications of different diets,
limited data and the use of different control rats for comparison, controversy exists whether obese
JCR:LA-cp rats manifest high blood pressure (BP) or are normotensive (11, 15). Thus, a more
comprehensive, carefully controlled study is warranted to clarify the status of ischemic lesions,
hypertension and atherosclerosis in this model of obesity and metabolic syndrome — the JCR:LA-
cp rats. The objectives of the present study were thus a) to verify if a high-fat, high sucrose diet
produces sex-dependent pathological effects; b) to investigate whether JCR:LA-cp rat model
develops hypertension and atherosclerosis and if these parameters exhibit sex differences in their
expression; c) to study whether dietary flaxseed supplementation in the presence or absence of a
high-fat, high sucrose diet will alter the incidence of myocardial lesions, BP hemodynamics,

atherosclerosis, and cardiac function in male and female JCR:LA-cp rats.
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Materials and Methods

Animal model and experimental protocol

This study protocol (18-022) was approved by the University of Manitoba Office of
Research Ethics & Compliance and was done in accordance with the guidelines by the Canadian
Council for Animal Care. Obese (cp/cp) and lean (cp/?) JCR:LA-cp rats were raised from the
colony established at the University of Alberta (4, 8). Male and female animals of both genotypes
were housed in a temperature and humidity-controlled room with a 12 h light/dark cycle. At 12
weeks of age, obese JCR:LA-cp rats of both sexes (each n=32) were randomized to receive either
a) regular chow diet (Con), b) 10% ground flaxseed supplemented regular chow diet (CFlax), c)
high-fat, high sucrose diet (HFHS), or d) 10% ground flaxseed supplemented HFHS diet (HFlax),
for 12 weeks. Age-matched male and female lean (cp/?) JCR rats served as control animals and
were given similar diets for 12 weeks.

The regular chow was a Prolab® RMH 3000 regular rodent chow, and the high-fat, high
sucrose diet included AIN-93G chow with 35% fat (lard) and 36% carbohydrate (mostly sucrose)
(TestDiet, Richmond, IN). The ground flaxseed was BakePur milled ground flaxseed obtained
from Pizzey Ingredients, Russell, Manitoba, Canada. Throughout the study duration, animals had
free access to water and food. Food intake was measured daily and then averaged to obtain weekly
estimates. Body weights were measured every week. After 12 weeks of dietary intervention, the

protocol was completed and the 24-week old JCR:LA-cp rats were terminated.
Blood pressure monitoring
Blood pressures monitoring (BP) was carried out at three-time points: baseline (12 weeks

old), after 6 weeks on the diets (18 weeks old), and at the completion of the study (24 weeks old).
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BP recording was performed using the CODA non-invasive blood pressure acquisition system for
rats (Kent Scientific, Torrington, CT, USA) as previously described (16). Briefly, rats were placed
in a rodent restrainer and the occlusion cuff was placed at the base of the tail and the Volume
Pressure Recording (VPR) sensor cuff was adjacent to the occlusion cuff. Animals were allowed
to acclimatize for 15 min in this position. Heating pads were preheated to 35 °C and rats were
warmed for 5 min prior to the recording session. The occlusion cuff was inflated to 250 mm Hg
and deflated over 15 s to measure blood pressure. The VPR sensor cuff detects changes in the tail
volume as the blood returns to the tail during the deflation of the occlusion cuff. 15 uL was set as
the minimum volume change. Each recording session consisted of 15 inflation and deflation cycles
per set, of which the first 5 cycles were acclimation and were not used in the analysis. Animals

were trained one day before the actual BP measurements.
Staining and analysis of atherosclerotic lesions

Aortic atherosclerotic lesions were analyzed en face, as described previously (17). Briefly,
aortas were dissected, formalin-fixed, and pinned longitudinally on black wax plates. Aortas were
stained with Oil Red O and Sudan IV. Digital images were obtained using a Nikon camera and

analyzed using ImageJ version 1.52a software (NIH, USA).

Electrocardiography
An electrocardiogram was recorded for 2 min before performing transthoracic
echocardiography in stabilized animals under isoflurane anesthesia. ECG tracings were obtained

and analyzed using a BIOPAC data acquisition system.
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Transthoracic echocardiography

All experimental rats were weighed and anesthetized with 3% isoflurane in a chamber, and
then kept under 1.5-2% isoflurane throughout the procedure. An echocardiogram was obtained for
24-week old animals by 2D guided M-mode and Doppler modalities with a 13 MHz probe (Vivid
E9; GE Medical Systems, Milwaukee, WI, USA) as described earlier (1). 2D M-mode parasternal
short-axis view images were obtained to determine systolic functional parameters such as the
percentage of left ventricle (LV) ejection fraction (EF), fractional shortening (FS), end-systolic
volume (ESV) and end-diastolic volume (EDV). Doppler measurements included isovolumic
relaxation time (IVRT), mitral valve (MV) E wave, A wave, and E wave deceleration time. The
cardiac structural parameters such as interventricular septal thickness (IVS), LV posterior wall
thickness (LVPW) and LV internal diameter (LVID) at diastole and systole were determined from
parasternal short-axis view images. All echocardiographic images were analyzed to calculate the
listed parameters using EchoPAC software (GE Medical Systems, Milwaukee, WI). All
measurements were performed blinded and averaged from three cardiac cycles to account for inter-

beat variability.
Biological sample collection and analysis

After 12 weeks of feeding, 24-week old animals were fasted overnight (16 hours) and then
anesthetized with isoflurane (5%) the following morning. The depth of anesthesia was assessed by
a pedal withdrawal reflex. The blood sample was collected from the inferior vena cava by opening
the thoracic cavity and the heart was immediately excised. Lungs, heart, and liver organs were
isolated, rinsed in PBS and weighed. The plasma was separated by centrifugation (3000 RPM, 4°C
for 15 min) and stored at -80°C for subsequent biochemical analysis. The fasted plasma

biochemical profile was assessed using cobas ¢ 111 (Roche) for total cholesterol, low-density
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lipoprotein-cholesterol (LDL-C), high-density lipoprotein-cholesterol (HDL-C), triglycerides
(TG), glucose, creatinine, urea, alanine aminotransferase (ALT), and aspartate aminotransferase

(AST).

Total fatty acids were extracted from the plasma samples and derivatized as previously
described (1). The fatty acid methyl esters were separated on a DB225MS column (30 m X 0.25
mm diameter and 0.25 um film thickness; Agilent Technologies Canada Inc., Mississauga,
Ontario) using a Varian 450 GC with FID. The temperature program was 70°C for 2 minutes, the
temperature was raised to 180°C at 30°C/minute, held for 1 minute, raised to 200°C at
10°C/minute, held for 2 minutes, then raised to 220°C at 2°C/minute and held for 10 minutes
before finally raising to 240°C at 20°C/minute and holding for 15 minutes. Total run time was
46.67 minutes, and samples were run with a 20:1 split ratio and a 1.3ml/min column flow.
Hydrogen was used as the carrier gas. Components were identified by comparison with authentic

standards (Nu-Chek Prep, Elysian, MN)

Heart histology

Each whole heart tissue was cut into three thick slices from apex to base along the long
axis using a tissue slicer (Rodent heart slicer matrix HSRS002:1, Zivic Instruments). After OCT
embedding, 7-um thin sections were obtained using a cryostat (Microm HM 550), and then
sections were stained with hematoxylin and eosin (ab245880) from Abcam with the following
modification in the protocol. Briefly, tissue slides were fixed in 4% paraformaldehyde for 15 min.
After this, tissue sections on slides were stained with hematoxylin (10 min), rinsed in deionized
water, placed in bluing reagent (15 sec), rinsed in deionized water and 99% alcohol, stained with

eosin (3 min), dehydrated through 3 changes of 99% alcohol, cleared in xylene and mounted. The
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heart sections were examined blindly, and myocardial lesions were identified as previously
described (7, 18): Stage 1, areas of early necrosis; Stage 2, areas of cell lysis with chronic
inflammatory cell infiltration; Stage 3, nodules of chronic inflammatory cell infiltration; and Stage
4, old scarred lesions. Only Stage 2 lesions were identified in this study as stage 1 and stage 2
lesions are very recent, while stage 4 lesions were not detected in the present study. The number
of lesions from each heart section was aggregated and the average was calculated for each group

(n-8). The images were analyzed using NIS-Elements AR Analysis 4.60, Nikon Instruments.

Statistical analysis

Data were analyzed using 2-factor ANOVA with one factor as genotype and sex. The
interaction effect of genotype and diet over time was analyzed with 2-factor repeated measures
ANOVA with genotype and diet as factors. Additional information was extracted by separately
analyzing male and female data using repeated measures 2-factor ANOVA. The between-group
analysis was done by post hoc Tukey’s or Sidak multiple comparisons test. The non-parametric
data for heart lesion frequency was analyzed by Kruskal-Wallis test and Dunn’s multiple
comparisons test. Data distribution was assessed by the Kolmogorov—Smirnov test, D'Agostino—
Pearson omnibus normality test and Shapiro—Wik normality test. All data are expressed as mean
+ S.E.M and analyzed using GraphPad Prism v 7 (GraphPad Software, California, USA).

Statistical significance was accepted when p<0.05.

Results

Experimental diets

The nutritional composition of the experimental diets is presented in Table 8. The ash,

protein, fiber, fat and carbohydrate contents were similar between the Con and CFlax and the
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HFHS and HFlax diets. As the latter diets are comprised of higher amounts of fat, the digestible

energy provided by the HFHS and HFIlax was higher than the Con and CFlax diets (Table 8).

