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ABSTRACT

Chronic diseases such as diabetes, cardiovascular and renal diseases are major
health concerns globally. Cardiovascular diseases with diabetes comprise more
than 50% of all deaths attributed to non-communicable diseases worldwide.
Acquiring more than one of these diseases at the same time results in poorer
prognosis compared to any individual disease. Pathological changes in cellular
metabolism and extracellular matrix (ECM) remodelling that result in structural
and functional damage are among the common and essential mechanisms that
underlie diabetic nephropathy, diabetic cardiomyopathy, focal and systemic
vascular diseases. ECM is the structural framework of an organ, and maintaining
its integrity is essential for optimal structure and function of the cardiovascular
and the renal system. A balance in the function of matrix metalloproteases (MMPS)
and their four physiological inhibitors (TIMPs 1-4) is required for optimal ECM
turnover. This balance is disrupted in pathological conditions. In addition to being
a potent inhibitor of a number of MMPs, TIMP3 is the only ECM-bound TIMP
whereby it can exert tissue-specific effects. TIMP3-deficiency has been linked to
several cardiovascular and renal diseases, and this effect has been shown to be
organ specific and stimulus dependant. We found that TIMP3 was protective in
diabetic nephropathy without any contribution to diabetic cardiomyopathy,
diastolic dysfunction associated with myocardial metabolic changes and impaired
calcium handling. We found a novel role of TIMP3 in both focal (Abdominal
aortic aneurysm, AAA) and systemic (Hypertension) vascular pathologies

associated with ECM remodelling. In response to Ang I, TIMP3-deficiency



resulted in a pathologically suppressed hypertensive response due to excess
degradation of vascular ECM which culminated to development of AAA upon
prolonged exposure. Targeting MMP2 alone in TIMP3” mice exacerbated AAA
with heightened inflammation and increased MMP9, however, a broad spectrum
MMP inhibitor proved to be a successful approach in preventing AAA. In
summary, my thesis explores the essential and optimal role of TIMP3 in the

context of pathological ECM remodeling in cardiac, vascular and kidney diseases.
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LITERATURE REVIEW

1.1 GENERAL INTRODUCTION

As scientific advances have been successful in eradicating or controlling most of
the infectious diseases and increasing life expectancy, chronic non communicable
diseases (NCD) have emerged as the major cause of mortality in the 21% century.
NCD is defined as a slow progressive chronic, non-transmissible disease which is
derived mainly from both modifiable (poor diet, physical inactivity, tobacco and
alcohol consumption) and non-modifiable (racial or ethnic distribution) risk
factors. The NCD comprise of a plethora of medical conditions such as
cardiovascular diseases (CVD), diabetes, chronic kidney diseases (CKD), chronic
respiratory diseases, cancer and mental illnesses (depression, schizophrenia). In
2010, the world health organization (WHO) reported NCD as the main cause of
death globally (approximately 63% of all deaths worldwide). Among these, CVD
(48%) and diabetes (3%) together contributed to more than half of all mortalities

(more than 36 million) from NCDs worldwide *.

CVD, diabetes and CKD are components of NCDs which impose a serious threat
in terms of mortality and morbidity to the aging population in the developing and
the developed countries (for Canadian statistics refer to Fig. 1.1). These diseases
share a complex causal relationship in terms of etiology and/or complication.
Obesity, old age and sedentary life style serve as common risk factors for all these
three diseases which enhances the likelihood of individuals suffering from the

three diseases at the same time, which are referred to as comorbidities. Recent
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pathological and epidemiological studies have demonstrated common links
between these diseases 2. Though these common links are poorly understood, the

quest for revealing these associations is the focus of my work.

Canada

2010 total population: 34 016 593
Income group: High

NCD mortality [Proportional mortality (% of total deaths, all ages) ]
2008 estimates males females
Total NCD deaths (ooos) 103.1 105.1 Communicable,
NCD deaths under age 60 155 10.9 per:‘ii‘:‘tﬂ;m e
{percent of all NCD deaths) nutvitional B9
Age-standardized death rate per 100 000 conditions
AllNCDs 386.5  265.0 *
Cancers 1422 1066
Chronic respiratory diseases 26.9 16.0
Cardiovascular diseases and diabetes 151.6 90.1 Gtner NeDs

17%

Behavioural risk factors
2008 estimated prevalence (%) males females total

Current daily tobacco smoking 15.4 11.8 13.5
Physical inactivity 34.0 374 357 D etes

Metabolic risk factors

Respiratory
2008 estimated prevalence (%) males females total diseases
Raised blood pressure 35.8 31.6 33.6 6%
Raised blood glucose
Overweight 67.8 587  63.2 Caneers
Obesity 26.0 26.4 26.2
Raised cholesterol 54.8 57.6 56.2 NCDs are estimated to account for 89% of all deaths.

|Metabolic risk factor trends |

Figure 1.1 NCD profile in Canada extracted from WHO Noncommunicable
diseases profile 20112

1.2 STRUCTURE AND FUNCTION OF THE
CARDIOVASCULAR SYSTEM

1.2.1 Cardiovascular System

The mammalian cardiovascular system is comprised of a four chambered heart,
and a network of vessels either arising from the ventricles (arteries) or terminating
to the atria (veins). The heart and the network of blood vessels work as a closed

unit which together forms the cardiovascular system.

Structure and function of the heart



The heart is a single, muscular organ with the right and left side separated by a
muscular wall, septum. Each side of the heart functions as a separate pump and is
further divided into an atrium and a ventricle. The heart wall consists of three
layers, the inner layer composed of endothelial tissue (endocardium), the
predominant muscular middle layer (myocardium) and a thin external layer
(epicardium). The right atrium (RA) receives partially deoxygenated blood from
the systemic circulation through the two major veins, the superior and inferior
venae cavae. Deoxygenated blood flows from RA into the right ventricle (RV)
during ventricular diastole (relaxation) through the right atrio-ventricular valve
(tricuspid valve), which maintains a unidirectional flow via a pressure gradient
from RA to RV. The RV then pumps the blood out through the pulmonary artery
to the lungs for re-oxygenation. The oxygen rich blood enters the left atrium (LA)
via the pulmonary veins and further flows into the LV through the bicuspid valve
(also known as the mitral valve). The LV pumps the oxygenated blood into the
systemic circulation through the largest artery of the body, the aorta which
branches into a network of progressively smaller vessels and facilitates tissue
perfusion. Even though both the RV and the LV simultaneously pump equal
amounts of blood into the pulmonary and systemic circulation respectively during
the contraction phase (ventricular systole), the LV performs a greater work as it
pumps the blood into the systemic circulation with a higher resistance and a
higher pressure compared to the pulmonary circulation (a low pressure and a low

resistance system.



Structure and physiology of the arterial system

The arterial system consists of blood vessels (and their branches) which emerge
from the ventricles and carry oxygen rich blood (except for the pulmonary artery)
to the organs and tissues. The aorta is the largest artery that originates from the
LV and gives rise to small arteries, which further divide into arterioles and
capillaries in their decreasing order of lumen size. The large arteries, which
conduct blood away from the heart and serve as pressure reservoirs. They impose
minimal resistance, due to their larger lumen size, to facilitate forward flow of
blood and as such, are referred to as conduit arteries. The arterioles and capillaries
are responsible for the resistance of the arterial system. According to the
Poiseuille Law (R = 8Ln/xr?, where R = resistance, L = length of the tube, n
= viscocity of the fluid and r = vascular internal radius), resistance is inversely
proportional to the fourth power of the radius. This highlights the impact of the
lumen size in the arterial system on the blood pressure as even a small change in
the arterial radius can manifest into a marked change in vascular resistance and
subsequently the blood pressure. The peripheral resistance of the arterial system is
equal to the sum of the resistances of all peripheral blood vessels in the
circulatory network, and is referred to as total peripheral resistance (TPR). The
arterial system is a part of a closed circulatory system where large arteries are an
essential component to maintain circulatory homeostasis by undergoing large
volume changes with minimal changes in pressure. This is owing to the property

of the large arteries to act as elastic reservoirs to facilitate a transition of the



cardiac cycle from the systolic phase to its diastolic phase without a rapid fall in
systemic blood pressure. These elastic arteries are able to accommodate a fraction
of the blood volume ejected during cardiac systole and facilitate forward flow

during diastole using the windkessel effect®,

The arterial wall is comprised of 3 layers. The innermost layer (tunica intima)
forms the luminal surface and is made up of a cellular monolayer called the
endothelium. These endothelial cells are attached to a basal lamina which in order
is held by an internal elastic lamina. The medial layer (tunica media) is comprised
of smooth muscle cells (SMC) and connective tissue fibres, predominantly
collagen and elastin. Collagen and elastin deposited by the SMCs of the media
account for the mechanical properties of the arterial system and represents
approximately 50% of the vessel’s dry weight *. Elastin is arranged in the form of
fenestrated sheets (lamellae) to allow for a uniform distribution of the aortic wall
stress, whereas the collagen fibres arranged between these lamellar layers provide
the tensile strength to overcome the high blood pressure and restrict aortic
distension (passive wall tension). Surprisingly, the number of lamellar units
(defined as an elastic lamella together with the SMCs attached to it) in a given
arterial segment is directly proportional to the wall tension force ° and remains
unchanged after birth 6. The outermost layer of the arterial wall, tunica adventitia,
is separated from the adjacent medial layer by the external elastic lamina. This
layer has abundant collagen in its extracellular matrix produced mainly by a

varied population of native myofibroblast cells ’. High content of collagen in



tunica adventitia provides structural strength against the extreme high blood
pressures endured by the arterial wall and prevents their rupture. Apart from its
protective effects, studies have shown that this outer compartment is extremely
important for regenerative properties of the vascular wall. Recently, it has been
shown that mature blood vessels contain residential progenitor cells that can
differentiate into SMCs in response to stress or injury®. Nutrition to the aortic wall
is provided in two ways. The sub-intimal avascular region equivalent to 29
laminar units of tunica media derive nutrition by transitional filtration from the
lumen®. Outside this zone, nutrition is provided by fine feeding vessels (for
nutrition and oxygen) called vasa vasorum located in the outer layer of the aortic
wall. Though, in mice and other small mammals with fewer than 29 lamellar units
in the medial region of the aortic wall have no discernable vasa vasorum °,
however, the tunica adventitia remains an important site of inflammation due to

the presence of these feeding vessels restricted to this layer

1.2.2 Echocardiography on Small Animals

Cardiac performance within the physiological range involves systolic function, an
adequate stroke volume ejected by the LV at a normal arterial pressure, and
diastolic function, optimal filling of the LV without requiring elevation in LA
pressure 0. Echocardiographic imaging provides a non-invasive assessment of the
systolic and diastolic cardiac function. In addition to the commonly used
parameters to evaluate systolic function such as the ejection fraction (EF) and

fractional shortening (FS), a number of measurements have been reported to



indicate diastolic function. These include left atrial size, pulmonary vein velocity,
mitral Doppler flow, tissue Doppler and myocardial strain. It must be noted that
the size of the subject is a critical factor in selecting appropriate parameters to
accurately assess the diastolic dysfunction. For instance, certain parameters which
have been proven to be useful in patients, cannot be used in rodent models due to
the small size of the heart in these animals which can restrict the spatial resolution

at times.

1.2.2.1 Analysis of the Systolic Function

Assessment of the LV contraction phase (referred to as cardiac systole) is
essential in the understanding of LV hemodynamics in normal and disease states.
LV contractile function can be reported by different parameters, such as ejection
fraction (EF) which is defined as the percentage of the blood volume that is
ejected out of the LV during a single contraction compared to the total volume of
blood in the LV: EF(%) = (LVEDV-LDESV/LVEDV) x 100; where LVEDV=
left ventricular end diastolic volume, LDESV= left ventricular end systolic
volume. EF remains an ideal parameter for assessing LV contractility due to its
easy applicability and lack of complex calculation. The physiological range of EF
is > 50% but usually remains higher than 60% in small animals. The second
widely used parameter that evaluates systolic function is LV fractional shortening
(FS) and is defined as the percentage change in LV diameter during systole and
diastole; FS(%) =(LVEDd-LVEDs/LVEDd)x100; where LVEDd= left ventricular

diameter during diastole, LVEDs= left ventricular diameter during systole. These



parameters are acquired from motion mode images (M mode) of the LV in either
short axis or long axis parasternal view (illustrated in Chapter 2, Fig. 2.5). A third
derived parameter from FS is widely used to assess systolic function and known
as velocity of circumferential shortening (VcFc) which relates to instantaneous

velocity of fibre shortening to maximum wall tension during LV contraction®?.

1.2.2.2 Analysis of Cardiac Diastolic Function

As opposed to the systolic function, evaluation of the diastolic function remains
controversial and difficult to interpret. Invasive methods of LV pressure-volume
relationship during a cardiac cycle and measurement of the rate of LV pressure
decline during isovolumetric relaxation using catheters have been regarded as the
gold standard technique in assessing diastolic function. However, the advent of
Doppler studies has allowed to evaluate many aspects of LV filling (diastolic
function), besides being a non-invasive and more practical method for routine
clinical use. The echocardiographic parameters used to evaluate LV filling
pressure and remain as surrogate measurements of diastolic function in patients
and in small animals are obtained from various ways that include left atrial size,
mitral flow profile (isovolumic relaxation time, deceleration time, ratio of velocity
during early (E wave) and atrial filling phase (A wave), pulmonary venous flow

profile and tissue Doppler imaging.

Left Atrial (LA) Size
LA volume is a marker for chronic elevated left ventricular (LV) filling pressure
and is used to assess diastolic dysfunction in humans!? ** and large and small

9



animals. In patients, it has been proposed that LA volume provides a more
accurate prognostic compared to LA diameter, and should be included in routine
clinical evaluations!*. Measurement of the LA volume or diameter in rodents,
although feasible, requires attention for accurate measurements given the small
size of LA in these animals. M-mode images (motion modulation images) (Fig.
1.2) in the parasternal long axis view can be used to measure the maximal antero-
posterior left atrial diameter and is used as left atrial size in rodents!®. A
progressive increase in LA size in association with changes in other parameters
could indicate persistent elevation in LV filling pressure and can be used a marker

for diastolic dysfunction.