Table 8. Nutritional composition of the experimental diets

CHO,
Ash, | Protein, | Fibre, | Fat, CHO, | Protein, Fat, Energy,
Diets kcal/100
% % % % % kcal/100g | kcal/100 g kcal/g
g
Con 6.69 25.58 3.99 7.46 | 55.36 102.32 67.14 221.44 3.9
CFlax | 6.58 25.88 4.45 7.09 | 55.07 103.52 63.81 220.28 3.8
HFHS | 2.55 18.35 0.78 | 37.18 | 40.20 73.4 334.62 160.8 5.6
HFlax | 2.92 20.25 242 | 35.82 | 37.67 81 322.38 150.68 5.5

Ash, protein, fiber, carbohydrates, and fat (g/100 g diet) are represented as a percentage of total
nutrients, measured by proximate analysis (as fed). Caloric content of fat, protein, and CHO
constituents in the diet were calculated as 9, 4, and 4 kcal/g. Fiber content of the CHO component
was subtracted to yield the total caloric content of CHO. Energy was calculated as the sum of
energies of protein, carbohydrate, and fat. CHO, carbohydrates; protein, crude protein; fiber, crude

fiber; fat, crude fat. N=3.

Dietary intake and body weights over time in JCR:LA-cp rats

The average food intake during the 12 weeks dietary intervention period is shown in Figure
30. The interaction effect of genotype and diet was significant as evident from the 2-way ANOVA
analysis. The food intake was significantly higher in obese male JCR:LA-cp rats on the Con and

CFlax as compared to the obese male animals on HFHS and HFlax groups, but there were no
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significant differences between the food intake of Con and CFlax, and HFHS and HFlax groups.
The lower food consumption in the HFHS and HFlax groups could be due to the higher caloric
content of these diets when compared with the Con and CFlax. Lean male JCR rats had
significantly lower food intake compared to obese male animals. A similar trend was observed for
obese and lean female JCR rats. A prominent sex-dependent effect was observed as lean male
JCR:LA-cp rats on all the four diets had significantly higher food intake compared to lean female
JCR rats. However, for obese JCR rats such significant differences existed only for the Con and
CFlax group as the average intake was comparable between male and female obese JCR rats on

the HFHS and HFlax diets.

Over the course of 12 weeks of dietary intervention, body weight gain was significantly
higher in obese male JCR:LA-cp rats compared to age-matched lean males, as shown in Figure 31.
There was a significant interaction effect of diet and genotype over time as analyzed using 2-way
ANOVA with diet and genotype as independent variables. Body weight gain was comparable
across the diet groups for the first 8 weeks in obese male JCR:LA-cp rats. For the last 4 weeks, the
rate of body weight gain in obese male JCR rats on the HFHS and HFlax diets was higher than
obese male JCR rats on the Con and CFlax diets, with a mean terminal weight difference of 10-
18%. A similar impact of diet and genotype was observed for female JCR:LA-cp rats. Obese
females had significantly higher body weights compared to lean female JCR rats. After the first 6
weeks, obese female JCR rats on HFHS and HFlax diets had significantly higher body weights
compared to obese females on Con and CFlax diets. However, terminal weights were not different
between dietary groups. A sex dependent effect was observed as obese and lean male JCR:LA-cp

rats had significantly higher body weights compared to age-matched obese and lean females.
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Figure 30. Effect of genotype, diet, and sex on the food intake of JCR:LA-cp rats. All values
presented are mean+SE. A. Male data; B. Female data; *p<0.0001 versus lean JCR rats on all the
four diets, 2-way ANOVA; #p<0.0001 versus respective lean JCR rats on the same diet, 2-way
ANOVA. N=8.
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Figure 31. Effect of genotype, diet, and sex on body weights of JCR:LA-cp rats. All values
presented are mean=SE. A. Male data; B. Female data; *p<0.0001 versus respective lean JCR rats
on the same diet, 2-way ANOVA; #p<0.0001 versus respective obese JCR rats on the Con and

CFlax, 2-way ANOVA. N=8.
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Organ dimensions

Morphological examination revealed increased heart weight in male and female obese JCR
rats compared to the respective lean controls (Table 9). The ratio of heart weight to tibial length
(index of cardiac hypertrophy) was also significantly higher in obese JCR rats compared to the
lean animals in all diet groups, as shown in Table 9. A significant sex-dependent effect was
observed as female JCR rats of both genotypes had significantly lower values compared to the

respective male JCR rats.

Although no effect of genotype, sex, or diet was observed on lung weight, alterations were
observed in liver weight. Male and female obese JCR rats had significantly higher liver weights
compared to the respective lean animals. A significant effect of diet and sex was observed using
2-way ANOVA analysis with sex and diet as variables. Male obese JCR rats on the HFHS diet had
significantly higher liver weight compared to the obese animals of same sex on the Con diet.
Dietary intervention with ground flaxseed for 12 weeks significantly reduced liver weight of male
obese JCR rats in the HFlax group compared to the animals of the same sex and genotype on the
HFHS diet (Figure 32). A predominant effect of sex was noted as female lean and obese JCR rats
had lower liver weights compared to the male JCR rats of respective genotypes (Table 9 and Figure

32).
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Figure 32. Effect of diet and sex on liver weight. All values presented are mean + SE. #p<0.05

versus Con diet. **p<0.01 versus JCR rats on the HFHS diet. + p<0.05 versus respective male JCR

rats on the same diet, 2-way ANOVA. N=8.
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Table 9. Biometric characteristics of animals

Diet
Parameters Genotype Sex
Con CFlax HFHS HFlax
Heart weight, ¢ Lean Male 0.88+0.03% 0.89+0.022 0.88+0.022 0.93+0.03%
Female 0.63+0.01% 0.60+0.02% 0.60+0.00% 0.63+0.01%
Obese Male 1.14+0.03%P™ | 1,1040.01%" | 1.18+0.02>¢™ | 1.2240.02¢"""
Female 0.93+0.02°""™ | 0.90+0.02*""™ | 0.99+0.03*>"* | 1.06+0.04°*"""
Heart weight/Tibial Lean Male 0.20£0.012 0.21+0.012 0.20£0.012 0.21+0.012
length, g/cm : : : :
Female 0.17+0.01° 0.17+0.01* 0.16+0.00* 0.16+0.00*
Obese Male 0.26+0.0130™™ | 0.25+0.00°"" | 0.26+0.01**""" | 0.27+0.00°"""
Female 0.23£0.01**™* | 0.22+0.00°""""" | 0.25+0.01%"™ | 0.26+0.01°"""
Lung weight, g Lean Male 4.81+0.32% 5.72+0.64% 4.72+0.18? 5.30+0.26%
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Female 5.11+0.56% 4.90+£0.43% 5.02+0.212 4.38+0.31%

Obese Male 4.77+£0.19% 4.56+0.28% 4.83+0.25% 5.11+0.432

Female 4.54+0.15% 4.74+0.19% 4.88+0.36% 5.31+0.50%

Liver weight, g Lean Male 8.69+0.25% 8.62+0.192 8.17+0.262 8.12+0.322
Female 6.17+0.36*" 6.49+0.40" 5.10+0.16" 5.39+0.20*"

Values are presented as mean + SE. The liver and lung weights were calculated as a ratio of dry/wet weights. Row means without a

common superscript letter (a, b, and c) differ significantly, p<0.05. ****p<0.0001 versus respective lean JCR rats on the same diet, 2-

way ANOVA. #p<0.05 versus respective male JCR rats on the same diet, 2-way ANOVA. Con, control diet; CFlax, 10% ground flaxseed

supplemented control diet; HFHS, high-fat high sucrose diet; HFlax, 10% ground flaxseed supplemented high-fat high sucrose diet.

N=8.
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Plasma biochemistry

Plasma total cholesterol levels were significantly higher in male and female obese JCR rats
on all the four diets compared to the respective age-matched lean controls. 2-way ANOVA analysis
showed a significant interaction effect between sex and diet. Interestingly, female lean JCR rats in
all of the four diet groups had higher plasma cholesterol values compared to the male lean JCR
rats, as shown in Figure 33. Importantly, dietary flaxseed supplementation for 12 weeks
significantly decreased total plasma cholesterol levels in male obese JCR rats on the CFlax diet by
~24% compared to the Con diet. A similar effect of flaxseed was observed for low-density
lipoprotein-cholesterol levels (LDL-C). Male obese JCR rats in the CFlax group had a significant

reduction of ~37% in LDL-C levels compared to the Con group (Figure 33).

Plasma high-density lipoprotein-cholesterol (HDL-C) and triglycerides (TG) levels were
also significantly higher in obese JCR rats compared to age-matched lean JCR rats (Table 10). A
sex-dependent effect was noted for lean and obese female JCR rats for HDL-C values compared
to the respective male JCR rats on the similar diets. No such impact of genotype, sex or diet was

observed for plasma glucose levels.

Plasma creatinine and urea levels were measured for assessing the renal function of
JCR:LA-cp rats. A significant interaction effect of genotype and diet was observed using 2-way
ANOVA with genotype and diet as independent factors. Of interest, male and female obese JCR
rats on the HFHS and HFlax exhibited significantly lower values of plasma creatinine compared
to the respective lean controls on the same diets (Table 10). Although no impact of genotype or
sex was observed, a similar effect of diet on serum urea levels was also found. Male and female
JCR rats of both genotypes on the HFHS and HFlax diet had significantly lower values of plasma

urea compared to the respective male animals on the same diets (Table 10).
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A substantial decrease in liver weight was observed as a result of flaxseed supplementation.
Plasma levels of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were
estimated as markers of hepatic function. Male and female obese JCR rats on the HFHS diet had
significantly higher plasma levels of ALT and AST compared to respective lean JCR rats on the
same diet. A significant effect of diet was observed using 2-way ANOVA with diet and genotype
as factors. Notably, male obese JCR rats on the HFlax diet had a significant ~49% and ~39%
reduction in ALT and AST, respectively, compared to the male obese JCR rats on the HFHS diet

(Figure 34).
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Figure 33. Effect of genotype, sex and diet on lipid levels. All values presented are mean+SE.

(A), cholesterol; and (B), LDL-C, low-density lipoprotein-cholesterol. #p<0.05, #*#p<0.01,

###1<0.001, and **#p<0.0001 versus respective lean JCR rats on the same diet, 2-way ANOVA.

**p<0.01 versus JCR rats on the Con diet. + p<0.05 versus respective male JCR rats on the same

diet, 2-way ANOVA. N=8.
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Figure 34. Effect of genotype and diet on liver enzymes. All values presented are mean+SE.
(A), ALT, alanine aminotransferase; and (B) AST, aspartate aminotransferase. *p<0.01,
###n<0.001, and **#p<0.0001 versus respective lean JCR rats on the same diet, 2-way ANOVA.

**n<0.01, and ***p<0.001 versus JCR rats on the HFHS diet, 2-way ANOVA. N=8.
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Table 10. Plasma biochemistry.

Diet
Parameters Genotype Sex
Con CFlax HFHS HFlax
HDL-C, mmol/L Lean Male 1.44+0.043 1.08+0.03" 1.11+0.03° 1.07+0.02°
Female 1.75+0.13* 1.52+0.12 1.51+0.03* 1.49+0.07
Obese Male 1.96+0.16%" |  2.00£0.08%™ | 1.90+0.13° |  2.03+0.10°
Female 1.33+0.20 1.44+0.26%" 2.05+0.10P 1.93+0.09%P
TG, mmol/L Lean Male 0.42+0.032P 0.37+0.022 0.44+0.03%P 0.49+0.03°
Female 0.49+0.06° 0.39+0.05° 0.41+0.03? 0.49+0.042
Obese Male 3.79+0.70" | 2.86+0.26%" | 2.56+0.16"" |  2.43+0.16"™"
Female 5.50£0.76%"" | 5.12+0.97*""" 2.5620.17°" |  3.1740.342P™
Glucose, mmol/L Lean Male 10.12+0.53% 9.89+0.382 9.44+0.402 9.204+0.43%
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Female 8.77+0.43% 8.05+0.53* 7.74%0.53? 7.97+0.48?

Obese Male 10.88+0.76° 10.50+0.76° 10.67+0.29° 9.6620.65

Female 11.47+0.70° 11.08+0.75* 10.15+0.412 10.01+0.99°

Creatinine, umol/L | Lean Male 31.80+1.97° 31.58+1.46° | 35.21+1.21%P 38.85+1.80°
Female 42.49+3.93" 37.95+2.40° |  47.36+2.85% 45.19+1.12°

Obese Male 29.86+1.69% |  25.91+1.39%P | 24.00+1.48""" | 25.99+1.09%0"

Female 29.78+1.50°" 25.85+1.60°" | 30.21+2.76°" |  30.43+1.54*"

Urea, mmol/L Lean Male 7.730.372 7.48+0.36° 5.25+0.21° 4.81+0.25°
Female 7.44+0.382 7.77+0.49 5.45+0.19P 5.61+0.33"

Obese Male 7.58+0.66° 6.93+0.312 4.260.07° 4.30+0.15°

Female 6.48+0.58? 5.95+0.42%" 4.16+0.14° 4.05+0.26°
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Values presented are mean + SE. Row means without a common superscript letter (a, b, and c¢) differ significantly, p<0.05.HDL, high-

density lipoprotein-cholesterol; TG, triglycerides. Con, control diet; CFlax, 10% ground flaxseed supplemented control diet; HFHS,

high-fat high sucrose diet; HFlax, 10% ground flaxseed supplemented high-fat high sucrose diet. N=8.

* p<0.05, **p<0.01, ***p<0.001, ***p<0.0001 versus respective lean JCR rats on the same diet, 2-way ANOVA.

 p<0.05 versus respective male JCR rats on the same diet, 2-way ANOVA.
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Plasma fatty acid profile

A comprehensive list of the observed changes in the plasma fatty acids after 12 weeks of
feeding with the different diets is compiled in Table 11. Using a 2-way ANOVA test with genotype
and diet as independent variables revealed significant differences in the plasma levels of myristic
acid (C14:0), pentadyclic acid (C15:0), palmitic acid (C16:0), palmitoleic acid (C16:1),
heptadecanoic acid (C17:0), cis-10- heptadecanoic acid (C17:1), stearic acid (C18:0), oleic acid
(C18:1), cis-vaccenic acid (C18:1n7), linoleic acid (C18:2 n-6), gamma-linoleic acid (C18:3 n-6),
arachidic acid (C20:0), eicosadienoic acid (C20:2 n-6), dihomo-gamma-linolenic acid (C20:3 n-
6), arachidonic acid (C20:4 n-6), eicosatrienoic acid (C20:3 n-3), behenic acid (C22:0), adrenic
acid (C22:4), osbond acid (C22:5 n-6), docosapentaenoic acid (C22:5 n-3), lignoceric acid
(C24:0), and nervonic acid (C24:1). A significant interaction between genotype and diet was
observed as obese male JCR rats had significantly higher levels of total saturated fatty acids (SFAS)
and lower levels of monounsaturated fatty acids (MUFAS) compared to the lean male JCR rats.
Conversely, lean female and obese male JCR rats on the CFlax diet had significantly lower levels
of total SFAs and higher levels of MUFA compared to the obese male JCR rats on the Con diet

(Table 11).

A 3-way ANOVA with diet, genotype, and sex as independent variables demonstrated
significantly higher levels of the total n-3 polyunsaturated fatty acid (PUFAS) in the male and
female obese animals on the CFlax diet compared to the obese and lean JCR rats on the Con diet
(Table 11). Flaxseed supplementation resulted in significantly higher levels of alpha-linolenic acid
(ALA, C18:3 n-3) in the male and female JCR rats of both genotypes on the CFlax and HFlax diets
compared to the Con and HFHS diets, as shown in Figure 35. A significant increase was also

observed in the levels of long-chain n-3 PUFAs, EPA (C20:5), in both sexes of lean and obese
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JCR rats on the CFlax compared to the Con diet. However, no such increase in the levels of EPA
was observed in the JCR rats of both sex and genotype on the HFlax diet compared to the HFHS
diet. Interestingly, a modest but significant decrease in the levels of another long-chain n-3 PUFAs,
DHA (C22:6), was noted in lean male and female and obese male JCR rats on the CFlax diet
compared to the Con diet, as presented in Figure 36. Conversely, a significant increase in the DHA
levels was observed in the lean JCR rats of both sexes and obese male JCR rats on the HFlax
compared to the HFHS diet. As a result of the increase in the total n-3 PUFA levels due to flaxseed
supplementation in the diet, a significant lowering of the n-6 to n-3 ratio was found in all JCR rats
on the CFlax and HFlax diets compared to the Con and HFHS diets, respectively (Figure 36). A
strong sex dependent effect was noted as lean female JCR rats had significantly lower values of n-

6/n-3 ratios compared to the male lean JCR rats on the Con, HFHS, and HFlax diets.
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Figure 35. Effect of genotype, sex and diet on plasma fatty acids. All values presented are
meanzSE. (A), ALA (C18:3 n-3); and (B) ratio of n-6 and n-3 PUFAs (3 n-6/n-3). ****p<0.0001,
***p<0.001, **p<0.01, and *p<0.05 versus respective JCR rats on different diets, 2-way
ANOVA. + p<0.05 versus respective male JCR rats on the same diet, 2-way ANOVA. # p<0.05
versus respective lean JCR rats on the same diet, 2-way ANOVA. N=8.
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Figure 36. Effect of genotype, sex and diet on EPA and DHA. All values presented are
meantSE. (A), EPA (C20:5 n-3); and (B) DHA (C22:6 n-3). ****p<0.0001, ***p<0.001,
**p<0.01, and *p<0.05 versus respective JCR rats on different diets, 2-way ANOVA. + p<0.05
versus respective male JCR rats on the same diet, 2-way ANOVA. # p<0.05 versus respective lean

JCR rats on the same diet, 2-way ANOVA. N=8.
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Table 11. Circulating fatty acid analysis.

Diet
Fatty acids Genotype Sex
Con CFlax HFHS HFlax

C14:0 Lean Male 0.08+0.012 0.10£0.012 0.12+0.022 0.12+0.022
(Myristic acid) Female 0.09+0.012 0.08+0.01° 0.10+0.00° 0.08+0.012
Obese Male 0.24+0.03%" 0.20+0.02*" 0.21+0.03% 0.17+0.022

Female 0.20+0.028" 0.15+0.022P 0.12+0.01% 0.13+0.01°

C15:0 Lean Male 0.13+0.012 0.15+0.012 0.060.01° 0.07+0.00°
(Pentadyclic acid) Female 0.09+0.01% 0.09+0.00% 0.050.00° 0.05+0.00°
Obese Male 0.13+0.012 0.11+0.01%" 0.07+0.00° 0.06+0.00°

Female 0.09+0.00% 0.09+0.012 0.0520.00° 0.050.00°

C16:0 Lean Male 11.25+0.472 10.35+0.392 11.66+0.482 11.35+0.412
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(Palmitic acid) Female 10.28+0.382 8.82+0.15° 9.65+0.192P 9.47+0.332P
Obese Male | 17.69+0.63*"" | 15.65+0.18°¢"™" | 15.90+0.33°""" | 14.20+0.14°™"

Female | 13.42+0.79%% 11.81+1.33% 10.73+0.26% | 10.91+0.83%

Ci16:1 Lean Male 0.09+0.012 0.11%0.012 0.13+0.012 0.09+0.012
(Palmitoleic acid) Female 0.18+0.01%¢ 0.24+0.02° 0.24+0.01°¢ 0.22+0.01°¢
Obese Male | 1.06+0.128™ 1.18+£0.14 | 0.75£0.09"™ | 0.66+0.12%"

Female | 1.12+0.13*"" 0.97+0.1930™ 0.49+0.05" 0.45+0.10P

C17:0 Lean Male 0.34+0.03? 0.340.012 0.1620.01° 0.14+0.01°

(Heptadecanoic acid) Female 0.32+0.03? 0.34+0.03? 0.14+0.01° 0.14+0.01°

Obese Male |  0.24%0.02°" 0.22+0.0220™** 0.17+0.01° 0.18+0.01°

Female 0.22+0.01%" 0.22+0.02%" 0.13+0.00° 0.14+0.01°

C17:1 Lean Male |  48.19+3.20° 49.22+1.94° 44.89+1.89° 47.72+2.16°
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(cis-10- Female |  40.77+2.28° 47.33+1.45° 46.23+0.78° 44.80+2.35
Heptadecanoic acid) |- e Male | 24.91+1.99°~ | 3350+1.69" | 31.93+150°" | 34.23+1.01°"