PRy S
Ao.root

LA

Figure 1.2 Representative Image of the murine left atrium (LA) with aortic
root (Ao. Root)

LA and aortic root shown in red arrows, in M mode images taken from parasternal long axis view.

Mitral Flow Profile
Mitral flow is comprised of two wave forms, the E-wave and the A-wave
(illustrated in Chapter 2, Fig. 2.6), and provides information about the LV filling

dynamics. The E-wave represents the blood flow through the bicuspid valves
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during the early filling phase of the LV, and as such can be affected by the rate of
relaxation and compliance of the LV. The A-wave represents the blood flow
during the active filling phase of LV and can be influenced by LA contractility
and compliance of LV®. The ratio of E-wave to A-wave (E/A) is routinely used
as a measurement of diastolic dysfunction. The time from the peak of the E-wave
to the baseline is referred to as the Deceleration Time (DT), and represents the
time required for equilibration between the LV pressure and LA pressure. In early
stages of impaired LV relaxation, DT is prolonged, but as this impairment persists,
DT shortens. Mitral flow profile can also provide information about the
isovolumetric relaxation time (IVRT), the time from the closure of the aortic
valve to the opening of the mitral valve. IVRT has been used for assessment of

diastolic dysfunction in patients” as well as in rodents®®.

Although these measurements provide valuable information on kinetics of LV
filling, it should be noted that these parameters can be influenced by a number of
factors, such as preload, arrhythmia, and diseases that cause a hyperdynamic state
of the heart. Moreover, it has been shown that DT and E/A ratio correlate better
with mean LV diastolic pressure when EF < 50% but fails to sustain such
correlation with preserved systolic functions (>50%). Myocardial relaxation
disorder (i.e., decreased longitudinal velocity of the mitral annulus during early
diastole and decreased propagation velocity mitral inflow), decreased compliance
(shortened mitral A-wave duration and mitral deceleration time), and increased

filling pressure (shortened IVRT and increased ratio between early diastolic mitral
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and mitral annular velocities) have been known as the echocardiographic hall

marks of diastolic dysfunction®®.

Tissue Doppler imaging (TDI)

Doppler echocardiography of left ventricular inflow has been widely used to
assess LV diastolic function in humans®® and in mice?'. It depicts the mitral
annular motion in the form of 2 waves, E’or Ea-wave and A’-wave, (Fig. 2.7)
representing the tissue velocities during passive LV filling (E’) and active LV
filling and LA contraction (A’). These measurements can be made at the septal or
the medial annulus. However, unlike the mitral flow, it is independent from
confounding factors such as atrial and ventricular compliance, the rate of
ventricular relaxation and left atrial pressure'® 22, The E’/A’ and E/E’ ratios have
been used to monitor the progression of the disease states contributing to elevated
LV filling pressures?. Septal annular velocities or the average of septal and lateral
annular velocities could correlate better with mean LV diastolic pressure even in
individuals with preserved systolic function (EF> 50%), thus providing an
important parameter for evaluating diastolic dysfunction regardless of systolic
function *. Boluyt et al (2004) reported that the age-associated differences in
diastolic dysfunction include an increase in IVRT and a decrease in peak E-wave
at the septal annulus and at the lateral annulus of the mitral valve®. Tissue
Doppler has also been recently used to measure regional myocardial velocities by
measuring endocardial versus epicardial velocities in a short axis view and were

used to obtain strain rates to evaluate the rate of fractional deformity due to force
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during systole 26, The indices like myocardial velocities (wall motion velocity
measured by Doppler imaging), deformity (strain) and the rate of deformity
(strain rate) have been validated in mice using TDI%. Both myocardial velocities
and strain rate have been found to be valid in assessing LV systolic function in
mice. Prediction of LV remodeling using novel parameter such as peak radial
strain rate obtained from TDI in murine model of myocardial infarction has been
recently vaidated?’. The Tei index is an echocardiography-defined Doppler index
mmcalculated from the formula, Tei index= (IVRT + IVCT)/ET,; where IVRT=
isovolumic relaxation time, IVCT= isovolumic contraction time, ET= ejection
time). Tei index can also be affected by heart rate changes induced by anaesthesia.
Therefore, Tissue Doppler Tei index is more suitable for assessing overall LV

function®.

Pulmonary Venous (PV) Flow

As discussed earlier, LA size can serve as a marker of chronic diastolic
dysfunction. The pulmonary venous (PV) flow (Fig. 1.3) that leads to LA, can
also be measured by Doppler imaging. This measurement constitutes one
retrograde and two anterograde waves, the A reversal (Ar)-, PVS- and PVD-
wave, respectively?®®. Abnormal PV flow pattern as a consequence of increased
atrial pressure can be observed in many types of diastolic dysfunction®. A major
anatomical difference between human and mouse left atrium is that in humans, the
LA has four pulmonary vein orifices compared to a single orifice in mice?®. This

difference in anatomy along with the markedly higher heart rate in mice (500-600
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bpm) compared to humans (60-80 bpm), underlie the differently shaped PV flow
wave in these two species. In mice, a small A-wave reversal (Ar) is followed by a
S-wave that is smaller than the D-wave. In humans, however, the S-wave is larger
than the D-wave. Thus, a normal pulmonary venous waveform in mouse could
appear as a restrictive pattern by human standards. Impaired LV relaxation and
reduced compliance result in decreased D-wave without altering the S-wave such
that the S- to D-wave ratio increases and is indicative of early diastolic
dysfunction. Interestingly, this change in the S-wave to D-wave ratio occurs in
both, humans and mice, and as such is a reliable measure of diastolic dysfunction

in both species.

20 anw's

100 ms

Figure 1.3 Representative image of the pulmonary venous flow in mouse
heart

Corresponding pulmonary venous systolic wave (PVS), pulmonary venous diastolic wave (PVD)
and pulmonary venous atrial wave (PVA) or A reversal (shown by a red arrow).

In humans and large mammals, the ratio of pulmonary vein A-reversal duration
(PVAR) to mitral atrial duration is a distinct marker for elevated LV end diastolic
pressure (LVEDP). In patients with LVEDP exceeding 15 mm Hg, PVAR
duration exceeds mitral A wave duration 3! and can be an indicator of increased

LV late diastolic pressure. However this ratio and its significant correlation with
14



diastolic dysfunction is yet to be established in rodents. In patients, the ratio of S-
velocity to D-velocity is used to monitor progression of diastolic dysfunction as
an increase in S/D velocity ratio is indicative of progression of diastolic

dysfunction.

Mitral inflow of propagation velocity (Vp):

During ventricular diastole, a wave of relaxation starts from the apex and
progresses further towards the base resulting in a apex-to-base pressure
difference®. Impaired diastolic relaxation can blunt or obliterate the apex-to-base
pressure gradient. Mitral inflow of propagation velocity (Vp) is used to assess the
direct effects of the pressure gradient changes on the mitral inflow observed in a
color Doppler and can be measured in more than one way. Few studies in mice
have used this parameter which has shown correlation with elevated LV filling
pressure. Similar to other echocardiagraphic parameteres, Vp has been shown to
be affected by anesthesia in murine models which could result in misinterpretation

of LV function in healthy hearts?..

1.3 BASICS OF THE RENAL SYSTEM

The renal system (also known as the urinary system) consists of two kidneys as
the main functional organs for the formation of urine, together with other
components (ureters, urethra and urinary bladder) as accessory structures to guide
the formed urine outside the body. Kidneys help maintaining the circulatory
homeostasis of the body primarily by regulating plasma ionic composition,

volume, osmolarity and pH. They act as a filter to eliminate metabolic waste
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products (urea and uric acid from protein and nucleic acid catabolism) and foreign
compounds (such as drugs, pesticides, food additives, etc.). Apart from being an
important organ of excretion, kidneys perform secondary endocrine function by
producing erythropoietin (a hormone that stimulates formation of red blood cells)
and renin (an enzymatic hormone that regulates long term blood pressure by

maintaining salt and water balance).

1.3.1 Structure and Function of the Kidneys

Macroscopically, each kidney is made up of an outer (cortex) and an inner
(medulla) layer consisting of a number of striated triangles called the renal
pyramids and formed by a specific arrangement of approximately 1 million
microscopic structural and functional units, known as nephrons. Each nephron is
made up of two components, i) a tuft of capillaries called the glomerulus arising
from the afferent arteriole, which itself is a part of the renal artery. In addition to
the endothelial cells of the capillaries, other cell types such as podocytes
(surrounding epithelial cell layer with foot processes) and mesangial cells are
associated with the glomerular capillaries and form a unit that regulates
glomerular function. Mesangial cells provide structural sustenance to the
capillaries by maintaining the structure of the mesangial matrix (Fig. 1.4) that
holds the cells together and possess contractile properties provided by anchoring
filaments attached to the glomerular basement membrane. Moreover, mesangial
cells facilitate matrix to cell signalling and respond to capillary stretch by

producing various signalling molecules and cytokines such as TGF-p1
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(transforming growth factor isoform)3, VEGF (vascular endothelial growth
factor)®*, CTGF (connective tissue growth factor)® that mediate activation of
PKC (protein kinase C)®* and PI3K ( phosphatidylinositol-3kinase)/Akt¥’
intracellular signalling pathways. However, alterations in these pathways during
pathological states and impaired cross talk between podocytes, endothelial cells
and mesangial cells can adversely affect glomerular capillary growth and function.
These capillaries re-join to form efferent arteriole of relatively smaller lumen
compared to the afferent arteriole. This is the only case in the body where
capillaries arising from an arteriole join to form another arteriole instead of a
venule. A tubular component made up of a single layer of epithelial cells that
begins with a double wall invagination around the glomerulus as a cup known as
the Bowman’s capsule and continues to form the proximal tubule, the loop of
Henle, distal tubule and the collecting duct. The capsule together with the
proximal tubule and the distal tubule is in the cortex while the loop of Henle is
located exclusively in the medullary layer of the kidney. The vascular component
and tubular components of the nephron are responsible for the formation of urine
by three basic mechanisms in the order of their occurrence, i) glomerular filtration
of protein free plasma in the glomerulus derived by a pressure gradient known as
glomerular filtration pressure (GFP). Theoretically it can be calculated as the sum
of the starling forces in the renal corpuscle such as glomerular capillary
hydrostatic pressure (depends on mean arterial pressure), Bowman’s capsule

osmotic pressure that favours filtration counteracted by an opposing force created
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by Bowman’s capsule hydrostatic pressure and glomerular osmotic pressure. The
glomerular filtration rate (GFR) is the volume of fluid that traverses from the
glomerular capillaries into the Bowman’s space per unit time. Approximately
20% of the plasma is filtered (filtration fraction) to form glomerular filtrate which
passes through 3 layers also known as the glomerular membrane (the fenestrations
in the wall of the glomerular capillaries, the basement membrane and the intrinsic
glomerular cells (podocytes and mesangial cells) to enter the Bowman’s capsule
and further transported by the above mentioned tubular components. ii) On its
way through the tubules, the molecules needed by the body (glucose, amino acids,
vitamins etc.) and water is reabsorbed into the blood by a process known as
tubular reabsorption. iii) A third process known as the tubular secretion allows the
movement of certain ions (H*, K*) from the peritubular capillaries back into the
tubules by diffusion and active transport, thereby forming urine that is excreted

from the body.

The endocrine function of the kidney is carried out by a group of specialized
vascular and tubular cells known as the juxtaglomerular apparatus (JGA) at the
region where the distal tubule proximates the afferent and efferent arterioles of the
same nephron. The granulated cells of the JGA secrete a hormone called renin
into the blood which in turn activates angiotensinogen (a plasma protein
synthesized in the liver) to angiotensin I. Subsequently, Angiotensin converting
enzyme converts angiotensin | into angiotensin 1l (predominantly in the

pulmonary capillaries) which further stimulates secretion of a hormone called the

18



aldosterone from the adrenal cortex. These hormones together form the renin-
angiotensin-aldosterone system (RAAS) which is responsible for the regulation of

blood pressure.
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Figure 1.4 Intrinsic cells of the glomerulus which regulate GFR

Extracted from Schléndorff et al. 38

1.4 MAJOR NONCOMMUNICABLE DISEASES OF THE 21°7
CENTURY

In recent years WHO has recognized that the NCDs are the primary cause of
premature death and a major source of loss of productivity and growth in both
developed and developing countries. In 2008, 36 million, out of 57 million global

deaths were attributed to NCDs and this number is expected to rise (to 52 million)
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by the year 2030'. Diseases caused by infections, nutritional deficiencies,
maternal and perinatal conditions has benefited the most from modern medical
advancements and are on a decline by 7 million a year during the same period
where deaths from NCDs continue to surge. Cardiovascular disease and diabetes
are recognised among the 5 key NCDs targeted by WHO, while chronic kidney
disease remains an important determinant of adverse health outcomes and a risk

multiplier in these diseases “°.

1.4.1 Diabetes Mellitus

Diabetes mellitus is primarily a metabolic disorder that is associated with long-
term micro and macro-vascular complications that lead to end organ damage
(cardiac, vascular and renal, predominantly). Despite great advances in modern
therapies, it has remained the fastest growing NCD globally. Though the
pathophysiology of diabetes is multifactorial, the nature of end organ
complications is comparable among the different types of diabetes. The
classification of diabetes has changed enormously since the introduction of insulin
dependent (IDDM) and non-insulin-dependent diabetes mellitus (NIDDM) criteria
in 1979 by the National diabetes data group, primarily based on the
pharmacological therapy applied. The current classification proposed by the
American Diabetes Association in 1997 is based on the pathogenesis as oppose to
therapy, and comprises of Type 1 DM, Type 2 DM, other types and gestational
diabetes®!. Type 1 DM previously known as IDDM (also known as juvenile

diabetes) accounts for approximately 5-10% of all diabetics and is caused by an
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autoimmune destruction of beta cells responsible for secretion of insulin in the
pancreas. On the contrary, Type 2 DM affects more than 90-95% of people with
diabetes and is caused by insulin resistance in tissues that leads to relative insulin
deficiency. An intermediate state that lies between a normal glycemic state and
frank diabetes that can exist for many years is known as pre-diabetes. According
to the WHO, pre-diabetic state comprises of people with impaired fasting glucose
(IFG, glucose > 110 mg/dl and < 126 mg/dl) and impaired glucose tolerance (IGT,
2hrs plasma glucose level on 75 g oral glucose tolerance test > 140 mg/dl and <
200 mg/dl)*2. Pre-diabetes is regarded as a high risk state for developing frank
diabetes. Irrespective of the cause, high plasma glucose largely underlies the long
term risks of micro and macro-vascular complications in pre-diabetic and overt

diabetic states.