Female |  30.64+3.53? 33.8245.73° 44.11+1.75 40.25+4.34

C18:0 Lean Male 9.52+0.68? 9.52+0.372 12.31+0.63° 11.62+0.35°
(Stearic acid) Female 15.56+0.69% 13.35+0.38% 14.79+0.31%° | 15.21+0.56%%

Obese Male | 12.57+0.21%" 11.55+0.372 13.40+0.69° 13.70+0.222

Female 15.04+0.54? 15.20+0.64% 14.43+0.442 15.55+1.232

c18:1 Lean Male 3.22+0.19? 3.28+0.19? 6.21+0.11° 5.90+0.31°

(Oleic acid) Female 2.72+0.10? 2.43+0.05° 4.91+0.11° 4.55+0.24°

Obese Male | 7.55+0.69°" 5.73+0.28"" | 8.38+0.29%" 7.07+0.23%P

Female | 8.22+0.98%™ 6.38+1.32%" 5.62+0.35% 5.75%0.25

Lean Male 0.89+0.06P 0.95+0.042 0.77+0.01° 0.74%0.03"

257




C18:1n7 (cis- Female 0.70+0.08? 0.83+0.11°7 0.61+0.012 0.68+0.10?
Vaccenic acid) 5 5 .
Obese Male 1.39+0.022 1.18+0.05% 0.90+0.02 1.07+0.24%
Female 0.88+0.06% 0.84+0.10% 0.69+0.03? 0.70+0.042
C18:2 n-6 Lean Male 9.87+0.40? 12.26+0.51° 7.26+0.22° 7.92+0.28°
(Linoleic acid) Female 8.73+0.43? 9.09+0.33% 5.71+0.53° 5.87+0.24°
Obese Male | 13.56+1.008" 11.33+0.532P 9.35+0.31P°¢ 8.51+0.23¢
Female 9.99+0.76% 8.70+0.79% 4.36+0.19% 5.48+0.56%
C18:3n-6 (Gamma- | Lean Male 0.03+0.012 0.03+0.00? 0.03+0.012 0.02+0.012
linolenic acid)
Female 0.05+0.012 0.04+0.00? 0.05+0.012 0.05+0.022
Obese Male 0.07+0.00%" 0.05+0.01° 0.04+0.00° 0.04+0.01°
Female 0.09+0.022 0.06+0.012° 0.04+0.00° 0.03+0.00°
C20:0 Lean Male 0.05+0.022 0.05+0.00? 0.07+0.012 0.07+0.012
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(Arachidic acid) Female 0.05+0.00° 0.06+0.012 0.08+0.012 0.07+0.012
Obese Male 0.05+0.00° 0.05+0.012 0.06+0.012 0.06+0.00°

Female 0.04+0.00° 0.03+0.00? 0.04+0.00° 0.04+0.00%"

C20:1 Lean Male 0.19+0.05° 0.19+0.022 0.19+0.022 0.18+0.012
(Eicosenoic acid) Female 0.19+0.072 0.25+0.13% 0.14+0.00% 0.28+0.13%
Obese Male 0.14+0.022 0.11+0.03? 0.16+0.012 0.09+0.03?

Female 0.11+0.012 0.09+0.012 0.12+0.012 0.21+0.112

C20:2 n-6 Lean Male 0.22+0.012 0.14+0.01° 0.08+0.00° 0.07+0.01°
(Eicosadienoic acid) Female |  0.13£0.01% 0.09+0.01%% |  0.08+0.01° 0.08+0.01°
Obese Male 0.25+0.01° 0.17+0.01° 0.20+0.01° 0.17+0.01°

Female 0.13+0.02% 0.10+0.013% 0.08+0.00% 0.10+0.013

C20:3 n-6 Lean Male |  0.15+0.01%° 0.33+0.01° 0.20+0.01° 0.20+0.02°

259




(Dihomo-gamma- Female 0.20+0.022 0.31+0.022 0.26+0.03% 0.26+0.042
linolenic acid) Obese Male | 156:005° | 1.13:0.05°°" | 138£0.09°" " | 1.00£0.06°" "
Female | 0.74+0.08""" 0.66+0.03%"""4 0.34+0.03% 0.51+0.05P™%

C20:4 n-6 Lean Male 12.68+1.302 6.74+0.44° 13.23+0.572 10.14+0.532

(Arachidonic acid) Female 14.37+0.842 8.31+0.36" 13.17+0.652 12.39+1.202

Obese Male 11.95+0.472 7.73+0.29° 12.75+0.732 12.88+0.372

Female 11.95+0.332 8.90+0.72° 13.37+0.52° 12.56+1.302

C20:3n-3 Lean Male 0.09+0.072 0.07+0.012 0.15+0.03% 0.20+0.052

(Eicosatrienoic acid) Female 0.02+0.01° 0.06+0.01° 0.12+0.01° 0.17+0.02°

Obese Male 0.02+0.002 0.08+0.012 0.37+0.05"" 0.32+0.05°

Female 0.01+0.002 0.08+0.01° 0.11+0.01%% 0.14+0.01°

C22:.0 Lean Male 0.10+0.022 0.09+0.012 0.1340.022 0.14+0.012
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(Behenic acid) Female 0.16+0.012 0.13+0.002 0.16+0.012 0.21+0.02%
Obese Male 0.10+0.00° 0.12+0.00%P 0.13+0.012P 0.16+0.02°
Female 0.08+0.00%" 0.08+0.012 0.12+0.002 0.12+0.03%™"
C22:4 Lean Male 0.13+0.02? 0.05+0.00° 0.20+0.01° 0.08+0.022°
(Adrenic acid) Female 0.14+0.012 0.04%0.01° 0.30+0.02% 0.100.022P
Obese Male 0.15+0.012 0.07+0.01° 0.14+0.022 0.15+0.022
Female 0.17+0.022 0.060.01° 0.32+0.02% 0.14+0.022
C22:5n-6 Lean Male 0.03+0.012 0.03+0.002 0.19+0.022 0.03+0.012
(Osbond acid) Female 0.06+0.002 0.01+0.002 0.82+0.05% 0.06+0.022
Obese Male 0.07+0.012 0.06+0.012 0.09+0.022" 0.04+0.002
Female 0.06+0.012 0.02+0.002 0.67+0.09% 0.06+0.022
C22:5n-3 Lean Male 0.29+0.012 0.87+0.09" 0.23+0.022 0.58+0.04°
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(Docosapentaenoic Female 0.34+0.03% 0.73+0.06° 0.20£0.022 0.82+0.05°¢
acid) Obese Male | 0.78£0.05° | 1572002~ | 034:010° | 0.810.02°
Female 0.68+0.072 1.42+0.23% 0.25+0.01° 0.86+0.06%

C24:0 Lean Male 0.16+0.06% 0.21+0.03% 0.17+0.022 0.16+0.022
(Lignoceric acid) Female 0.32+0.04% 0.34+0.03% 0.16+0.01° 0.24+0.032P
Obese Male 0.18+0.022P 0.21+0.022 0.13+0.01° 0.21+0.03%

Female 0.12+0.028" 0.12+0.01%" 0.08+0.012 0.12+0.02%"

C24:1 Lean Male 0.17+0.06% 0.16+0.03% 0.21+0.03% 0.24+0.022
(Nervonic acid) Female 0.35+0.01% 0.30+0.012 0.29+0.022 0.30+0.042
Obese Male 0.20+0.012 0.20+0.022 0.33+0.02"" 0.31+0.00°

Female 0.13+0.01%" 0.13+0.01%" 0.26+0.00% 0.24+0.072

> SFA Lean Male 21.60+1.212 20.77+0.762 24.68+1.172 23.61+0.802
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Female 26.86+1.002 23.21+0.54° 25.12+0.45%P 25.47+0.932P
Obese Male | 31.19+0.63%™ | 28.10+0.54° | 30.08+0.662"™ | 28.74+0.36%"™
Female 29.22+1.292 27.70+1.872 25.70+0.68? 27.05+2.072
YMUFA Lean Male 52.70+3.00? 53.88+1.572 52.70+1.76% 54.93+1.712
Female 44.79+2.282 51.22+1.332P 52.56+0.81° 50.71+2.303P
Obese Male | 35.10+1.57%8" 41.75+1.12°™ | 42.61+1.71°™ | 43.58+0.76°"
Female 41.07+2.672 42.18+4.442 51.41+1.40? 47.56+4.452
n-6 Lean Male 23.13+1.662 19.66+0.482> 21.18+0.542b 18.42+0.81°
>
Female 23.66+1.192 17.87+0.59° 20.39+0.323P 18.75+1.07°
Obese Male 27.62+0.792 20.52+0.28° 23.95+0.78°¢ 22.77+0.30°°¢
Female 23.14+1.042 18.48+1.092 19.18+0.68% 18.86+1.832
S'n-3 Lean Male 2.60+0.18%¢ 5.67+0.43° 1.41+0.072 3.01+0.18¢
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Female 4.67+0.20% 7.70+0.31%% 1.91+0.14° 5.05+0.31%

Obese Male | 6.07£0.19° 0.62+0.32°™ | 3.34+0.47°" | 4.90+0.12°

Female 6.56+0.40° 11.62+1.63" 3.69+0.172 6.53+0.55°

YPUFA Lean Male |  25.72+1.84 25.33+0.85° 22.59+0.58° 21.43+0.96°
Female |  28.33+1.30° 25.5620.832P 22.30£0.39° 23.80+1.38"
Obese Male | 33.69+0.954" 30.14+0.59*P 27.29+1.07° 27.67+0.40"

Female | 29.70+1.41% 30.10+2.59° 22.88+0.732 25.38+2.382

Values are presented as mean + SE. Row means without a common superscript letter (a, b, and c) differ significantly, p<0.05.

****pn<0.0001 ***p<0.001 **p<0.01 *p<0.05 versus respective lean JCR rats on the same diet, 2-way ANOVA.

+p<0.05 versus respective male JCR rats on the same diet, 2-way ANOVA.

N=8. Con, control diet; CFlax, 10% ground flaxseed supplemented control diet; HFHS, high-fat high sucrose diet; HFlax, 10% ground

flaxseed supplemented high-fat high sucrose diet.
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Myocardial lesions

As shown in Table 12, there were no significant differences in the frequency of early stage
myocardial lesions in lean male and female JCR:LA-cp rats on the different diets. Stage 2 lesions
with areas of chronic inflammatory cell infiltration and myocardial cell lysis were larger in male
and female obese JCR rats, but statistical significance was obscured due to high variability.
However, male and female obese JCR rats on the flaxseed supplemented HFlax diet displayed
significantly lowered early stage myocardial lesion frequency compared to the respective animals
in the HFHS group, as shown in Figure 37 and 38. No genotype or sex-dependent effect was

observed for lean or obese animals.

Table 12. Frequency of myocardial lesions in lean animals on different diets.

Diet
Genotype Sex

Con CFlax HFHS HFlax

Lean Male 1.25+0.63% 0.75+0.48% 2.67+0.88% 1.50+0.872

Female 0.40+0.242P 0.20+0.20? 1.20+0.20° 0.80+0.202P

Values are presented as mean+SE. Row means without a common superscript letter (a, b, and c)
differ significantly, p<0.05. N=8. Con, control diet; CFlax, 10% ground flaxseed supplemented
control diet; HFHS, high-fat high sucrose diet; HFlax, 10% ground flaxseed supplemented high-

fat high sucrose diet.
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Figure 37. Representative micrographs of myocardial lesions in male and female obese
JCR:LA-cp rats. (A) Male obese JCR:LA-cp rats on HFHS; (B) Male obese JCR:LA-cp rats on
HFlax; (C) Female obese JCR:LA-cp rats on HFHS; and (D) Female obese JCR:LA-cp rats on
HFlax. Black arrowheads indicate ischemic lesions characterized by myocardial cell lysis and
inflammatory cell infiltration. All images were captured at a magnification of 10X after

hematoxylin and eosin staining of whole heart sections.
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Figure 38. Effect of flaxseed on the frequency of myocardial lesions. All values presented are
meanzSE. *p<0.05 versus male obese JCR rats on the HFHS, Kruskal-Wallis, Dunn’s multiple
comparisons test. #p<0.01 versus female obese JCR rats on the HFHS diet, Kruskal-Wallis test,
Dunn’s multiple comparisons test. All images were captured at a magnification of 10X after

hematoxylin and eosin staining of heart sections.
Cardiac structure

Echocardiographic examination was performed to study the alterations in the cardiac
structure of male and female obese JCR:LA-cp rats after 12 weeks of feeding on different diets
compared to the age-matched lean controls. There was a significant effect of genotype after 2-way
ANOVA analysis with diet and genotype as independent variables. As shown in Table 13, male
and female obese JCR:LA-cp rats had higher values for left ventricle mass, left ventricle posterior
wall thickness in diastole (LVVPWd) and in systole (LVVPWSs), interventricular septum thickness in
diastole (IVSd) and in systole (IVSs), and left ventricle internal diameter in diastole (LVIDd) and

in systole (LVVIDs) compared to the age-matched lean controls on the same diets. A prominent sex-
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dependent effect was noted as female lean and obese JCR rats had lower values for LVIDs and
LVIDd, respectively, compared to the male obese JCR rats on the same diet, as shown in Table 13
and Figure 39. A 2-way ANOVA analysis with sex and diet as factors demonstrated a significant
effect of diet. Lean female JCR rats on a flaxseed supplemented high fat high-sucrose diet (HFlax)
had significantly lower LVIDs compared to the JCR rats of the same genotype and sex on a HFHS

diet (Figure 39).

Systolic and diastolic function

24-week old male and female obese JCR rats displayed no signs of systolic dysfunction.
Indices of ejection phase performances such as ejection fraction and fractional shortening were
comparable between obese JCR rats and age-matched lean controls (Table 13). Paradoxically,
values for stroke volume (SV), cardiac output (CO), end-diastolic volume (EDV), and end-systolic
volume (ESV) were significantly higher in obese JCR rats compared to the age-matched lean JCR
rats. A significant interaction effect of sex and diet was confirmed using 2-way ANOVA with sex
and diet as independent factors. Female lean JCR rats had significantly lower values for EDV and
ESV compared to the respective male lean JCR rats (Table 13 and Figure 39). A strong effect of
diet was observed after dietary supplementation with ground flaxseed for 12 weeks. Female lean
animals on the HFlax diet had significantly higher FS and lower ESV compared to the animals of

the same genotype and sex in the HFHS group (Figure 39).
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Figure 39. Effect of sex and diet on cardiac structure and function. All values presented are
mean + SE. (A), LVIDs, LV internal diameter in systole; (B) FS, LV fractional shortening; and
(C) ESV, LV end-systolic volume. ##p<0.0001, ##p<0.001, *p<0.01, and #p<0.05 versus
respective male JCR rats on the same diet, 2-way ANOVA. **p<0.01, and *p<0.05 versus female

JCR rats on the HFHS diet, 2-way ANOVA. N=8.

Mitral inflow early (E wave) diastolic and late atrial (A wave) filling velocities were
estimated by Doppler echocardiography. Diastolic function parameters such as E wave,
deceleration time, A wave, ratio of E wave to A wave were similar between all the groups,
irrespective of genotype, sex, and diet (Table 13). However, mild diastolic dysfunction in obese
JCR rats was characterized by an altered isovolumetric relaxation time (IVRT). Prolonged IVRT

denotes increased myocardial stiffness due to fibrosis. No impact of genotype or sex was noted in
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a 2-way ANOVA analysis on IVRT values. However, flaxseed supplementation in the HFlax
group significantly lowered IVRT values in male and female obese JCR rats compared to the JCR

rats of respective sex in the HFHS group, as shown in Figure 40.

Collectively, these data indicate that obese JCR:LA-cp rats do not develop systolic
dysfunction even when fed a high-fat high-sucrose diet for 12 weeks. However, the HFHS diet did
lead to moderate systolic dysfunction in lean females and mild diastolic dysfunction in obese JCR

rats which was improved by the flaxseed supplemented diet.
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Figure 40. Effect of diet and genotype on IVRT. All values presented are meanSE. (A), IVRT,
isovolumetric relaxation time of lean male versus obese JCR rats; and (B) IVRT of female lean
versus obese JCR rats. *p<0.05 versus respective lean JCR rats on the same diet, 2-way ANOVA.

**p<0.01 versus female JCR rats on the HFHS diet, 2-way ANOVA. N=8.

Electrocardiography

Electrocardiography demonstrated no changes in the ECG waves irrespective of genotype,
sex, and diet. Similarly, no changes were observed for cardiac arrhythmias in any of the

experimental groups.
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Table 13. Echocardiographic measurements.

Diet
Parameters Genotype Sex
Con CFlax HFHS HFlax
LVPWd, mm Lean Male 1.43+0.09 1.52+0.07 1.53+0.08 1.52+0.08
Female 1.3940.05 1.29+0.05 1.36+0.04 1.33+0.04
Obese Male 1.81+0.08" 1.98+0.12™ 1.82+0.08 1.84+0.05
Female 1.60+0.08 1.85+0.10™" 1.80+0.05™ 1.91+0.117*
LVPWSs, mm Lean Male 2.14+0.06 2.27+0.09 2.27+0.10 2.30+0.14
Female 2.39+0.04 2.13+0.08 2.13+0.07 2.16x0.07
Obese Male 2.66+0.11" 2.86+0.10™ 2.67+0.11 2.78+0.15
Female 2.60+0.13 2.96+0.13"" 2.88+0.09 2.96+0.14
IVSd, mm Lean Male 1.25+0.03 1.29+0.05 1.21+0.05 1.30+0.03
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Female 1.17+0.08 1.17+0.05 1.22+0.05 1.19+0.06

Obese Male 1.34+0.06 1.52+0.05 1.46+0.06" 1.56+0.08"

Female 1.28+0.06 1.35+0.05' 1.29+0.08' 1.43+0.07'

IVSs, mm Lean Male 2.02+0.05 2.15+0.08 2.15+0.06 2.11+0.08
Female 1.99+0.04 1.92+0.04 1.88+0.09 2.00+0.09

Obese Male 2.44+0.08™ 2.52+0.11" 2.50+0.06" 2.57+0.09™

Female 2.26x0.13 2.54+0.07™ 2.31+0.16 2.49+0.13"

LVIDd, mm Lean Male 6.76+0.10 6.80+0.30 7.17+0.14 6.64+0.16
Female 5.81+0.16' 5.80+0.12' 6.00+0.18' 5.51+0.14'

Obese Male 7.69+0.13™ 7.21+0.20 7.96+0.08" 7.82+0.17

Female 6.93+0.16""" 6.69+0.08™ 7.01+0.20""" 7.10+0.157"

LVIDs, mm Obese Male 4.75+0.10 4.31+0.17 4.91+0.11 4.67+0.22™
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Female 3.85+0.23 3.26+0.14 3.86+0.25 3.86+0.18™

EDV, mL Lean Male 0.71+0.03 0.74+0.10 0.83+0.04 0.67+0.05
Female 0.47+0.04' 0.46+0.03' 0.51+0.04' 0.40+0.03'

Obese Male 1.01+0.05" 0.85+0.06 1.11+0.03" 1.06+0.06™"

Female 0.76+0.05™" 0.68+0.02" 0.79+0.06™" 0.81+0.04™"

ESV, mL Obese Male 0.26+0.02 0.20+0.02 0.29+0.02 0.26+0.03™
Female 0.15+0.02 0.09+0.01 0.16+0.03 0.15+0.02"

EF, % Lean Male 72.38+1.81 75.88+1.46 75.63+£1.25 79.13+2.33
Female 83.13+1.47 80.75£1.65 76.75+£1.05 83.38+2.47

Obese Male 74.25+0.94 76.38+£1.59 74.00£1.45 76.13+£1.97

Female 80.63+2.20 86.75+1.36' 81.13+2.22 81.63+1.90

FS, % Obese Male 38.50+0.80 40.13+1.38 38.25+1.13 40.25+1.85
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Female 44.50+2.34 51.25+1.76' 45.25+2.27 45.88+2.13