1.4.1.1 Diabetic Cardiomyopathy

The effects of diabetes mellitus on cardiovascular diseases are well-established
and it is estimated that the increase in the global diabetic populace in the next two
decades will result in an upsurge in cardiovascular diseases* #4. Diabetic
cardiomyopathy was specifically identified for the first time by Rubler et al. in
1972 based on autopsy data from 4 diabetic patients®®. However, diabetic
cardiomyopathy remained an under recognized clinical entity due to the lack of
conclusive consensus over its clinical symptoms, diagnostics and pathogenesis.
Clinically, it is defined as abnormal myocardial function concomitant with

diabetes in the absence of any co-morbidities such as epicardial or coronary artery
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diseases, hypertension or valvular diseases*®. The advent of improved diagnostics
and non-invasive techniques (echocardiography and Doppler imaging) over the
past two decades has demonstrated a mixed clinical scenario of Type 2 diabetic
cardiomyopathy with LV hypertrophy*’, isolated diastolic dysfunction®5?,
systolic dysfunction in subclinical diabetics® along with asymptomatic early
diabetics®® and both concurrently®. The cardiomyopathy associated with type 2
diabetes is characterized by increased myocardial interstitial fibrosis,
inflammation, vasoconstriction and endothelial dysfunction®-". However, type 1
diabetic cardiomyopathy has been poorly studied. Studies using experimental
rodent models of typel diabetes suggest a wide plethora of cardiac phenotype
from systolic dysfunction in isolated hearts of streptozotocin (STZ) induced
diabetic mice®, isolated diastolic dysfunction in bio breeding (BB) rats**%! to a
combined (systolic and diastolic) dysfunction in STZ treated mice®? ®3 and rat®
hearts. Most studies on animal models of Type 1 diabetes utilize streptozotocin
(STZ)-induced diabetes models. STZ is a beta cell toxin which, in addition to
eliminating pancreatic beta cells, it induces a strong inflammatory response®® ¢
which can result in diabetes-independent effects. Thus, it is important to explore
the cardiac phenotype in a genetic model of Typel diabetes without any

compounding effects of external toxicity.

Pathophysiology and molecular basis of diabetic cardiomyopathy (DC)
Studies suggest that the cardiac complication in diabetes is a consequence of the

direct effects of hyperglycaemia and hyperinsulinemia on the myocardial cells®” %8,
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Cultured rat cardiac myocytes and fibroblasts showed differential responses to
high glucose and high insulin concentrations®®. High glucose concentrations
increased collagen synthesis and mRNA expression of fibronectin and TGF-p1
only in cardiac fibroblast, whereas high insulin concentrations increased DNA and
collagen synthesis in fibroblasts and elevated protein synthesis and ANP secretion
in cardiomyocytes®. Irrespective of the initial trigger, the mechanisms involving
cardiac dysfunction in diabetic cardiomyopathy are multifactorial and can be
broadly divided into 5 categories. These are i) myocyte structural loss and fibrosis,
i) myocardial hypertrophy, iii) impaired myocyte calcium handling and iv)

impaired cardiac metabolism.

DC: Myocyte Structural Loss and Fibrosis

Healthy myocardial ECM is primarily comprised of collagen type I and collagen
type 111 which is more specific to the heart °. In the myocardium of type I and II
diabetic patients, collagen type Il but not type I is found to increase . region’
Myocardial fibrosis involves diffuse accumulation of collagen in the interstitial
and perivascular region, which is partly responsible for the replacement of
functional contractile fibres post myocyte loss that leads to suppressed myocardial
function in diabetic cardiomyopathy. An alteration in myocardial ultrastructure
involves contractile protein loss, myocytolysis, vacuolization, and loss of
contractile proteins as reported in STZ (streptozotocin) induced diabetic rat heart

3. Nonetheless, alterations in the myocardial ultrastructure do not necessarily
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precede cardiac dysfunction and reiterate the presence of other mechanisms

responsible for cardiac dysfunction in early stages of diabetes.

DC: Myocardial Hypertrophy

Myocardial hypertrophy involves an increase in the size of individual myocytes
that is associated with increased intracellular protein synthesis and accumulation
of contractile units via activation of a number of signalling pathways.
Hyperinsulinemia, a cardinal feature of type 2 diabetes prior to gradual beta cell
failure enhances insulin exposure in the myocardium as it remains a major insulin
responsive site during the early phase of diabetes, while other tissues become
insulin resistant’™* 7. Similar to growth factors, insulin bind to its membrane
bound tyrosine kinase receptor to activate phosphoinositide 3-kinase
(P13K)/protein kinase B (Akt) mediated inactivation of glycogen synthases
kinase-3p (GSK3p) to induce nuclear transcriptions such as nuclear factor of
activated T-cells (NFAT-3) which regulate hypertrophic processes’. This PI3K
mediated pathway also plays a key role in exercise induced physiological
hypertrophy as mice with dominant negative PI3K expressed specifically in
cardiac tissue failed to develop cardiac hypertrophy in response to exercise but
not to pressure overload’’. Myocyte hypertrophy is associated with transcriptional
reactivation of fetal genes (ANF, BMHC) and cardiac myosin undergo transition
from an adult to fetal isoform’. However, expression of constitutively active
PI3K specific to cardiac tissue resulted in myocyte hypertrophy without any

contractile dysfunction or activation of fetal genes’®. This suggests that alternative
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pathways might be predominant in diabetic cardiomyopathy which facilitates
myocardial hypertrophy mediated cardiac dysfunction. Mitogenic activity of
insulin via the PI3Ka-Akt-1 activation of mammalian target of rapamycin (MTOR)
can lead to enhanced protein sysnthesis®® seen in myocardial hypertrophy but do
not sustain in states of chronic hyperinsulinemia where activation of Akt-1 is

maintained indirectly by higher sympathetic activity®".

DC: Impaired Myocyte Calcium Handling

A key feature of diabetic cardiomyopathy is impaired relaxation as indicated by
investigations on various patients and animal models of diabetes®?®. Under
physiological conditions, myocyte contraction is facilitated by a T-tubule action
potential that activates voltage gated (L type) Ca?* channels (with some
contribution from the sodium calcium-exchanger (NCX))2 and marks the onset of
calcium induced calcium-release. Ca?* influx through L-type calcium channels in
turn activates the ryanodine receptors embedded in the sarcoplasmic reticulum
(SR) that mediates the release of sarcoplasmic calcium in to the cytosol. The
increase in cytosolic Ca®" triggers the contraction coupling by binding to troponin
and exposing myosin binding sites on the thin filaments of the sarcomere. This
enables the sarcomere to contract which extrapolates to contraction of the muscle
fibre and thereby generating the systolic phase of the heart. At the end of the
muscle contraction, the cytosolic Ca?* is pumped into the SR by Ca?" ATPases
located in the SR membrane (SERCA), or sent out of the cardiomyocyte by NCX.

However, the contribution of the Na/Ca exchanger in the removal of cytosolic
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Ca®" is species dependent (approximately 30% in humans and rabbits but only 7%
in rodent hearts) 8. This uptake of Ca?" marks the beginning of cardiac relaxation
and requires ATP for the SR pumps to work efficiently. SERCA in turn is
modulated by reversible phosphorylation at 3 different sites (serine 10 by protein
kinase C, serine 16 by cAMP or cGMP dependant protein kinase and threonine 17
by Ca2*-calmodulin dependant protein kinase) of an inhibitory protein called
phospholamban (PLB) 8" #, Impaired relaxation in animal models of diabetic
cardiomyopathy is associated with anomalous Ca?* handling due to abnormal
sarcolemma transport process %°°!, defective SR 9%, impaired SERCA pump
uptake due to impaired PLB phosphorylation %2, modification of the membrane
structure *°, reparation by free radicals *, reduced availability of ATP%" and

suppressed expression levels of SERCA 9100,

DC: Impaired Cardiac Metabolism
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Figure 1.5 Metabolism of major sources of fuels for cellular energy

Extracted from Forbes et al. 10

Under normal physiological conditions, predominantly fatty acid (FA) oxidation
(60-90%) followed by glycolysis (refer to Fig. 1.5) derived pyruvate oxidation
and other sources (lactate)!?? provide energy for the heart. Cardiac function under
physiological condition requires a constant supply of adenosine triphosphate
(ATP) which is resynthesized primarily by mitochondrial oxidative
phosphorylation and a lesser proportion from glycolysis 1. Diabetic myocardium
in patients relies primarily on FA and ketones rather than glucose and lactate
uptake compared to non-diabetic populace!®. Anomalous FA metabolism has
been implicated by many studies as the primary pathogenetic factor underlying
diabetes-associated cardiovascular disease as evident by elevated rates of cardiac

FA oxidation in db/db mice (a model of obesity induced diabetes)'®®. Glucose

27



transport in the diabetic myocardium in experimental animals with insulin
deficiency is impaired'®-1% partially due to suppressed mRNA expression and
protein levels of 2 main glucose transporters GLUT1 and GLUT4% which can be

restored by insulin treatment in diabetic rats'®.

However, in a diabetic swine model, in spite of the decreased concentration of
glucose transporters in the diabetic myocardium, the rates of glucose uptake
remained comparable to non-diabetic, normoglycemic swine heart which is partly
compensated by an elevated glucose gradient across the myocyte membrane due
to high levels of extracellular glucose!'®. Additionaly, higher levels of plasma
FFA causes a lower consumption of glucose and lactate such that the heart relies
mainly on FA oxidation'®. This shift of fuel is partly due to the inhibition of the
pyruvate dehydrogenase complex (PDC) by acetyl CoA (generated in abundance
from P oxidation of FA in the mitochondrial matrix) which mediates
phosphorylation and inactivation of pyruvate dehydrogenase *'*. Experiments on
perfused diabetic rat hearts, have shown to have low levels of glucose oxidation,
even in the absence of exogenous fatty acids. This further suggests the importance
of additional ways of suppressing glucose metabolism in diabetic hearts, such as
PDH kinase mediated inhibition of pyruvate decarboxylation without affecting the
ability of the enzyme PDH %2, The FAs in the heart are derived from circulating
free FA bound to albumin in the plasma, fatty esters in chylomicrons and very low
density lipoproteins which remains elevated in diabetic state ***. Once FA enters

a myocyte, it either gets converted into fatty acyl CoA which further forms fatty
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acyl carnitine to enter the mitochondria for -oxidation, or it gets stored in the cell
as triacylglycerol (TAG). Diabetes is associated with high contents of myocardial
TAG % which could partly be due to elevated concentrations of free FA in the
plasma and increased levels of myocardial CoA as found in diabetic “BB” Wistar
rats 1%, TAG can be readily converted into esterified fatty acids and transported
into the mitochondrial matrix for B oxidation. Esterified fatty acids, also known
as long chain acyl CoA, are assisted by a triad of carnitine dependant enzymes
(carnitine palmitoyltransferase I, carnitine: acyl carnitine translocase and carnitine
palmitoyltransferase 1) to enter the mitochondrial matrix where CPT | is the rate

limiting enzyme for the uptake of FA 116,

In the light of these excess FA accumulation and myocardial energy substrate
switch from carbohydrate to FA metabolism in the diabetic myocardium, many
studies on experimental animals have associated diabetic cardiomyopathy to
changes in myocardial energetics 7 '8 and improved cardiac function by

controlling the glycemic status in patients °.

1.4.1.2 Diabetic Nephropathy

Diabetic nephropathy (DN) remains the major cause of end stage renal disease
(ESRD) which continues to increase in incidence and prevalence'?°. In patients
with diabetes, excretion of low levels of albumin (microalbuminuria) concomitant
with glomerular mesangial expansion and matrix deposition serve as the early
signs before the onset of overt nephropathy.It takes about 10 years (or longer)

before the actual onset of overt nephropathy and the development of
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macroalbuminuria associated with decline in the GFR'?L, In order to investigate
the pathogenesis of these crippling diabetic complications, animal models of
diabetes serve as useful tools with advantages of genetic mouse models such as
Akita mice (a genetic mouse model of type 1 diabetes) that closely recapitulates
human DN over chemically induced diabetic models have been thoroughly
verified 22, DN-associated changes, such as kidney hypertrophy, glomerular
basement membrane thickening, mesangial expansion and progressive proteinuria
are well recognised structural and functional alterations associated with changes
primarily in the glomerulus and the proximal tubules, which account for more

than 90% of the cortical mass in the kidney 2% 124,

The onset of overt DN and its progression is a very complex process given the
diversity of renal cellular structure and function. The symptoms vary from a state
of hyperfiltration to a decline in GFR over the course of the disease. Moreover,
pathological changes such as oxidative stress, tubulointerstitial fibrosis, cellular
hypertrophy and inflammation affect a variety of renal cells including the
endothelial and the smooth muscle cells of the renal microvasculature, mesangial
cells and podocytes of the glomerulus, epithelial cells of the tubular and collecting

duct.

DN: Renal hypertrophy and glomerular matrix remodelling

An early feature of a diabetic kidney is its enlargement that is associated with
hypertrophy and hyperplasia of resident renal cells . DN involves structural
changes that involve renal hypertrophy in the early stages of the disease and

30



progresses to a more distinctive, irreversible feature of extracellular matrix
accumulation in the glomerulus, called the nodular glomerulosclerosis, in its more
advanced stages of diabetes. Evidence from morphometric studies performed in
patients with type 1 diabetes 1?° and experimental diabetic animals %’ revealed
that thickening of glomerular basement membrane and hypertrophy closely
accompany thickening of the tubular basement membrane and tubuloepithelial
hypertrophy, and mark the advent of an irreversible alteration in the form of
tubulointerstitial fibrosis and atrophy 2" 128, Moreover, animal studies on DN
have shown that renal cells along the entire nephron that undergo hypertrophy,
possess the ability to proliferate at any point of time in the disease process
depending on the availability of growth factors, growth factor receptors and their
specific genetic predisposition 1213, However, ex vivo cell culture of mesangial
cells from mouse®® and human!®? exposed to pathological concentration of
glucose, simulating diabetic condition had proliferative effects in the first 48

hours of exposure but gets inhibited with prolonged exposure.