SV, mL Lean Male 0.51+0.02 0.56+0.07 0.63+0.04 0.53+0.04
Female 0.39+0.03 0.37+0.02' 0.39+0.03' 0.34+0.03'

Obese Male 0.75+0.04™ 0.65+0.05 0.82+0.03 0.80+0.04™

Female 0.61+0.03™ 0.59+0.02"" 0.63+0.04™" 0.66+0.04™""

HR, BPM Lean Male 370.00+16.12 377.40+9.24 362.50+4.30 373.80+9.87
Female 389.30+5.77 393.10+7.10 379.30+7.64 379.30+6.11

Obese Male 326.00+5.00" 327.00+8.58™ 347.10+9.67 345.00+8.57

Female 364.90+4.36 410.60+27.38 367.10+8.43 358.80+6.89

CO, mL/min Lean Male 0.19+0.01 0.21+0.02 0.23+0.01 0.20+0.02
Female 0.15+0.01 0.15+0.01 0.15+0.01° 0.13+0.01°

Obese Male 0.24+0.01 0.21+0.01 0.28+0.01 0.28+0.01"
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Female 0.22+0.01™ 0.24+0.01 0.23+0.01 0.24+0.01
LV mass, g Lean Male 1.05+0.03 1.08+0.04 1.11+0.03 1.06+0.03
Female 0.92+0.02' 0.91+0.01° 0.95+0.02 0.90+0.02
Obese Male 1.29+0.05™ 1.32+0.06™ 1.37+0.05™ 1.38+0.04™
Female 1.12+0.04™ 1.16+0.04™ 1.17+0.03" 1.25+0.05""
Mitral E, mm/s Lean Male 86.50+2.48 87.88+2.54 87.63%3.26 91.63+2.92
Female 95.50+2.03 92.38+2.80 97.38+1.92 91.88+3.09
Obese Male 98.75+4.63 96.88+3.87 101.40+3.22 99.88+4.40
Female 97.13+£2.94 97.63+£2.93 99.25+3.29 102.90+3.79
DT, ms Lean Male 41.63+2.09 34.25+2.86 38.38+3.91 40.88+4.94
Female 33.13+3.10 32.25+2.78 38.25+1.29 34.75+1.82
Obese Male 50.38+2.94 47.1345.85 39.50£2.61 45.38+4.90
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Female 38.00+2.28 32.88+3.32 38.50+1.81 40.88+2.83

Mitral A, mm/s Lean Male 55.13+4.19 66.75+4.35 54.25+4.38 58.50+4.63
Female 69.00£3.54 69.38+3.02 67.13+4.30 62.13+3.85

Obese Male 53.38+3.59 57.50£5.50 69.75+5.48 65.13+5.40

Female 68.38+2.51 68.75+6.02 70.25+4.66 72.50+3.97

E/A Lean Male 1.61+0.09 1.36+0.07 1.71+0.20 1.61+0.09
Female 1.3940.05 1.35+0.04 1.49+0.08 1.49+0.05

Obese Male 1.91+0.13 1.80+0.19 1.55+0.17 1.63+0.17

Female 1.41+0.06 1.53+0.19 1.46%0.07 1.45+0.10

Values presented are mean + SE. N=8. LV, left ventricle; L\VPWd, LV posterior wall thickness in diastole; LVPWSs, LV posterior wall thickness
in systole; EDV, LV end-diastolic volume; ESV, LV end-systolic volume; LVIDd, LV internal diameter in diastole; LVIDs, LV internal
diameter in systole; IVSd, LV interventricular septum thickness in diastole; 1VVSs, LV interventricular septum thickness in systole; EF, LV

ejection fraction; FS, LV fractional shortening; E, early diastolic filling velocity; A, late atrial filling velocity; E/A, ratio of early [E] and late
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atrial [A] ventricular filling velocity; IVRT, isovolumetric relaxation time; DT, deceleration time; HR, heart rate; SV, stroke volume; CO,
cardiac output. Con, control diet; CFlax, 10% ground flaxseed supplemented control diet; HFHS, high-fat high sucrose diet; HFlax, 10% ground

flaxseed supplemented high-fat high sucrose diet.

* p<0.05, **p<0.01, ***p<0.001, ***p<0.0001 versus respective lean JCR rats on the same diet, 2-way ANOVA.

 p<0.05 versus respective male JCR rats on the same diet, 2-way ANOVA.
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The effect of genotype on blood pressure in JCR:LA-cp rats

Systolic, diastolic, and mean arterial blood pressure values were obtained at baseline in 12-
week-old JCR:LA-cp rats prior to any dietary intervention. Baseline systolic blood pressures
(SBPs), diastolic blood pressures (DBPs), and mean arterial blood pressures (MABPS) were not
significantly different in 12-week old obese male and female JCR rats compared with age-matched
lean males and females, as shown in Table 14. There was no significant interaction between
genotype and sex as data were similar when analyzed using 2-way ANOVA in which one factor
was genotype and the other was sex.

After 6 weeks of dietary intervention, blood pressure monitoring of 18 weeks old JCR:LA-
cp rats revealed no differences in SBPs, DBPs, or MABPs between lean and obese genotypes
(Figure 41). However, a sex dependency on BP was identified at 6 weeks by 2-way ANOVA with
sex and diet as independent variables. The lean female JCR rats had significantly lower SBPs in
the Con, HFHS, and HFlax groups as compared to lean males. However, no such changes were
noted for DBPs. In addition, obese female rats had significantly lower SBPs, DBPs, and MABPs
in the Con group as compared to obese males. No clear trend for an effect of diet on SBP, DBP or
MABP was observed.

The possibility that longer periods of dietary intervention may elicit an effect on BP in the
JCR:LA-cp rats was studied. At 24 weeks of age, obese JCR rats exhibited no differences in SBPs,
DBPs, and MABPs, as compared to age-matched lean controls, regardless of diet (Figure 42).
However, once again a significant effect of sex was confirmed by 2-way ANOVA with sex and
diet as factors. Female obese JCR:LA-cp rats had significantly lower SBPs and MABPs for the
CFlax group as compared to obese male rats. In addition, the lean female JCR:LA-cp rats had

significantly lower SBPs in the CFlax and HFHS groups as compared to lean males.
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Table 14. Baseline blood pressure values of 12 weeks old JCR:LA-cp rats.

SBP (mm Hg)
Male Female
Con CFlax | HFHS | HFlax | Con CFlax | HFHS | HFlax
Lean 14045 | 14646 | 150+6 | 137+3 | 123+5 | 13945 | 13245 | 135+7
Obese | 12846 | 1354 |139+3 | 141+4 | 127+5 |123+5 | 1363 | 132+4
DBP (mm Hg)
Male Female
Con CFlax | HFHS | HFlax | Con CFlax | HFHS | HFlax
Lean 9614 1006 | 103+5 | 91+3 8315 96+4 89+4 8815
Obese | 855 90+4 92+3 9343 82+4 82+4 90+2 8943
MABP (mm Hg)
Male Female
Con CFlax | HFHS | HFlax | Con CFlax | HFHS | HFlax
Lean 111+4 | 116+6 | 118+6 | 106+3 | 9645 1105 | 103+4 | 10445
Obese | 99+6 104+4 | 107£3 | 108+3 | 9715 95+4 106+2 | 103+4

Values are presented as mean+SE. Con, control diet; CFlax, 10% ground flaxseed supplemented
control diet; DBP, diastolic blood pressure; HFHS, high-fat high sucrose diet; HFlax, 10% ground
flaxseed supplemented high-fat high sucrose diet; MABP, mean arterial blood pressure; and SBP,

systolic blood pressure. All values were >0.05 vs respective control values. N=8.
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Figure 41. Effect of sex on blood pressure values of 18 weeks old JCR:LA-cp rats.

All values presented are mean+SE. (A), SBPs of lean male versus female JCR rats; (B), SBPs of
obese male versus female JCR rats; (C), DBPs of obese male versus female JCR rats; and (D),
MABPs of obese male versus female JCR rats. DBP, diastolic blood pressure; MABP, mean

arterial blood pressure; and SBP, systolic blood pressure. *p<0.05 versus respective male JCR rats

on the same diet, 2-way ANOVA. N=8.
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Figure 42. Effect of sex and diet on blood pressure values of 24 weeks old JCR:LA-cp rats.
All values presented are mean+SE. (A), SBPs of lean male versus female JCR:LA-cp rats; (B),
SBPs of obese male versus female JCR:LA-cp rats; (C), MABPs of obese male versus female
JCR:LA-cp rats. DBP, diastolic blood pressure; MABP, mean arterial blood pressure; and SBP,
systolic blood pressure. *p<0.05 versus respective male JCR:LA-cp rats on the same diet, 2-way

ANOVA. N=8.

A time-course analysis was performed to examine how BP values changed over 12, 18,
and 24 weeks of age (Figure 43). Repeated measures 2-way ANOVA with one factor as time
exhibited no change in SBPs in any of the diet groups for lean male animals. In contrast, obese
male animals had significantly higher SBPs for the Con group at 24 weeks as compared to the

baseline. No such changes were noted for DBPs and MABPs for both lean and obese male animals.
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Lean female JCR:LA-cp rats had a statistically significant ~16% decrease in SBP in the CFlax at
24 weeks as compared to 12 weeks. Similar to obese male rats, female obese animals had
significantly higher SBPs in the Con group at 24 weeks as compared to the baseline. No differences
were observed for DBPs and MABPs for both lean and obese female JCR:LA-cp rats. Taken

together, female JCR rats were more sensitive to the effect of ground flaxseed supplemented diet

when compared with male animals.
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Figure 43. Temporal trends in blood pressure over a course of 12 weeks in JCR:LA-cp rats.
All values presented are mean+SE. (A), SBPs of obese male JCR rats; (B), SBPs of lean female
JCR rats; (C), SBPs of obese female JCR rats. SBP, systolic blood pressure. *p<0.05 versus same

group at 12 weeks, repeated measures 2-way ANOVA. N=8.
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Absence of atherosclerotic lesions: no effect of genotype, diet or sex

Histological analysis by staining with Sudan IV and Oil Red O revealed the absence of
lipid-rich atherosclerotic plagues on aorta tissue of JCR:LA-cp rats. No effect of genotype, diet or
sex was observed indicating that obese JCR rats do not have atherosclerosis and the high-fat high

sucrose diet supplementation does not induce any aortic lesions in this rat strain (Figure 44).

Lean Male Lean Female

Obese Male Obese Female

Figure 44. Representative images of aortic tissue stained for fat-rich plaques.
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Discussion

The JCR:LA-cp is a unique congenic rat strain that has a corpulent (cp) gene mutation. The
cp rat mutation creates a stop codon in the extracellular domain of the leptin receptor (ObR),
leading to a complete absence of the ObR in the plasma membrane of homozygous cp/cp rats (11).
The JCR:LA-cp rats homozygous for this autosomal recessive cp gene (cp/cp) are obese,
hyperphagic, insulin resistant, and hyperlipidemic whereas the heterozygous (cp/?) animals are

lean and metabolically normal (6, 11).

As expected, obese JCR:LA-cp rats had higher body weight and food intake compared to
their lean counterparts. There was an absence of any effect of flaxseed on food intake or body
weight of JCR:LA-cp rats. Inconsistent findings have been reported from several trials of flaxseed
on body weight, with some showing positive and other negative correlations (19). Flaxseed
consumption may have a favorable impact on patients with higher BMI (19). The weight reducing
effect of flaxseed has been attributed to its high fiber content of ~28%, which can regulate energy
intake and induce satiety (20). In a recent study by Luo et al (21), flaxseed polysaccharide
significantly reduced body weights in obese rats on a high-fat diet. The anti-obesity effect of
flaxseed was achieved through an inhibition of inflammation and a relief of endoplasmic reticulum
stress, eventually removing leptin resistance and restoring leptin function by downregulation of
NPY (21). McCullough et al (22) have shown that flaxseed (and its component of ALA) induced
the expression of leptin in adipose tissue. The complete absence of the ObR (leptin receptor) in
the JCR:LA-cp animals may have negated any functional effects of an increase in leptin expression

induced by flaxseed.

Obese JCR:LA-cp rats had higher liver weights compared to their lean counterparts.

Flaxseed supplementation lowered the liver weight in male obese JCR rats. The hepatoprotective
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effect of flaxseed was further validated by the lowered plasma levels of ALT and AST in the
flaxseed supplemented group. The serum levels of ALT and AST are regarded as markers of
hepatocellular injury (23). As a consequence of liver damage, the hepatic cell integrity is lost
leading to the release of cellular enzymes such as ATL and AST into the blood (24). The
pathogenesis of liver injury includes the activation of Kupffer cells and neutrophils that induces
oxidative stress and releases pro-inflammatory cytokines such as TNF-a, IL-6, and IL-1p that can
cause the death of hepatocytes (25). Zhang et al (25) reported decreased hepatic inflammation by
flaxseed supplementation through the reduction in plasma and hepatic tissue levels of
inflammatory markers. Wang et al (26) reported that flaxseed oil blocks the activation of toll-like
receptor 4 in the liver and prevents the intracellular signaling pathway that results in the production
of inflammatory cytokines. The SDG component of flaxseed could also exert hepatoprotective
effect due to its potent antioxidant activity (27). The synergistic effect of ALA and SDG could be

responsible for the potential hepatoprotective effect of flaxseed.

Consistent with the previous observation by Diane et al (28), obese JCR:LA-cp rats had
higher heart weights compared to their lean counterparts. There was a lack of effect of flaxseed on
heart weight or heart weight/tibial length. This neutral effect of flaxseed on heart weight observed
in the present study is in agreement with other feeding studies (29, 30). On the contrary, Derbali
et al (31) reported a decrease in heart weight in flaxseed pretreated rats compared to the

isoproterenol group. The different experimental models may explain the discrepant effect.

In the present study, JCR:LA-cp rats failed to show cardiac dysfunction when administered
a control rat chow diet. However, when administered a diet rich in fat and sugar, lean female and
obese male animals showed signs of moderate systolic dysfunction and mild diastolic dysfunction,

respectively. Flaxseed supplementation improved LV internal diameter as well as systolic function
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parameters such as FS and ESV in lean female JCR:LA-cp rats. This is consistent with an earlier
study that reported the attenuation of left ventricular dilatation after an Ml by dietary flaxseed
supplementation (1). Doppler echocardiography revealed increased IVRT in obese JCR:LA-cp rats
compared to the lean controls. This is consistent with previous data reporting the presence of
diastolic dysfunction in obese JCR rats (28, 32). Prolonged IVRT is suggestive of impaired
myocardial relaxation and increased stiffness due to fibrosis (33, 34). Dietary supplementation
with flaxseed significantly lowered IVRT in obese JCR:LA-cp rats. The improvement in
myocardial stiffness could be attributed to the powerful antifibrotic effect of flaxseed, as reported
by Parikh et al (1). Flaxseed oil rich in the ALA content upregulates antifibrotic miR 29b and
decreases the collagen 1A1 levels [unpublished data]. Dietary flaxseed exerts an anti-inflammatory
effect by decreasing the levels of TNF-a in the ischemic myocardium (1). Thus, the antifibrotic
effect of flaxseed may, in part, be mediated through the reduction in myocardial inflammation. By
virtue of its effect on decreasing myocardial fibrosis and thus improving IVRT, dietary flaxseed
could be an effective strategy against the progression of heart failure with preserved ejection

fraction (HFpEF), however, further investigations are warranted.

One of the unique characteristics of the JCR:LA-cp rat strain is the presence of ischemic
cardiac lesions (6). Russell et al (35) described the appearance of four types of myocardial lesions
from Stage 1-4. Stage 1 lesions are areas of early necrosis without inflammatory cell infiltration.
These lesions are very short-lived and progress to Stage 2 or 3 lesions (36). Stage 3 lesions are
small foci of chronic inflammation without cell lysis and these lesions also have a short lifespan.
The absence of stage 1 and 3 lesions in the present study could be due to the short lifespan of these
lesions. Stage 4 lesions are old or advanced scarred lesions that exhibit collagen fibers

accumulating as animals age (36). Although Russell et al (7) reported the presence of Stage 4
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lesions in the obese JCR rats, the relatively young age of rats (24-week old) used in the present
study compared to the previous study (39-week old) may explain why the Stage 4 lesions were not
detected in the current study. The Stage 2 lesions are of significant size and represent ischemic
lesions undergoing active resolution (36, 37). The higher incidences of the Stage 2 lesions in the
present study could be possibly due to the higher fat and sugar content of the diet. Russell et al
(38) attributed thrombotic disease and ischemic lesions in the obese JCR:LA-cp rats to the
presence of macrovascular disease in the animals. Other studies (6, 39) correlated the frequency
of spontaneous myocardial lesions in this rat strain with hyperinsulinemia and hyperlipidemia.
Flaxseed supplementation for 12 weeks reduced the frequency of the myocardial ischemic lesions
in male and female obese JCR rats. This is in parallel with the earlier observation of reduced infarct
size by dietary flaxseed in an MI model induced by coronary artery ligation (1). The mechanism
behind the reduced myocardial lesions by flaxseed could be multifactorial. The ALA component
of flaxseed exerts a strong anti-inflammatory effect and inhibits apoptosis of cardiomyocytes (40,
41). Furthermore, ALA upregulates the expression of anti-apoptotic proteins in the myocardium,
decreases the production of reactive oxygen species, and inhibits the activity of the angiotensin-
converting enzyme (ACE) (31, 40, 42). ACE inhibitors are known to augment the endothelium-
derived relaxing factor/nitric oxide (EDRF/NO) pathway (43) and enhance the activity of
bradykinin (44). Improvement in the EDRF/NO pathway and the activity of bradykinin could
improve endothelial function and contribute to the reduced myocardial lesions. The SDG content
of flaxseed with its powerful antioxidant effect reduces infarct size and increases the expression
of endothelial NO synthase, VEGF, and angiopoietin-1 (45). By upregulating these angiogenic
proteins SDG may improve the myocardial oxygen supply. Thus, the effect of flaxseed on

myocardial ischemic lesions could have been mediated through the synergistic effect of its two
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components. This action on ischemic lesions may also explain in part the effects observed
regarding myocardial dysfunction. Ischemic lesions were very small to affect cardiac electrical

activity. This explains the lack of arrhythmias observed in the study.

Upon brief examination, it may be surprising to observe the absence of hypertension in
grossly obese animals in the present study. However, this BP result is in agreement with the initial
study of BP changes over time in JCR:LA-cp rats. Russell et al (46) reported that corpulent rats
have lower SBPs compared to lean animals at 8 weeks of age. However, with time, SBPs rapidly
rise in obese JCR:LA rats and fall in lean JCR:LA rats. Importantly, by 35 weeks of age, there are
no significant differences in SBPs between lean and obese JCR:LA animals (46). Our data also
aligns with other studies (47, 48) that observed no differences in SBPs between 14-16 weeks old
lean and obese JCR:LA-cp rats. However, our data contrasts with two previous studies, one by
Soler et al (49) that observed higher SBPs and DBPs in JCR:LA rats and another by Hunter et al
(15) that described higher mean arterial blood pressure (MABP) of JCR:LA-cp animals after 12
weeks on a normal or HFHS diet. However, instead of using the appropriate controls - the lean
JCR:LA-cp animals, both studies compared the BP values of JCR:LA-cp with Sprague-Dawley
rats which are neither phenotypically nor genotypically similar to JCR:LA-cp rats. Furthermore,
in the Hunter et al study (15), no data on SBPs and DBPs were reported, but only in vitro estimates
of MABPs using pressure myography, which is not a reliable estimate of physiological BP. Finally,
the shorter duration of the study (2 weeks) in the work by Soler et al (49) could also contribute to
the observed dissimilarity. Our study aligns with earlier work (46-48) that JCR:LA-cp rats do not
have hypertension despite the obesity. This lack of hypertension may be explained genetically by

the original strain (the LA/N) which was normotensive (35, 50).
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Leptin has a pressor effect mediated through increased SNS activity and enhanced vascular
reactivity of kidneys to noradrenaline (51). Thus, it is not surprising that in both males and females,
human leptin gene mutations or leptin (ob/ob) or leptin receptor (db/db) knockout rodents have
lower arterial blood pressure (52, 53). However, agouti mice, which are also a model of obesity,
demonstrate higher BP than ob/ob mice (51). This suggests that obesity does not invariably cause
hypertension in rodents. This contrasting BP response to obesity could be attributed to the
underlying genetic and neuroendocrine mechanisms. Ob/ob mice have a complete lack of leptin
effect while agouti mice that develop leptin resistance secondary to hyperleptinemia may preserve
the sympatho-excitatory actions of leptin (51). Diminished SNS has been observed in JCR:LA-cp
rats with a lower catecholamine release due to stress. Of note, no significant BP differences occur
between JCR genotypes in response to restrainer induced stress (54). The lower SNS activity in
normotensive JCR:LA-cp rats despite being severely obese may imply that a functional leptin
system is required for increasing SNS activity and BP. This hypothesis is supported by the
observation that low SNS activity exists in Pima Indians who have a lower prevalence of

hypertension but higher rates of obesity and hyperinsulinemia (55).