The initial proliferative response is attributed to the stimulation of PDGF-B
(platelet-derived growth factor-B) whereas the activation of endogenous TGFp in
the later phase of glucose exposure inhibits cellular proliferation and induces
hypertrophy that progresses to inflammation and fibrosis mediated renal injury.
These processes are accompanied by an increase in glomerular capillary size that
leads to alterations in glomerular hemodynamics (increased intraglomerular

pressure and capillary wall stress), release of growth factors and cytokines

31



(TGFP)'* along with several vasoactive molecules (Ang Il, endothelin-1) 13
which mediate imbalance of matrix proteins and eventually leads to mesangial

matrix expansion.

DN: Protein kinase C mediated renal injury

Hyperglycemia, irrespective of the type of diabetes, induces tissue damage due to
high intracellular levels of glucose particularly in cell types which are unable to
control uptake of glucose efficiently. Though most cell types are able to reduce
glucose uptake when exposed to hyperglycemia, a few are prone to damage and
mediate end stage diabetic complications such as capillary endothelial, mesangial
and Schwann cells!® % Increased intracellular glucose induces synthesis of
diacylglycerol (DAG) which in turn activates different isoforms of protein kinase
C in a cell specific manner in the kidneys'®’- 13, Renal activation of PKC occurs
within a few days of induction of diabetes™*® and has also been demonstrated in ex

vivo studies of cultured renal cells exposed to high concentrations of glucose®®.

Various isoforms of PKC are grouped based on their activation profile, such as
classical (PKC, -B, -y and -a) which require both intracellular calcium and DAG,
novel (PKC, -9, -¢, -1, -0) that need only DAG and atypical (PKC, -, -A) which
do not require DAG for their activation. However, various studies have revealed
that hyperglycemia-induced activation of diverse isoforms of PKC in renal cells is
tissue specific such as PKCa and PKCB in glomerular membrane fraction'*°, and
membrane linked PKC3§ and PKCe in diabetic rat glomerular cells'*, could partly

elucidate the differential growth response of specific renal resident cells during
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the progression of diabetes. Moreover, growth factors and vasoactive components
(such as Ang Il, endothelin I and prostanoids or thromboxane) resulting from
hemodynamic changes in the capillaries mediate activation of PKC together with
hyperglycemia. This results in the instigation of various downstream pathways
such as activation of TGFB and mitogen activated protein kinase (MAPK) 142
pathways that lead to alteration of renal matrix protein synthesis and cell growth
respectively. Studies involving mouse models deficient in various PKC isoforms
have shined light on the role of PKC in diabetic renal damage. Renal hypertrophy
was completely abrogated in diabetic PKCB-KO due to reduced expression of
TGFpB'® and markers of oxidative stress without any alteration in the expression
of subunits that constitute NADPH oxidase!**. On the contrary, diabetic PKCa-
KO mice revealed reduction in albuminuria'* associated with decreased VEGF
expression, an important growth factor implicated in the loss of albumin in the
glomerular filtrate associated with nephrin protein in the podocytes'®.
Interestingly, development of pathological changes of DN such as albuminuria,
mesangial matrix expansion and tubulointerstitial fibrosis in PKCe-KO mice even
without the induction of diabetes reveal the protective effect of this isoform and is

consistent with its increase in diabetic nephropathy*#’.

DN: Oxidative stress
Hyperglycemia induces the production of intracellular oxidative agents in renal
cells that belong to a large family of reactive oxygen species (ROS) which are

oxygen containing chemically active molecules that includes the superoxide anion,
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hydrogen peroxide, hydroxyl radical, and peroxynitrite 148, Under physiological
conditions, ROS is generated and degraded efficiently to maintain cellular
homeostasis. In conditions such as hyperglycemia, ROS are produced at supra
physiological concentrations which induce alterations of signalling pathways and
mediate end organ damage!*®. Majority of the ROS are produced during oxidative
phosphorylation in the mitochondria, though contributions from other sources
such as the enzyme complex, NADPH-oxidase bound to plasma membrane and to

some extent from xanthine oxidase*" *>*, play an important role*>=.
tent f th dase®™ %1 play tant role!®2

The mitochondrial electron transport chain (ETC) consists of 4 complexes
(Complex I-1V) which receive electrons from donors such as NADH (donor for
complex 1) and FADH: (donates to complex Il) that are generated in the Krebs
cycle. Electrons donated in complex | and Il are transferred to coenzyme Q and
then to complex Ill-cytochrome C-complex IV and then taken up by molecular
oxygen and reduced to form water. A part of the energy from this electron
transport is used to pump protons through the mitochondrial membrane only at
complexes I, 11l and V. This generates a voltage gradient across the membrane
which drives ATP production via ATP synthase. The generation of ATP is
specifically regulated by a group of uncoupling proteins that use the voltage
gradient to produce heat in a healthy cell. However, increased cellular levels of
glucose in a diabetic kidney are oxidized to produce higher concentrations of

electron donors, generating voltage gradients to a threshold where the electrons
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are unable to transfer in complex 111 13 and gets backed up in the coenzyme Q to

produce superoxide oxidant from molecular oxygen®®*,

Another important source of ROS in the kidney is a group of components of the
phagocytic enzyme known as NADPH oxidase (Nox) as they are expressed
constitutively in renal vessels, glomeruli, podocytes, tubules and interstitial
fibroblast along with the homologues Nox-1, Nox-4. The enzyme consists of
membrane bound subunit Nox-2 (also known as gp91P"%), p22°"** and cytosolic
components p47 P p67 Ph%% p40 P'* and Racl which assemble together to
activate the enzyme™®® 1%, PKC is a well-known activator of NADPH oxidase
which generates ROS that acts as a second messenger for numerous transcription
factors known to be altered in renal disease'®, such as nuclear factor -xB (NF-

kB)™8, Akt/PKB® and ERK1/21,

The physiological balance of ROS in the cell is maintained by several endogenous
antioxidants, most notably cytoplasmic Cu/Zn superoxide dismutase (SOD),
glutathione peroxidise, mitochondrial manganese SOD and heme oxygenase-1
which have been found to be induced by hyperglycemia®. Studies involving
overexpression of cytoplasmic Cu/Zn SOD has been shown to reduce glomerular
damage in both type 1 and 2 diabetic mouse models'®? 163, Moreover, disruption
of the fine balance between ROS and antioxidants, as a result of inconsistent
oxidative reactions at supra-physiological levels, may cause renal tissue damage
via several redox sensitive phenomena such as cell survival, growth, apoptosis,

migration and ECM remodelling®®*.
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1.4.2 Hypertension

It is estimated that approximately 1 billion people are affected by hypertension
globally, and this incidence is predicted to increase by 60% in the year 2025 °°,
The aetiology of hypertension still remains ambiguous as only 5-10% of
hypertensive patients have a discernible cause (known as secondary hypertension)
where as majority of it without an identifiable basis is known as primary or
essential hypertension. An adequate systemic arterial pressure is essential for
proper tissue perfusion. The blood pressure varies significantly during the
ventricular systolic phase (systolic blood pressure) and its relaxation phase
(diastolic blood pressure), such that it maintains a sufficient mean arterial pressure
irrespective of the phase of cardiac cycle. The physiological range of the blood
pressure is species specific and varies with age and is regulated by an intricate
relationship of heart and the vasculature. Hypertension involves a state where the
blood pressure (systolic, diastolic or both) exceeds the species specific
physiological range and acts as a silent killer without any early symptoms that
involves multiple-organ diseases such as chronic kidney disease, cardiac

hypertrophy and stroke.
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1.4.2.1 Hypertension: A Vascular Perspective
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Figure 1.6 Factors affecting Blood pressure.

Extracted and modified from Mayet et al.'%6

It is an established fact that flow dynamics involved in generating blood pressure
differences are determined mainly by cardiac output and peripheral vascular

resistance (Fig. 1.6) according to Darcy’s law (analogous to Ohm’s law):
AP=Q X R

where AP = pressure difference, Q = bulk flow, and R= resistance. This law can

be applied to the entire vascular circulation:
MAP =CO X PR

Where, MAP = mean arterial pressure , C.O = cardiac output, and PR=peripheral
resistance . CO is maintained by LV function that depends on preload (LV end
diastolic volume), ventricular contractility and afterload which in turn depends on

peripheral vascular resistance. Moreover, resistance in the circulatory system can

37



be determined by Hagen-Poiseulle’s equation: R=8Ln/xr*; where R= resistance,
L= length of the tube, m= viscocity of the fluid and r= tube’s internal radius.
Hence, peripheral resistance is inversely proportional to the vascular radius which
is regulated by the constriction/ dilation of peripheral arteries. Therefore, a small
change in the arterial radius can result in a much larger change in blood pressure.
Thus, it is essential to study the factors that impact the vascular structure, such as
vascular ECM remodelling and alterations of signalling cascades in the cells
comprising the vascular wall, in order to elucidate the contribution of vascular

pathology in the development of hypertension and its complications.

Vascular remodelling and cellular basis of Hypertension

Hypertension is associated with vascular remodelling characterized by
rearrangement of cellular and structural components of vascular wall. Vascular
remodelling is a physiological process that helps the body to adapt during injury
and growth, however, under certain conditions, it can form the basis for
pathological remodelling. Both physiological and pathological vascular
remodeling entail degradation and reorganization of the ECM. Arterial ECM is
primarily comprised of elastin and collagen, the main structural component of the
ECM that provide significant structural support and recoil properties for the
arteries® 7. Alterations in the structure of small arteries primarily involves
inward eutrophic and hypertrophic remodelling ®8. Eutrophic remodelling is
associated with a decrease in outer arterial diameter and lumen diameter without
any change in the cross sectional area of the tunica media. Hypertrophic
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remodelling, on the other hand, accompanies thickening of the media, resulting in
decreased lumen size and increased media to lumen ratio. Irrespective of the type
of remodelling, the media-to-lumen ratio increases, however eutrophic alteration
IS not associated with stiffening of the remodelled vessel as seen in mild or early
stages of hypertension. Animal models of hypertension such as spontaneously
hypertensive rats (SHR)® 10 and 2 kidney-1 clip (2K1C) Goldblatt rats 17
revealed eutrophic vascular remodelling mimicking mild primary hypertensive
patients!’?. Conversely, models of severe hypertension are associated with
hypertrophic vascular remodelling as reported in Dahl salt sensitive rats!’s, 1
kidney 1 clip Goldblatt rats (LIK1C)!"*, deoxycorticosterone acetate (DOCA) salt
rats'’”® similar to patients with secondary hypertension!’®. Furthermore, it is
hypothesized that mechanisms such as SMC apoptosis restricted to the outer
border which compensate the inward growth (towards the lumen), are responsible
for preservation of medial thickness in eutrophic remodelling *’’. Contribution of
SMC apoptosis as the primary phenomenon or a compensatory effect on growth
in vascular remodelling, remains uncertain since apoptotic factors such as Ang Il
(via AT2 receptor) ’® and endothelin (ET-1) (via endothelin B receptors) 1’° have
additional pressor and growth promoting effects. Nevertheless, SHR rats treated
with an ACE inhibitor (antagonist of AT1 receptor) and Ca?* channel blockers
revealed SMC apoptosis in thoracic aorta %, although simple hypotensive

treatment of hydralazine did not affect SMCs in these rats .
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Apart from growth and apoptosis of the cellular components, ECM alteration and
vascular fibrosis plays an equivocally important role in hypertension-related
vascular remodelling. Hypertension is associated with enhanced collagen
synthesis in the arterial wall as revealed in aorta and mesenteric arteries of SHR
and DOCA-salt rats*®2, Though fibrillar collagen I and 111 are abundant in all three
layers of the vascular wall, collagen Il but not | was found to be increased in
specific SHR strains'®®. Arterial stiffness characterizing hypertensive vessels is
driven by recruitment of collagen fibres at an elevated distending pressure and not
necessarily due to an increase in total collagen amount, as evident from small
arteries of patients with mild hypertension!8*. Vascular remodelling follows a
temporal pattern with arterial wall stiffening becoming predominant during the
later stages 185 of advanced hypertension but absent during early stages due to
alterations in SMC-ECM anchoring*®® and degradation of ECM*®' to compensate
for the increased wall stress. However, these compensatory mechanisms aimed to
counter hemodynamic changes early in the disease lead to arterial stiffness and
fibrosis that mark the hallmarks of advanced hypertension as a consequence of
disruption of an intricate balance between the two vascular wall structural proteins,
collagen and elastin, which is maintained by dynamic processes of protein
production and degradation®. The main structural proteins, collagen (that imparts
tensile strength) and elastin (essential for elasticity and recoil function of arteries),
together with laminin, fibronectin and proteoglycans (as adhesive proteins) are

essential for the integrity of the vascular wall. Elastin remains more susceptible to
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damage and breakdown due to a decreased turnover rate and less susceptible to
reparation compared to collagen'® %, Although loss of elastin combined with
accumulation of collagen have been speculated as a mechanism underlying
vascular stiffening®?, pathogenic effects of elastin loss alone is evident from
studies using elastin haplosufficient mice that revealed decreased vascular

compliance leading to increased systemic blood pressure!®?.

Degradation of vascular ECM is carried out primarily by a group of proteases
known as metalloproteinases that include matrix metalloproteinases (MMPS),
adamalysins, papalysins together with serine and cysteine proteases. The activity
of MMPs are inhibited by several inhibitors among which a group of 4 tissue
inhibitors of metalloproteinases (TIMP1-4) are of prime importance!®® whose
expressions are altered in vascular remodelling'®. Structural and functional

details of these proteases will be discussed in Section 1.6.1.