Both dietary interventions, the high-fat high sucrose diet and the flaxseed supplementation,
had no effect on the BP. The lack of effect of flaxseed on BP may be surprising in view of the
anti-hypertensive effects of dietary flaxseed demonstrated in carefully controlled trials with
patients with peripheral arterial disease (56). However, this same study showed that normotensive
patients remained unaffected by flaxseed (56). Therefore, the lack of effect on normotensive BP

values in JCR:LA-cp is entirely consistent with these results.

Rodents are typically resistant to atherosclerosis on dietary intervention and even a high

cholesterol (10% wi/w) diet does not produce vascular lesions (57). Only genetically modified
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models such as the ApoE” mice, LDLR” mice, and cholesterol ester transfer protein (CETP)
transgenic rats are used for the experimental atherosclerosis studies (57). In this study of the
JCR:LA-cp rat model of obesity, no apparent atherosclerotic vascular lesions were observed. This
is consistent with a previous study by McNamee et al (58) that reported the absence of significant
atherosclerotic lesions on aortic rings by either scanning electron microscopy or light microscopy.
However, earlier studies on this rat strain have discovered the presence of extensive atherosclerosis
in 9 months old male cp/cp rats (10, 35). This discrepancy with the present results could be because
of the younger age of rats (~6 months versus 9 months) or differences in dietary interventions used

in the present study.

As expected, obese JCR:LA-cp rats had significantly higher total plasma cholesterol levels
and LDL-C compared to the lean controls. This is in accord with earlier investigations by Russell
et al (4) that reported the presence of hyperlipidemia due to hepatic hypersecretion of VLDL with
subsequent effects on LDL-C and HDL-C. Flaxseed supplementation reduced the plasma levels of
total cholesterol and LDL-C in male obese JCR animals. The cholesterol-lowering effect of
flaxseed in the present investigation agrees with previous data (59, 60). Edel et al (61) reported a
reduction of 15% and 11% in LDL-C and total cholesterol in peripheral artery disease patients
within 1 month of flaxseed consumption. n-3 PUFAs decrease lipogenesis by suppressing the
activation of the sterol regulatory element-binding protein-1c (SREBP-1c) transcription factor
(62). However, the ALA content of flaxseed did not correlate with lowered cholesterol levels (61).
The higher dietary fiber content of flaxseed, which is 28% by weight, could be responsible for the
cholesterol-lowering effect of flaxseed (63). The sex-dependent effect of flaxseed could be due to
differences in the lipid levels. Female obese JCR rats had only a mild elevation in the plasma

cholesterol levels compared to the male obese animals. The liver estrogen signaling may have
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altered lipid metabolism which in turn may have resulted in the observed sex differences (64).
However, this sexual dimorphism needs further investigation. Consistent with an earlier report
(65), obese JCR rats had higher TGs and HDL levels. The absence of an effect of flaxseed on TGs

and HDL is in agreement with previous studies (61, 66).

The current study comprehensively investigated the effect of diet as well as sex on this
unique animal strain. Collectively, the presence of dyslipidemia, hepatic injury and cardiac
dysfunction makes JCR:LA-cp rats a model of metabolic syndrome. In this study, dietary flaxseed
supplementation reduced cholesterol levels, lowered markers of liver injury, decreased ischemic
lesion frequency and improved systolic and diastolic function in the JCR:LA-cp rats. The decrease
in ischemic lesions is of particular importance. It is consistent and extends previous findings from
our lab that flaxseed can reduce infarct size in a different model of MI. The previous work used an
artificial means of inducing an M1 (ligation of the coronary artery). The present results have now
importantly extended this cardioprotective effect of dietary flaxseed to a naturally occurring
spontaneous model of MI. Further studies of the underlying mechanisms are warranted to generate
evidences supporting flaxseed as a highly effective treatment approach in metabolic syndrome or
for preventing the progression to heart failure with preserved ejection fraction. The present study
also clearly demonstrates that the JCR:LA-cp rat model of obesity does not manifest
atherosclerosis or hypertension, even in the presence of a high fat, high sucrose diet administered
over an extended period of time. This strain of rat could serve as an experimental model of obesity

without the confounding factor of hypertension and atherosclerosis.
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CHAPTER 3: LIMITATIONS

There are several limitations in the studies conducted during this thesis research.

With regard to the LAD ligation study:

1)

2)

3)

4)

5)

6)

As only male rats were examined for the effect of dietary flaxseed in the first study of the
LAD ligation-induced M1, sex differences cannot be ruled out.

Given the low mortality observed in this study, the sample size could have been too small
to detect differences in cardiac function. This small sample size could be due to the
overestimation of the effect size while calculating the power of the study.

No mechanistic data was generated to explain the antiarrhythmic effect. Future work is
warranted to describe the action via electrophysiological techniques.

If the protocol had been designed to continue for a few additional weeks beyond 8 weeks
post-MI, we may have been able to assess the effect of dietary flaxseed on severely
depressed cardiac function in conditions of heart failure.

A dose-response study to evaluate the effect of different amounts of flaxseed in this model
could have added more information. Although a powerful anti-atherosclerotic effect has
been observed in the other studies at the same dose investigated here, a higher amount of
flaxseed in the diet may have resulted in a significant improvement in cardiac function.
As the primary objective was to study the effect on ventricular remodeling after permanent
coronary artery occlusion, results should be interpreted with caution when extrapolating to
the human condition of ischemia/reperfusion and non-ST elevation myocardial infarction
where other complicating factors like atherosclerosis, cardiomyopathy, vasospasm, etc

could play important modulatory roles in the pathology.
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7)

There was a lack of continuous assessment of specific microRNAs at different time points
after the induction of MI due to limited resources and protocol design. This monitoring

could have strengthened our results.

With regard to the study of JCR:LA-cp rats:

1)

2)

3)

4)

5)

Limited heart tissue availability precluded assessment of molecular mechanisms in the
JCR:LA-cp genetic rat model of spontaneous myocardial ischemia.

Discrepant plasma levels of ALA in animals on control and high-fat high-sucrose diet
despite supplementation of the same amount of flaxseed warrants further investigation.
As humans are less likely to consume a high-fat high-sucrose diet around the clock, the
feeding protocol consisting of ad libitum high-fat high-sucrose diet represents an extreme
scenario.

Although macroscopic staining evaluation revealed an absence of atherosclerotic lesions,
electron microscopy may have yielded information about the adverse vascular changes at
the microscopic level.

As this study utilized a genetic model of leptin receptor mutation, the generalizability of
our findings to the general human population is limited. However, this was a
comprehensive trial examining the effect of diet in an obese rat model of cardiometabolic

syndrome involving both sexes.
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CHAPTER 4: SUMMARY

Dietary flaxseed has been shown to be protective against atherosclerosis and hypertension
in an array of experimental and clinical studies. The work in this thesis investigated the effects of

dietary supplementation of flaxseed in an experimental setting of ischemic heart disease.

The first study involved the induction of acute myocardial infarction (MI) by ligating the
left artery descending coronary artery in Sprague Dawley rats. Animals were fed either ground
flaxseed, alpha-linolenic acid (ALA) rich flaxseed oil, or flax lignan rich in secoisolariciresinol
diglycoside (SDG) for 2 weeks before and for 8 weeks after the induction of MI. The data obtained
from this study suggested that flaxseed supplementation can reduce infarct size and fibrosis,
decrease the incidences of arrhythmias, and prevent adverse left ventricular remodeling after an

MI.

To explore the molecular mechanisms and identify the potential bioactive component of
flaxseed responsible for the observed effect in an M, specific microRNA expression analysis and
inflammation assays were performed. Flaxseed, as well as its components, decreased the
expression levels of an inflammatory marker TNF-a and an extracellular matrix protein, collagen
I. Flaxseed oil rich in ALA upregulated the expression of microRNAs 133a, 135a, and 29b
suggesting ALA could be responsible for the antiarrhythmic, antiapoptotic, and antifibrotic effects
of dietary flaxseed in an MI. Based on the positive results from the first study, the effects of dietary

flaxseed on the heart were investigated further.

The second study investigated the effects of dietary flaxseed in the JCR:LA-cp genetic rat
model of metabolic syndrome that spontaneously develops myocardial ischemic lesions. Dietary

flaxseed supplementation for 12 weeks reduced plasma levels of cholesterol and liver enzymes,
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decreased myocardial ischemic lesions and improved cardiac systolic and diastolic function.
Flaxseed supplementation also prevented the worsening of cardiac function when animals were

fed a high-fat, high-sugar diet to exacerbate metabolic and cardiac dysfunction.

Taken together, the data generated in this thesis suggest that dietary flaxseed represents a
highly effective cardioprotective agent in a setting of myocardial ischemia and MI. Furthermore,
flaxseed could also extend its therapeutic effect against myocardial injury in a condition of
cardiometabolic syndrome. Further studies are warranted to extend these therapeutic uses of
flaxseed to human conditions of myocardial ischemia and MI and to understand the molecular

mechanisms responsible for these significant cardioprotective effects.
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