1.4.2.2 Experimental Models of Hypertension and Its Complications

Animal models used to study hypertension can be broadly divided into genetic
and non-genetic models'®®. In mice, genotype driven genetic models primarily
include transgenic mice with targeted specific genes involved in the
pathogenomic mechanism of hypertension. These include receptors for renal ion
channels and transporters!®, transgenic and knock out models of specific
components of the renin angiotensin aldosterone system (RAAS)" 1% along with
other protein or molecules including allelic variants and ablation of ANP
receptor'®®, nitric oxide (NO, Glu298Asp variant ofeNOS)?%. Endothelin receptor

41



(ET-BKO)??, bradykinin receptor B22°2 and prostaglandin (PGE2) receptors 2%,
Non-genetic models are representative of secondary hypertension with an
identifiable cause and often involve surgical manipulation to the renovascular
system. The first such model was developed by Goldblatt et al by unilateral
occlusion of renal artery in dogs and called the 2K1C model 2. Further variations
to enhance the effects of renal artery occlusion have been since developed by
nephrectectomy of the contralateral kidney in a model known as 1K1C 2%, Other
types of non-genetic non-surgical induced hypertension include administration of
mineralocorticoid DOCAZ?%, chronic inhibition of NO?°’, high fructose diet in
rats?®, and infusion of Ang Il either by subcutaneous implantation of osmotic
pumps?® or direct intra renal administration?'%. Hypertensive models involving
Ang Il infusion recapitulates a wide range of hypertensive processes and
mechanisms in patient given that majority of modern anti-hypertensive (ACEl,

ARB) medicines involve antagonism of this pathway.

1.4.3 Abdominal Aortic Aneurysm (AAA)

An aortic aneurysm is traditionally defined as a focal dilation of more than 50%
of its original diameter that involves all the layers of the concerned vessel. One of
the criteria for classifying aneurysm is based on its anatomic site. If it involves the
aortic region that extends below the diaphragm, it is referred to as abdominal
aortic aneurysm (AAA). In humans, AAA most often develops in the infrarenal
regions as oppose to suprarenal in experimental animal models. AAA is the most

common form of aneurysm with prevalence of approximately 2.5% among people
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of 60 years of age or older more?'*. AAA shows sexual bias and is more prevalent
in men (8% of men over the age of 65 years) than women with epidemiological
risk factors such as hypertension (weak association), cigarette smoking, increasing
age, dyslipidemia (low HDL cholesterol), coronary artery disease (CAD) and
chronic obstructive pulmonary disease (COPD), while some studies suggest an
opposite association with diabetes 2. However, the prognosis of AAA in women
remains worse than in men with higher rupture rates?!? and an upsurge in
mortality and hospital admission rate over the past few decades?'® 24, AAA
shows genetic predisposition in approximately 12-19% of patients with the
disease but lacks any trace of a specific mutation or accords with family history of

first degree relative affected with it?'°,

Aetiology and pathogenesis of Abdominal Aortic Aneurysm (AAA)

Irrespective of the cause of AAA which can be degenerative, infectious, traumatic,
inflammatory and congenital in nature, it may or may not be associated with
dissection or rupture. Studies in experimental animal models and patients suggest
that AAA is mainly characterized by vascular ECM damage in the tunica media
and adventitia, SMC loss, inflammation with infiltration of lymphocytes and
macrophages in the aortic wall and altered hemodynamics leading to biochemical
stress and dilatation of lumen diameter. Although the pathological processes with
relevance to AAA such as degradation of structural proteins (elastin and

collagen)?'®, inflammation and SMC apoptosis are focal in nature, mounting
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evidence suggest that AAA is a manifestation of a systemic disease of the

vascular system?*’,

Vascular ECM remodelling in Abdominal Aortic Aneurysm (AAA)

Vascular remodelling is a continuous process defined as turnover in the vascular
ECM proteins and cellular components within the aortic wall, whereby it adapts to
any change in the vascular environment (size, composition of a matured vessel) to
accommodate repair and to maintain a homeostatic environment to facilitate
normal function. On the contrary, improper adaptation of the cellular components
and the ECM framework leads to pathological remodelling which underlies
abnormal dilatation of the abdominal aorta. Vascular ECM of a large elastic artery
such as aorta, which is responsible for the mechanical properties of the aortic wall,
is predominantly synthesized by the vascular SMC®. The SMCs of the aortic wall
do not contribute towards the passive mechanical properties as oppose to small
and resistant arteries'®. The mechanical properties of the aortic wall vary from
tensile strength (collagens), required for the inflation of the wall during
ventricular systole, and its complete recovery by elastic recoil (elastin) during the
diastolic phase. Elasticity of the aortic wall is nonlinear to accommodate the

increasing pressure and to avoid rupture of the aortic wall during cardiac systole.

In AAA, these mechanical properties of the aortic wall are disrupted primarily due
to the proteolysis of the structural proteins of the ECM, elastin and collagen.
Proteolysis remains as one of the key mechanisms underlying the pathogenesis of
AAA primarily due to loss of ECM proteins and accretion of proteolytic enzymes
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in the concerned aneurysmal tissue?!®, Different classes of proteases that can
contribute to aneurysm formation (matrix metalloproteinase, serine proteases and
cysteine proteases?'®??!  members of the MMP family have been more linked to

aneurysm formation?22,

MMPs consist of a family of 26 extracellular and transmembrane enzymes which
play an important role in maintaining the integrity of the vascular ECM together
in balance with their physiological inhibitors, the tissue inhibitor of
metalloproteinase (TIMP1-4). Impairment of this delicate balance between these
groups of enzymes is fundamental to the pathogenesis of aneurysm formation??,
expansion®®* and rupture?® due to the abnormal lysis and arrangement of
structural ECM proteins?!®, MMPs at post translational level are predominantly
inhibited by a group of endogenous inhibitors known as TIMPs which are of 4

subtypes, TIMPs 1-4. MMPs and TIMPs will be further described in Section 1.6.

Imaging of aorta in AAA

Changes in aortic luminal diameter not only define AAA (an increase in more
than 50% of its original diameter) but remain an essential determinant for risk of
rupture of the aneurysmal aorta. Although different validated methods to measure
aortic diameter in murine models of AAA (calibrated ocular grid to evaluate
external aortic diameter, shrinkage index by histomorphometry to estimate
internal luminal diameter) 225 227 exists in the literature, they lack the ability to
quantify AAA progression adequately??®. However, recent advances in high
frequency ultrasound imaging technique with increased spatial resolution,
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adequately measures luminal aortic diameter non-invasively in live, small animals
228,229 In addition to the simplicity of the procedure, ultrasound imaging allows
serial estimation of luminal diameter that is essential to study temporal
progression of AAA. A detailed discussion on the methodology and parameter

can be found in section 2.5.6 of Chapter 2.

1.5 EXPERIMENTAL MOUSE MODELS OF ABDOMINAL
AORTIC ANEURYSM (AAA)

Experimental mouse models of AAA include genetically and chemically induced
disease that recapitulate features of the disease in patients, such as medial
degeneration, inflammation, adverse ECM remodelling, thrombus formation and
rupture?®®, Mouse models have gained dominance over other mammalian and
avian models in biomedical research of AAA due to ready access to perturbation
and ability to overexpression or deletion of genes, smaller size and smaller

gestation period.

1.5.1 Genetically Induced Mouse Models of AAA

Genetically induced mouse models include mice either harbouring a spontaneous
or specifically engineered mutation, with either deficiency or over expression of a
particular gene of interest. Blotchy mouse is a model of AAA that harbours a
mutation on the X chromosome that causes impaired intestinal absorption of
copper. As copper is an essential co-factor for lysyl oxidase (Lox) mediated
crosslinking of elastin and collagen, decreased levels of Lox makes these mice
susceptible to AAA with increase in rupture rates in males®!. The major
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limitation of this model that restricts its use is the aneurysmal formation in other
regions of the vasculature and emphysema 232, Moreover, development of mice
lacking Lox are not viable due to high rupture rates of thoracic rather than
abdominal aneurysm?®, Other genetically engineered mice comprising deficiency
of genes of the protease system such as MMP3KO?* and TIMP1KO?® in
combination with apolipoprotein E deficiency and high fat diet only, developed
dissection and small thoracic and abdominal aneurysms, but lacked focal damage
of ECM at the abdominal aorta and specificity for AAAZC, Mice deficient in
apolipoproteinE (apoE)*® and LDL receptors?®” were developed to study
atherosclerotic plaque formation, and it was dicovered that when fed a high fat
diet, these mice developed pseudo-micro aneurysms (in the suprarenal aspect of
the aorta)>®. Moreover, urokinase deficiency, via inactivation of MMP12,
abrogated aortic pathology in apoE deficient mice?®®. AAA was once considered
as a focal manifestation of an advanced atherosclerotic disease®*°, however recent
evidence has defied this conventional understanding?*!. Besides, lower incidence
of AAA in the population with diabetes mellitus?*?, normally regarded as the risk
comparable to atherosclerosis, suggests that atherosclerotic lesions are
coincidence rather than pathogenic in AAA. One of the most interesting
transgenic mouse models known as Tsukuba hypertensive mouse was produced
by cross breeding strains that expressed renin and angiotensinogen transgenes®*.
Surprisingly neither of these transgenic mice expressing peptides of the RAAS

individually developed hypertension, however the double transgenic mouse had
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elevated blood pressure and upon fed with 1% NaCl in drinking water developed
aortic aneurysm (thoracic and abdominal) and increased rate of rupture®*.
Nevertheless, these models revealed the importance of RAAS peptides in the
induction of AAA in experimental mice and served as a rationale behind the use

of Angiotensin Il infusions to study the pathogenesis of AAA.

1.5.2 Chemically Induced Mouse Models of AAA

Three most common chemical induced experimental models of AAA include
transient intraluminal infusion of elastase (a pancreatic extract) 24, adventitial
exposure of a high concentration CaClz solution 2*, or chronic subcutaneous
infusion of a hypertensive dose of Ang Il in a hypercholestremic 24" or
normocholestremic background 2. The Ang Il infusion model allows for
detection of aneurysm throughout the aorta while the elastase infusion and CaCl:
exposure models provide information exclusively about focal aortic susceptibility.
Histological evidence of disrupted elastin in the aortic wall of patients and
experimental models of AAA provided rationale for the use of elastase infusions
in rats and subsequently in mice through a catheter introduced at the iliac
bifurcation followed by a distal suture thereby isolating a segment of the
abdominal aorta and restoration of blood flow after 5 min of incubation 24,
Subsequently an immediate dilatation of the area is formed due to the mechanical
pressure of the experimental procedure and a constant degree of dilation is
maintained for 7 days without any damage to the elastin fibres. Additionally,

infusion of elastase maintained the dilation by day 14 due to the immense damage
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to the elastic lamellae concomitant with inflammatory infiltration in the
adventitial layer. Mice treated with vehicle do not show these destructive changes,
nor any dilation at day 14. Doxycycline treatment attenuates such changes which
was attributed to its MMP inhibitory function and further supported by MMP-9
deficient mice that failed to develop aneurysms after elastase infusion?*. Reports
of elevated levels of Angiotensin converting enzyme (ACE) in aneurysmal tissue
of elastase infused rats, increased levels of Ang Il in human aneurysmal tissue®*®,
prevention of AAA development by three commonly used ACE inhibitors
(captopril, lisinopril and enalapril) in models of elastase infusion without any

contribution from hemodynamic alteration?*

Another model of chemical induced AAA was developed by the peri-aortic
placement of a gauze soaked in a high concentration calcium chloride solution, or
direct application of the concentrated calcium chloride solution on the aorta
between the renal artery and the iliac bifurcation®?. Exposure of the abdominal
aorta calcium chloride results in dilation secondary to disruption of the media and
inflammation. The advantage of this model over the elastase infusion model is
that it does not involve luminal dilation caused by mechanical pressure of infusion.
Mice deficient in either MMP-2 or MMP-9 failed to develop aortic aneurysm
when treated with calcium chloride, however introduction of wildtype
macrophages led to the development of AAA in MMP-9 deficient but not in

MMP-2 deficient mice?*. Thus, it was concluded that the macrophage-derived
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MMP-9 and the MMP-2 from native SMCs are required simultaneously for the

promotion of AAA.

Salt induced promotion of AAA in angiotensinogen and renin double transgenic
mice®*, and the inability of aldosterone infusion to generate AAA in apoE
deficient mice, support a key role for Ang Il in the pathogenesis of AAA. Infusion
of Ang Il (subcutaneous, by osmotic pumps) in apoE and LDL receptor deficient
mice has successfully generated reproducible phenotype of AAA associated with
atherosclerotic lesions. Apart from these hyperlipidemia associated models of
AAA, a small percentage of normolipidemic mice deficient in Urokinase-type
plasminogen activator (UPA)®3, that converts plasminogen into active serine
protease and can thereby potentiate MMP activation and ECM destruction®*,
developed AAA. Thus, studies of direct effects of Ang Il in the activation of
proteases (such as MMPs) and ECM degradation associated with AAA needs

further investigation without any confounding effects of hyperlipidemia.

1.6 MATRIX METEALLOPROTEINASE (MMPS) AND THEIR
ENDOGENOUS INHIBITORS IN THE VASCULATURE.

1.6.1 Matrix Metalloproteinases (MMPs)

MMPs are a family of approximately 26 zinc endo-peptidases, 23 of which are
found in humans with close structural homology (Fig. 1.7). MMPs have been
traditionally classified on the basis of their substrate specificity, although there is
evidence of overlapping substrate specificity or numbered in the order of their
discovery. MMPs are key proteases responsible for the degradation of ECM and

50



connective tissue by their proteolytic effects and play a vital role in vascular
remodelling including turnover of the ECM?2>2%  Apart from proteolytic
degradations, MMPs are capable of activating cell surface receptors and cellular

cytoskeleton proteins thereby modulating cellF-ECM and cell-cell interactions.

Structure of MMPs

MMPs are usually made up of five-domain proteins (Fig. 1.8), with an exception
of the additional transmembrane segment in membrane-type class of MMPs (MT-
MMPs) and absence of hinge or hemopexin domains in MMP-7 and MMP-26
(matrilysin 1 and 2 respectively) 2825, The five domains, from the (N)-terminus
to the carboxyl (C)-terminus are: signal domain, pro-domain, catalytic domain,
hinge region, and hemopexin domain. All proteinases in the MMP family have 3
molecular specificities such as: sequence homology with collagenase-1, a cysteine
switch motif PRCGXPD that connects the pro domain to the catalytic domain and
chelates the embedded zinc site thereby maintaining MMPs in their latent
zymogen form (MMP-23 is an exception that lacks this motif), and 3 histidine
bound zinc binding motif with conserved sequence in the catalytic domain 2,
MMPs can be divided into 6 groups broadly on the basis of their specificity
(collagenases, gelatinases A and B, stromelysins 1 and 2, matrilysin 1,
stromelysin 3 and epilysin). A variety of cells in the vessel wall synthesize MMPs,
such as neutrophils, eosinophils, macrophages, fibroblasts and predominantly

SMCs.
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Figurel.7 Biochemical Structure and classification of MMPs

Extracted from Ra & Parks 261,

Characteristics of the 6 groups of MMPs
MMPs can be broadly divided into 6 groups on the basis of their specificity

originally discovered substrate specificity:

1) MMP-1, -8, -13 and -18 (xenopus) are known as collagenases that cleave
interstitial collagen I, Il and I111. However, it has been reported that in addition to
cleaving other ECM molecules, these MMPs have proteolytic functions over

several non-ECM molecules 262,

2) MMP2 (gelatinaseA) and MMP9 (gelatinaseB) are known as gelatinases as
they were initially discovered to cleave denatured collagen, gelatin. Their catalytic
domain consists of 3 repeats of a type Il fibronectin domain which facilitates
binding to gelatin, collagen and laminin?®3, while MMP9 has also been reported to

be a potent elastase 2%,
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3) MMP3 (stromelysin-1) and MMP10 (stromelysin-2) are known as stromelysins
and share similar substrate specificity, although MMP10 possesses more potent
proteolytic activities over MMP3. MMP7 (matrilysin-1) and MMP26 (matrilysin-

2 or endometase) lack the hemopexin domain.

4) MMP14 (MT1-MMP), MMP15 (MT2-MMP), MMP16 (MT3-MMP) and
MMP24 (MT4-MMP) are all membrane-type MMPs that consist of type |
transmembrane proteins. Particularly MT1-MMP has the ability to cleave

collagen type I, Il and 111 and simultaneously can activate other MMPs2%°,

5) MMP11 (stromelysin-3 but differs in substrate specificity from other
stromelysins), -12, -19, -20, -22, -23 and -28 are other MMPs among which
MMP12 (metalloelastase) can cleave elastin and has been shown to have a role in

vascular remodelling.

6) The last member to be added in the family of MMPs is MMP28 (Epilysin) 2°.
MMPs relevant to vascular remodelling in AAA

AAA is known to be associated with elevated synthesis or/and activation of
MMPs222: 267 Stydies on patients with AAA impending rupture, have shown
increases in both plasma and tissue (aortic wall) MMP levels suggesting a key
role played by MMPs in the fatal complication of AAAZ%8-2"1 Of all MMPs found
in vascular tissue, gelatinases MMP-2 and -9 possess the ability to degrade gelatin
(denatured collagen), elastin and collagen I, 1V, V and VII?”? and have been
implicated the most in the pathogenesis of AAA2325 Studies on patient samples
and animal models of AAA have successfully demonstrated elevated levels and
potential role of MMP-1276, MMP-22", MMP-3%%* MMP-8278, MMP-9246, MIMP-
122°, MMP-13%° and MMP-14(MT-1MMP)®! underlying aberrant matrix

remodelling in AAA. Moreover concentrations of gelatinases in abdominal aortic
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tissue homogenates from patients with AAA have been shown to be 0.04  g/ml
for MMP22"7 and 0.5  g/gm for MMP9%2, Plasma levels of MMP2 and MMP9
have also been found to be elevated in patients with AAA23 284 |n addition to
their proteolytic effect on ECM structural proteins, gelatinases can alter aortic
SMC contraction which has been speculated to underlie early aneurysm

development?®,

MMP activation

MMPs are regulated at 3 levels: transcription, activation (exposure of their
catalytic subunit), and inhibition of activated MMPs by their inhibitors. MMP
activation involves the cleavage of the pro-domain, and shortening of the
molecule in a periodic process?®, thereby uncovering the catalytic site for
proteolytic action on substrates. The main process of MMP activation involves
exposure of the catalytic site for proteolytic degradation of the substrate.
Although activated MMPs can be inhibited modestly by domains of netrins, the
procollagen C-terminal proteinase enhancer (PCPE), the reversion-inducing
cysteine-rich protein with Kazal motifs (RECK), or tissue factor pathway inhibitor
(TFPI-2), their predominant inhibitors are the endogenous group of 4 proteinases

known as TIMPs 287

1.6.2 Tissue Inhibitors of Metalloproteinases (TIMPs) and Their Role in
AAA

TIMPs are a family of 4 members, of molecular weights ranging from 21-30 kDa

with 37-51% homology, and are endogenous inhibitors of MMPs. All four TIMPs
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(TIMP1-TIMP4) are found in vertebrates with the predominance of TIMP4 in the
vascular tissue and their expression levels are modulated during tissue
remodelling or development!®*, The N-terminal and the C-terminal domains of
TIMPs (Fig. 1.8) consist of 3 conserved disulphide bonds, while the N-terminal
domain is capable of folding as a distinct unit that can inhibit MMPs?%, TIMPs
can inhibit all MMPs verified to date except for TIMP1 which cannot inhibit
MT1-MMP?°. TIMP3 is unique as it is the only TIMP bound to the ECM via its
C terminal domain that provides extra reservoir by prolonging its half life?®® and
possesses a broader range of inhibitory properties, which differs from the other
TIMPs, as it can inhibit a a number of disintigrin and metalloproteinase
(ADAMs)®L TIMPs have also been reported to influence cell growth?®?,
migration and apoptosis * independent from their MMP-inhibitory function?’,
Apart from TIMP4, all the other TIMPs have been implicated in the pathogenesis
of AAA?* TIMP1 has been shown to play an important role in vascular
pathology, and its levels have been shown to both increase?® and decrease®® in
aneurysmal tissues from AAA patients. To overcome such inconsistencies in the
levels of TIMP1, the ratio of MMP9 to TIMP1 levels was used as an index of
proteolytic activity in the ECM 2%, The role of TIMP2 in AAA is complex as it
can inhibit a number of MMPs, and simultaneously can activate MMP2, through a
tri-molecular activation complex involving MT1-MMP. TIMP2 levels were found
to be reduced in patients with AAAZ’ while another study demonstrated

elevation of TIMP3, and not TIMP1 or TIMP2 levels in aortic samples from
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patients with AAA 2%, The ratio of MMP2 to TIMP2 levels has also been
reported as as index of proteolysis in the ECM?% 2% The definitive role of
elevated TIMP3 levels in AAA remains inconclusive and needs further

investigation to determine its causal or protective function in AAA.

TINP4

Figure 1.8 Basic structure of TIMP1 to TIMP4.

TIMP1 -4 sequences. N- and C-terminus junction indicated by arrows. Adapted from Moore et al.
289

1.6.3 Tetracycline as a Pharmacological Inhibitor of MMPs.

Golub and colleagues, during their mechanistic work on periodontal disease in
diabetic rats made the first discovery of the potential MMP inhibitory role of
tetracycline®®. Tetracyclines are naturally occurring pleiotropic agents that can
also be synthesized. They are essentially broad spectrum antibiotics that alter
ribosomal function and interfere with protein synthesis. They improve SMC cell-

cell and cell-substrate adhesions by direct inhibition of MMPs at the catalytic

56



site®®, An analog of tetracycline that has been used most widely in patients as an
MMP inhibitor is Metastat (COL-3), a chemically modified version of tetracycline
which lacks its antibacterial property. However, doxycycline is the only known
compound that is approved by FDA as an inhibitor of MMPs in periodontal
disease ! via its beneficial effects on ECM remodelling 3°2. Petrinec et al. and
Curci et al. were the first to show the beneficial effects of doxycycline in
experimental AAA model of rats in an elastase infusion model 3% 304, Recently
doxycycline has been used in clinical trials ?®° for therapeutic effects on AAA,
although their clinical efficiency is this vascular pathology is still unknown .
Although it is suggested that the mechanism underlying MMP inhibitory property

of tetracycline is similar to that of TIMPs, it still remains to be understood.

1.7 HYPOTHESES AND OBJECTIVE

1.7.1 Hypotheses

1) The cardiomypathy associated with Type 1 diabetes is primarily diastolic

dysfuntion with preserved systolic function.

2) TIMP3, an essential ECM-bound physiological inhibitor of MMPs, plays an
essential role in the progression of diabetic nephrapathy but not diabetic

cardiomyopahty.

3) TIMP3 plays a critical role in agonist induced vascular remodelling thereby

influencing hypertension, and leading to aortic aneurysm in the long term.
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1.7.2 Objectives of the Thesis

Since TIMP3 is highly expressed in the kidneys, heart and the arteries, we aimed
to investigate the multifaceted role of TIMP3 in modulating pathologies in these

organs which often occur as comorbid diseases.
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MATERIALS AND METHODS

2.1 ANIMAL CARE

Wild-type (WT), diabetic heterozygous Akita (Ins2"VT/C%€Y), were purchased
from Jackson Laboratories (Bar Harbor, USA), TIMP3-deficient (TIMP37)! and
MMP2-deficient mice (MMP27-)? were generated as described. All mice were in
C57BL/6 background. Mice were housed and bred in the animal facility at the
University of Alberta. All animal experiments were conducted in accordance
with the guidelines of the University of Alberta Animal care and Canadian
Council on Animal Care Guidelines and regulations of Animal Policy and
Welfare (protocol 633 AUP). Throughout the period of study, animals were
provided with free access to water and standard rodent chow (Harlan Teklad,

Madison, WI).

2.1.1 Genetic Mouse Model of Diabetes Type | (Akita)

The Ins2WT/C96Y (Akita) mouse is a well-established, non-obese model of type
1 diabetes. It has been adopted by Animal Models of Diabetic Complications
Consortium. (AMDCC) as an important animal model to study the chronic type
1 diabetic complications®. The Akita mouse model harbours a spontaneous
mutation of C96Y in the insulin gene resulting in impaired pro-insulin folding in
the endoplasmic reticulum creating protein aggregates in the ER. This initiates
ER stress responses resulting in severe -cell dysfunction and impaired insulin
secretion*”’. These heterozygous mice develop severe hyperglycemia due to lack

of plasma insulin as early as 3 to 4 weeks of age 3. Thus, the Akita mouse has the
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characteristics to study chronic type 1 diabetic complications as it recapitulates
effects of various genetic manipulations on progression of diabetic

cardiovascular complications 8%° and diabetic nephropathy 60 in humans.

2.1.1.1 Breeding of Heterozygous Akita Mice

To generate the male mice heterozyote for Ins2 mutation (Ins2WT/C%Y), we bred
male heterozygous Akita mice with wild type females (Fig. 2.1). We chose the
heterozygote mice since they exhibit a more gradual rise in blood glucose level
starting at 3-4 weeks of age, whereas the hyperglycemia is markedly more severe

in the homozygote mice.

J ?
2 . B
. T WTfCoey U OWTWT
Akita (Ins2 ) | WT (Ins2 )
\
Akita (InsszmEY} WT UnsZWTMT}

Figure 2.1 Flow chart for breeding of heterozygous Akita mice

The offsprings were genotyped using the DNA isolated from tail samples using
the sodium dodecyl sulphate-potassium method. Using a standard PCR protocol,
the region of the Ins2 gene that contained the mutation was amplified using
appropriate foraward and reverse primers 5’-TGCTGATGCCCTGGCCTGCT-3’
and 5’-TGGTCCC -ACATATGCACATG-3’(ACGT Corp., Toronto, Ont.). The
polymerase chain reaction (PCR) protocol was as follows: cycling conditions of
94°C for 3 minutes, 12 cycles of 94°C for 20 seconds, 64°C for 30 seconds,

72°C for 35 seconds and 72°C for 2 minutes. The amplification product (280-bp)
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in both mutant and control (WT) alleles were treated with a restriction enzyme,
FnU4H1, (1 U/0.2 ul; New England Biolabs, Pickering, ON, Canada) for 3 hours.
This restriction enzyme would cleave the PCR product at 280 basepair (bp),
resulting in 140 bp fragments in WT mice, whereas presence of Ins2WT/c%Y
mutation would prevent this cleavage. Thus, the PCR product in the
heterozygote Akita mice was comprised of a 280bp (mutant allele) and a 140 bp
(WT allele) band, whereas the WT mice only showed a 140 bp product. The
heterozygote Akita males and their litter-mate WT male were used for

experiments.

2.1.2 Generation of the Diabetic Model with TIMP3 Deficiency

TIMP3-deficient (TIMP37/Ins2"VT™T) mice were generated on a C57BL/6J
background as described earlier 3. TIMP3-deficiency in diabetic heterozygous
Akita mice (TIMP37/Ins2"T/€%Y) was achieved by three generations of breeding

(Fig. 2.2).

(

. H- +/- -
Gen | Akita  /TIMP3 TIMP3 Y
4 /- /-
Akita” /TiMP3 " % TIVP3
L +/- | +/- | - .t | -+
Gen 2 Akita  /TIMP3 TIMP3 TIMP3 Akita  / TIMP3
L+ -/- -/
Akita" / TIMP3 T TIMP3
Gen 3 Akita [/ TIMP3 TIMP3

Figure 2.2 Flow chart for breeding of heterozygous Akita and TIMP3
double knock out mice in 3 generations.
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Initially TIMP3-deficient (TIMP37) females were bred with Akita (Ins2WT/C%Y)
male mice. This breeding pair produced Akita/TIMP3*" (TIMP3*"/Ins2WT/c%Y)
heterozygous and TIMP3*" (TIMP3*/ Ins2"TWT) mice in the first generation.
We further crossed Akita/TIMP3*" males with TIMP3” female mice and
generated double transgenic Akita/TIMP3” along with Akita/TIMP3*",
TIMP3*" and TIMP3” mice and verified by genotyping for both Akita and
TIMP3 mutations. Finally, we continued breeding male Akita/TIMP3” with
TIMP3”- female mice which generated only double transgenic Akita/TIMP3™"
and littermate TIMP3” mice. Only Male Akita/TIMP3”-and littermate TIMP3",

Akita and their littermate WT mice were used in our studies.

2.1.3 Generation of MMP2 and TIMP3 Double Deficient Transgenic Mice

MMP27 male and TIMP3" female mice were cross bred to generate MMP2*"
ITIMP3*" transgenic mice (Fig. 2.3). All mice were on the C57BL/6J
background and genotyped to confirm the hetero status of both genes.
Subsequently MMP2*/TIMP3*- male and a MMP2*-/TIMP3*- female were
crossed to generate a variant of possible genetic manipulations shown in Fig. 2.3
including MMP2 and TIMP3 double knock out (MMP27/TIMP3™). However,
the probability of generating this DKO is very low (apprx. 11.1%) in the first
cross-breeding of hetero parents and required at least 4 crosses before a DKO
could be generated. Thereafter, DKO males were crossed with DKO females to

generate more offsprings for experimental procedures.
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Figure 2.3 Schematic illustration for breeding of MMP2 and TIMP3 double

knock out (DKO) mice in 3 generations
(Practically it takes 4 crosses for a DKO generation as the probability of getting it in Gen 2 is
approximately 11.1%).

2.2 EXPERIMENTAL MURINE MODELS OF DISEASES
STUDIED

To study molecular mechanisms involving diabetic complications, we used
transgenic and diabetic mice harbouring a spontaneous mutation without any
surgical or chemical intervention. The Akita mouse model was used to elucidate
temporal changes (at 3 and 6 months of age) and insights into the mechanism of
diabetic complications. Angiotensin Il induced hypertension and abdominal
aneurysm studies involved implantation of micro-osmotic pumps (Model 1002,
Durect Co.) subcutaneously in male mice of concerned genotypes to deliver Ang

I at the rate of 1.5 mg/kg/day3® %,

2.2.1 Implantation of Micro-osmotic Pumps
Ten-week old male WT, TIMP3”- and TIMP3”/MMP27 mice were anesthetised
with 1% isoflurane and 1 L/min 100% oxygen on spontaneous breathing without

intubation, and laid out in a supine position on a heated pad to maintain normal
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body temperature at 36-37°C. A 1 cm x 1 cm area on dorsal region (between the
shoulder blades) was shaved with an electric razor and remnant hair removed
with a depilatory cream (Nair; Church & Dwilight Co, Inc; Princeton, NJ). A
small incision of approximately 2-3 mm was made along the natural fold of the
skin under sterile conditions (using 1% povidone solution). With the aid of a
trocar, a pocket was made subcutaneously and a micro-osmotic pump (Model
1002, Duract Co.) prefilled with Ang Il or saline was implanted such that the
opening of the pump was directed towards the caudal end of the animal. This
micro-osmotic pump allowed an infusion rate of 0.25 plL/day for 14 days to
deliver 1.5 mg.kgt.d? of Ang Il (Sigma) or saline (control). Once the pump was
implanted, the skin was closed with the use of a 6-0 silk suture and the mice
were allowed to recover on a warming pad until they were fully awake. The

pumps were replaced at day 14 to allow for continuous infusion for 28 days.

2.3 TISSUE COLLECTION

2.3.1 Mortality and Autopsy

Each mouse housed in the animal facility was monitored daily for morbidities
and mortalitiest throughout the experimental protocol. Mice from various
genotypes receiving Ang Il were particularly observed twice daily due to their
higher risk of mortality. Each incidence of mortality was recorded and an
autopsy was performed on each mouse found dead throughout the course of the
study. Percent survival was reported in the form of Kepleir Meyer curve. Aortic

rupture was confirmed by the presence of blood clot in the peritoneal cavity
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(abdominal) or in the chest cavity (thoracic), and simultaneously confirmed by
direct visualization of the aorta under a stereomicroscope, subsequently the aorta
was isolated and fixed in formalin for reference. Frequency of aortic rupture-
related mortality was recorded and reported separately.

2.3.2 Tissue Collection from Akita and Akita/TIMP3” (and Parallel WT)
Mice

Mice of different genotypes involved in diabetic cardiomyopathy and
nephropathy studies were sacrificed at 3 months or 6 months of age after being
anesthetized with a cocktail of ketamine (90mg/Kg body weight) and xylazine
(4.5mg/Kg body weight). Hearts and kidneys were excised, weighed after
removal of excess blood, visceral fat and connective tissue, and either formalin-
fixed or flash-frozen in liquid nitrogen. Formalin-fixed organs were used for
structural and histological analyses (Periodic acid Schiff to detect glomerular
protein and characterize lesions in kidneys), Masson Trichrome to visualize
interstitial fibrosis and Picosirius red staining to determine collagen
accumulation), while flash-frozen tissue were processed molecular analyses such
as MRNA, protein and enzymatic activities in the myocardium, or cortex and the

medulla in kidneys.

To obtain LV weight, the hearts were quickly excised, the atria and right
ventricle (RV) were removed and discarded and the remaining LV was weighed
before stored by flash-freezing. For histology and immunohistochemical

analyses, whole hearts were arrested in diastole with 1 M KCI and then fixed in
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10% neutral buffered formalin for a minimum of 48 hours. This method was
employed to arrest the heart in diastole such that end-diastolic maximum
dimensions of the ventricle was maintained for qualitative histological

assessment of chamber and ventricular wall properties.

Thorough records were maintained for each mouse including date of birth,
identification number, genotype, body weight, heart weight, LV weight, kidney

weight and tibial length (Table 2.0)

Table 2.0 Data collection sheet for mice

Date of Exp. Time
Genotype BW | HW | LVW | TL | KW Notes

DOB point

Rt | Lt

BW= Body weight; HW= Heart weight; LVW= Left ventricle weight; TL=Tibial length; KW=
Kidney weight; Rt= Right, Lt= Left; DOB= Date of Birth

2.3.3 Tissue Collection from Mice with Ang Il Pump Implantation

At 2 weeks or 4 weeks post implantation of micro-osmotic pump containing
either Ang Il or saline, mice from various genotype were injected with 0.05 ml
of 1000USP/ml heparin for 15 min and then sub-lethally anesthetized using a
ketamine/xylazine cocktail as described in Section 2.3.2. After exposing the
abdominal and thoracic cavity (using a pair of scissors), the entire aorta was
dissected, from the root (attached to the heart) until beyond the renal bifurcation
using a stereomicroscope (Leica DM4000B microscope). The entire aorta

comprising of both thoracic and abdominal part was rinsed thoroughly in PBS to
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get rid of excess blood, and para-aortic fatty tissue attached to the aortic wall
was carefully removed with the aid of small iris scissors without damaging the
vessel. Subsequently, the attached heart and kidneys were excised and images of
the entire aorta were taken with the aid of a stereomicroscope (Olympus, SZ61)
at 6.7 resolution. Additionally, carotid and mesenteric artery was excised and
either flash-frozen in liquid nitrogen (including fixation in cryoprotective
embedding medium-OCT) and stored in -80<C, or were arrested with 1M KCI in
relaxation phase prior to formalin-fixation in 10% buffered formalin for

molecular and histological experiments respectively.

2.4 MEASUREMENTS OF METABOLIC PARAMETERS

2.4.1 Plasma Glucose Measurement

Animals were fasted but allowed free water for 8 hours before being restrained in
a plexi-glass restrainer to obtain approximately 3 pl of blood (one drop) from tail
vein via venous puncture from conscious mice. Blood glucose levels were
measured every month starting (4 weeks till 24 weeks of age) between 8 and 9

AM using Ascensia Contour glucometer (Bayer, Canada).

2.4.2 Plasma Insulin Measurement

Mouse plasma insulin levels were measured using the sandwich type
immunoassay (ALPCO mouse ultrasensitive insulin ELISA, 26G keewaydin
drive, salem, NH 03079) kit for the quantitative determination of mouse insulin
in plasma according to manufacturer’s instructions. Mouse plasma was obtained

from blood collected by tail tip snipping and centrifuged for 10 minutes at 1,000-
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2,000 Xg using a refrigerated centrifuge. In a clear 96-well microplate coated
with a monoclonal antibody specific for insulin, 5 pl plasma was added with 75
ul of conjugate, incubated for 2 hours on a shaker (700-900 rpm), the wells were
washed three times with a wash buffer (350 ul) provided in the kit, and blotted
dry. Subsequently, 100 ul of TMB substrate (provided in the kit) was added and
incubated for 30 mins before the reaction was arrested by a stop solution
provided by the manufacturer. The optical density (OD) was recorded by a
spectrophotometer at 450 and 640 nm wavelengfhs and the concentration was
calculated by a standard curve with known concentrations of standards and OD

provided by the manufacturer (Fig. 2.4)

i

/

0 05 1 1.5 4

Y Axis

X axis

Linear Fit: y = A + Bx: A B B2

O Plot#1 (STDs: Concentration ve Values) 0.00485 0.141 0.997

Figure 2.4 A typical standard curve obtained with corresponding OD.

2.4.3 Determination of Myocardial Triacylglycerol

Intramyocardial lipids were extracted from 5 mg of flash-frozen freshly excised
heart tissue (not perfused) as described previously®. The dried lipids were
redissolved in 50 pL of 3:2 tert-butyl alcohol: Triton X-100/methyl alcohol (1:1,

vol/vol) mixture, and cardiac triacylglycerol content was measured with the
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Wako L-Type TG-H kit (Wako Diagnostics, Osaka, Japan) as per manufacturer’s

instructions.

2.4.4 Myocardial Long-chain Fatty Acids and Ceramide

Identification and quantification of the major long-chain acyl CoA molecular
species were performed by high-performance liquid chromatography (HPLC), as
described previously®. The sum of all major peaks identified by HPLC (C16:0,
C18:0, C18:1, C18:2) were considered as total long chain fatty acyl CoAs.
Myocardial ceramide levels were detemined by the use of HPLC as described

previously34,

2.5 ISOLATED WORKING HEART PREPARATION

The isolated working heart preparation was used to compare the basal ex vivo
systolic performance between Akita and WT hearts under controlled conditions
(using 1.2mM palmitate, 11mM glucose and no insulin) as previously

described®.

2.5.1 Working Heart Apparatus Set-up

Thoracotomy was performed on completely anesthetized (with a cocktail of
ketamine (90mg/Kg BW) and xylazine (4.5mg/Kg BW)) animal and the heart
excised with the aid of scissors and retained in a separate container with freshly
prepared cold (4°C) Krebs-Hensleit solution. The heart was trimmed of any
epicardial fat and rinsed to avoid excess blood before being rapidly attached to 2
cannulas via the aorta and the left atrium. Hearts were aerobically perfused with

oxygenated Krebs-Hensleit solution in an anterograde fashion, with an inflow of
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perfusate initialized from the cannulated left atrium at a preload of 7 mmHg, and
ejected out of the cannulated aorta against a predetermined afterload pressure of
50 mmHg for 30 min. The Krebs-Hensleit solution consisted of 1.2 mM
palmitate, 3% bovine serum albumin (BSA) fraction V, 11 mM glucose, 2.5 mM
Ca?* and oxygenated with 95% O/ 5% CO2 without insulin to simulate diabetic

condition.

2.5.2 Assessment of ex vivo Cardiac Function

Coronary flows were measured using a transonic flow probe system and the
heart function ex-vivo was assessed using an inline pressure transducer attached
to a BIOPAC data collection system which was used for data acquisition and
analysis. Cardiac function was monitored in the isolated working heart using a
pressure transducer in the aortic inflow and outflow lines. Temperature of the
Krebs-Hensleit solution was measured by an immersed thermocouple throughout
the length of the experimental procedure. The parameters obtained from the
isolated working heart included chamber pressure (CP), preload, afterload, heart
rate, peak systolic perfusion pressure (PSP), end diastolic perfusion pressure
(EDP), cardiac output (CO), stroke volume (SV), aortic flow (AoF), coronary
flow (derived from CO- AoF), cardiac work (derived from (PSP-CP)*COmax) /
dry wt.) and cardiac work ( (PSP- max preload) *CO* 0.13) / dry wt, whereby
0.13 is a factor for conversion of mmHg to kPa and dry wt implies to total

cardiac dry weight.
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2.5.3 Assessment of Cardiovascular Physiology (In vivo)

Transthoracic echocardiography was performed as described previously with a
Vevo 770 high-resolution imaging system equipped with a 30-MHz transducer
(RMV-707B; VisualSonics, Toronto, Canada)® 3. Prior to echo mice were
anesthetized using 1.0-1.5% isoflurane (3% induction) mixed with 1% oxygen
and laid in supine position on a heated animal handling platform with all legs
taped to ECG electrodes for heart rate and respiration monitoring. A heat lamp
was directed towards the animal to maintain normal body temperature at 36-
37°C (monitored continuously using a rectal temperature probe). Hair was
removed from the abdominal area with a depilatory cream (Nair; Church &
Dwilight Co, Inc; Princeton, NJ) to optimize ultrasound signal. Pre-warmed
ultrasound transmission gel was used between the skin and the scan head as a
coupling agent. M-mode images were obtained for measurements of LV wall
thickness (LVWT), LV end-diastolic diameter (LVEDD), and LV end-systolic
diameter (LVESD). LV fractional shortening (FS), a measure of systolic function,
was calculated using the following equation: FS(%)=(LVEDD-

LVESD/LVEDD)x100 from M mode images (Fig 2.5) .
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Figure 2.5 Echocardiogram M-mode imaging from parasternal long axis
view for cardiac wall structure and systolic function assessment.

Inset image extracted from Yale atlas of Echo (www.yale.edu)

2.5.4 Transmitral Doppler (TMD)

Doppler imaging of the transmitral filling pattern with the early transmitral

filling wave (E-wave) followed by the late filling wave due to atrial contraction

(A-wave) was used to assess diastolic function. Isovolumic relaxation time

(IVRT) and deceleration time (DT) of the early (E) filling wave were determined

with pulsed-wave Doppler (Fig. 2.6)
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Figure 2.6 Representative image of the transmitral Doppler (TMD) imaging
from a modified short axis (mitral view) in B mode.

Doppler signal of the blood traversing the mitral outlet represented in pulse wave depicting E-
and A-waves. Yellow line from E to the baseline represents wave deceleration and the
corresponding time shown as DT. IVRT (in red) is the isovolumetric relaxation time of LV,
IVCT (in red) indicates the left ventricular isovolumetric contraction time.

Isovolumic relaxation time was calculated as the time from closure of the aortic
valve to initiation of the E-wave while the deceleration time of the E-wave, was
determined by measuring the time needed for the downslope of the peak of the E-
wave to reach the baseline, while the rate of E-wave deceleration rate (EWDR)

was calculated as the E-wave divided by the DT.
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2.5.5 Tissue Doppler Imaging (TDI)
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Figure 2.7 Representative image of the tissue Doppler imaging (TDI) signal
detecting lateral annular motion at the mitral valve.

Corresponding E’-wave of the early filling phase, A’-wave from atrial contraction, and peak
systolic annular motion (S”) highlighted in a single beat.

Tissue Doppler imaging (TDI) was made at the inferolateral region in the radial
short axis at the mitral valve annulus in the modified four-chamber view at the
base of the heart. TDI is a novel and validated technique to assess systolic and
diastolic function that is devoid to a greater extent of any compounding effect
imposed by total blood volume. TDI was used to assess the early diastolic (E”)
and late diastolic (A’) myocardial velocities (Fig. 2.7) in addition to peak

systolic annular motion (S’). Derived parameters from TDI and mitral Doppler
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represented by E/E’ is considered an important marker of elevated LV filling
pressure and diastolic dysfunction® 3% 36 37 The major systolic and diastolic
Parameters (Tables 2.1 A and B) were analyzed and used to assess cardiac

function.

Table 2.1 A (systolic) and B (diastolic) parameters used to analyze cardiac
function.

Table 2.1.A. Genotype Table 2.1.B. Genotype
Age Age
N N
HR (bpm) E-wave (mm/s)
A-wave (mm/s)
LVEF (%)
E/A Ratio
LVFS (%)
IVRT (ms)
SV(uL)
DT (ms)
T
CO (ml/min) EWDR (mm/s?)
LVEDD (mm) AR (mms)
LVESD (mm) E’ (mm/s)
LVPWT (mm) E/E'
Vcfe (circ/s) LA size (mm)

HR=heart rate; LVEF=LYV ejection fraction; LVFS=LV fractional shortening; SV= stroke volume;
CO=cardiac output; LVEDD=left ventricular end diastolic diameter; LVESD=left ventricular end
systolic diameter; Vcfc=velocity of circumferential shortening; E wave=peak early transmitral
inflow mitral E velocity; A wave=mitral Doppler A velocity; IVRT=isovolumetric relaxation time;
DT=deceleration time; EWDR=E wave deceleration rate (E-wave/DT); E'=early diastolic tissue
Doppler velocity.
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2.5.4 Tail Cuff Blood Pressure Measurement

Tail-cuff systolic blood pressure (TC-SBP), was measured using the IITC Life
science noninvasive blood pressure amplifier with built in pump for automatic
cuff inflation (model 229), in conscious mice after three separate occasions of
training (1-2 hours/session) prior to the experimental recordings. Blood pressure
was measured every two days over three weeks, one week prior to, and two
weeks after implantation of the micro-osmotic pump. These mice were placed in
the acrylic restrainers and their body temperature was maintained at 34<C by
warming the restrainer chamber without any undue thermo stress. The IITC tail
cuff sensor containing an inflation cuff and photoelectric sensor was placed on
the tail and attached to the restrainer. The cuff was then inflated to a maximum
pressure of 200 mmHg and then deflated slowly at the rate of 6mmHg.sec™.
Upon reappearance of pulse signals in the form of a crescendo (as shown in Fig.
2.8), TC-SBP data from the IITC amplifier was recorded and analyzed by the
I1TC software (1ITC Life Science Blood Pressure System, Woodland Hills, CA).
After completion of all measurements corresponding TC-SBPs were averaged
from three readings of the same sample and used for averaged systolic blood

pressure data.
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Figure 2.8 Representative image of tail cuff pressure recording.

The red lines depict the reappearance of crescendo shaped pulse signal and the corresponding
systolic blood pressure shown by the dotted lines. Extracted and modified from IITC life sciences
website.

2.5.5 Pressure Volume Hemodynamic Measurements

In vivo hemodynamic measurements were made invasively in 10- to 12-wk-old
mice under 1% isoflurane anesthesia. The anesthetised mouse was placed on a
heating pad to maintain normal body temperature at 36-37°C, the right common
carotid artery was exposed and cannulated using a 1.4 French Millar pressure-
volume conductance catheter (Millar Inc., Houston, TX) which was then
advanced into the proximal aorta via the right carotid artery and then through the
aortic valve into the left ventricle. Hemodynamic data was acquired using

PowerLab data acquisition system and analyzed using the PVAN analysis
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software. The parameters obtained as read outs were LV pressure in systole
(LVESP) that measures peak SBP, LV end diastole pressure (LVEDP) which is a
measurement of the relaxation capacity of the LV and remains high in an
impaired diastolic phase, LV dP/dtmax which represents maximum acceleration
in the rate of change of pressure in the LV during isovolumic contraction and
measured as the first derivative of the acceleration/ time curve, LV dP/dtmin
which is a measure of maximum deceleration in the rate of change pressure drop
during isovolumic relaxation and acquired by the first derivate of the

deceleration/time curve of the LV.

2.5.6 Ultrasound Imaging of Aortic Structure and Function

A micro-imaging system (Vevo 770; VisualSonics, Toronto, Ontario) and
software analysis (VisualSonics) were used to evaluate abdominal aortic
structure and function. Briefly mice were anesthetised using 1.0-1.5% isoflurane
(3% induction) with 1L/min 100% oxygen and laid in supine position on a
heated plate to maintain normal body temperature at 36-37°C measured by a
rectal temperature probe and simultaneously monitored by ECG electrodes for
heart rate and respiration monitoring. The complete procedure was performed
with a single-crystal mechanical transducer with a central frequency of 40-MHz.
(frame rate of 50Hz)® and a focal length of 6 mm to visualize the abdominal
aorta using the left kidney and its ipsilateral renal branch as the reference point at
the caudal end. Abdominal aorta was identified on the basis of the characteristic

flow pattern and longitudinal 2 dimensional B mode images (Maximum field of
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view obtained in a 15x15mm area of focal plane; spatial resolution of 100 m
lateral by 40 m axial )*" were obtained for the entire supra renal region limited
by the appearance of the last rib at the cephalic end. Probe position was
optimized to acquire clear vessel wall/lumen interfaces and corresponding M
mode images were obtained from the abdominal aorta adjacent to the upper pole

of the left kidney (Fig 2.9).

Figure 2.9 Representative ultrasound image of murine abdominal aorta.

The yellow dotted lines depict the area on m Mode image shown in an enlarged form (in red) and
the corresponding systolic diameter (SD)and diastolic diameter (DD) in white; LK=Left kidney
used as a reference point.

The maximum lumen diameter (systolic aortic diameter) and the minimum
lumen diameter (diastolic aortic diameter) during a single cardiac cycle
monitored by E.C.G were used to calculate aortic expansion index (Systolic
aortic diameter- Diastolic aortic diameter)/Systolic aortic diameter*100.
Doppler-flow measurements were obtained from longitudinal sections of the
entire supra renal region of the abdominal aorta. Aortic dilatation was
categorized in terms of percentage increase in diameter relative to its original
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diastolic diameter and aneurysm was defined as dilation in the aorta greater than

50% of the original diameter.

2.6 ASSESSMENT OF VASCULAR PHYSIOLOGY (EX VIVO)
2.6.1 Ex vivo Vascular Function and Compliance

Tissue dissections were performed in ice-cold physiological saline solution
(PSS), composition (in mmol/l) 10 HEPES, 5.5 glucose, 1.56 CaClz, 4.7 KClI,
142 NaCl, 1.17 MgS0s4, 1.18 KH2POa, pH 7.5. Arteries, 1% order mesenteric or
carotid, were cleaned of all surrounding adipose and connective tissues and
mounted on two glass cannulas in a two-bath pressure myograph (Living

Systems, Burlington, VT).

2.6.2 Vasoconstrictor and Vasodilator Responses

Vessels were given a 40-minute equilibration period during which they were
exposed to a stepwise increase in pressure from 60 to 80 mmHg with regular
changes of the PSS bathing solution. The pressure was set to 60 mmHg for
measurement of active experimental responses, a level which was chosen since it
did not cause myogenic responses. Following the equilibration period, one vessel
was randomly chosen as a control while the second was incubated with N-nitro-
L-arginine methyl ester hydrochloride (L-NAME, 100 pmol/l) for 30 minutes. A
cumulative concentration-response curve (CCRC) was constructed to increasing
concentrations of the adrenergic agonist phenylephrine (PE). To investigate

vasodilator responses to methylcholine (MCh, 0.0001 to 100 pmol/l) in the
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presence or absence of L-NAME, a CCRC was performed in PE (1 pmol/l)

constricted vessels.

2.6.3 Passive Characteristics

Vessels were equilibrated in Ca?*-free PSS in the presence of papaverine (0.1
pmol/l) to initiate complete dilation. Passive characteristics were then assessed
using pressures from 0 to 140 mmHg in mesenteric arteries and to 180 mmHg in
carotids. Corresponding circumferential wall stress was calculated using the
equation: circumferential stress (dyne/cm?) = (P*D)/2T, where P = transmural
pressure (MN/mm?, 1 mmHg = 0.133 mN/mm?), D = internal diameter (mm) and
T = wall thickness (mm). Corresponding circumferential wall strain was
calculated using the equation: circumferential strain = (Dr — Do)/Do, where Ds =
observed internal diameter for a given intravascular pressure (mm) and Do =
initial diameter at 4 mmHg (mm). Arterial stiffness can be determined by
Young’s elastic modulus (E = stress/strain). However, since the stress-strain
relationship is non-linear, a tangential or incremental elastic modulus (Einc) was
obtained by determining the slope of the stress-strain curve. An exponential
curve was fitted to data from each animal using the equation: Y = Yo exp (k*x),
where Y = circumferential stress, Yo = circumferential stress at 4 mmHg, k = the
rate constant and x = circumferential strain. Deriving this equation, we find that
Einc = KY and, therefore, for any given circumferential stress, Einc is directly

proportional to k, the rate constant. Any increase in the rate constant implied an
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increase in Einc and, therefore, an increase in arterial stiffness. Conversely, any

decrease in the rate constant implied an increase in arterial elasticity.

2.7 MEASUREMENT OF RENAL PARAMETERS

2.7.1 24-Hour Urine Collection and Processing

Each experimental mouse was housed in an individual mouse metabolic cage
(Nalgene; model 650-0311; Nalge Nunc International, Rochester, NY) with free
access to pre-recorded volume of water and rodent chow mash and acclimatized
for 1 day before the collection of experimental urine sample. Urine was collected
over 24 hrs post acclimatization in a collecting funnel provided with the cage
and was filtered for any mouse droppings or debris prior to measurement of
urine volume and total water intake. Collected urine was centrifuged at 8,000 Xg

for 5 minutes at 4°C to remove unfiltered debris and was either immediately

processed or flash frozen and stored at -80 °C for further analysis®.

2.7.2 Urine Albumin Measurement

An indirect competitive ELISA kit (Albuwell M; Exocell, Philadelphia, PA) was
used according to the manufacturer’s instruction to measure urinary albumin
concentration.®, Briefly, 10 il urine sample and rabbit anti-murine albumin
antibody was added to wells coated with albumin. Additionally an anti-rabbit
antibody conjugated with horseradish peroxidase enzyme was added such that it
labels the anti-murine antibody with the enzyme. The wells were thoroughly
washed such that only the antibody-conjugate bound to the stationary phase

remained in the well and detected by a chromogenic reaction where colour
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intensity was inversely proportional to the logarithm of albumin in the liquid
phase (Urine sample) bound competitively to the antibody against the stationary

phase (well coated with albumin).

2.7.3 Glomerular Mesangial Matrix Score

Formalin-fixed, paraffin-embedded kidney tissue was used for assessment of
mesangial sclerosis by light microscopy. All glomerular profiles (approximately
90) in a single 3 pm-thick periodic acid-Schiff (PAS)-stained section from each
animal were scored for mesangial matrix (MM) increase. Each glomerulus was
scored as 0 (normal), 1 (mild MM increase, approximately 2 times the width of a
mesangial cell nucleus), 2 (moderate MM increase, 3-4 times the width of a
mesangial cell nucleus), or 3 (severe MM increase, >4 times the width of a
mesangial cell nucleus). The glomerular MM score for each animal was

expressed as percentage MM increase ((total score/no of glomeruli) X 100).

2.8 ASSESSMENT OF RENAL ROS PRODUCTION

2.8.1 NADPH Oxidase Activity and DHE Fluorescence and Nitrotyrosine

Staining

Nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity in
kidney cortex of mice was quantified using a lucigenin-enhanced
chemiluminescence assay using a single-tube luminometer (Berthold FB12,
Berthold Technologies, Germany) with NADPH (1 mM) and lucigenin (50 uM)
at 37 <C as previously described An indirect competitive ELISA kit (Albuwell M;

Exocell, Philadelphia, PA) was used according to the manufacturer’s instruction
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to measure urinary albumin concentration?. The specific peptide inhibitor of
NOX2, gp91phox ds tat (50 M) was used to confirm superoxide generation
from NADPH oxidase 4. Dihydroethidium (DHE), an oxidative fluorescent dye,
was used to measure superoxide levels in kidney samples as previously
described ?°. Briefly, optimal cutting temperature (OCT)-embedded frozen
kidney tissues were cut into 15 pm-thick sections, washed with Hank’s balanced
salt solution (HBSS), and then incubated with DHE (20 pM DHE in HBSS;
Sigma-Aldrich) at 37 € for 30 minutes in dark. Fluorescence images were
subsequently taken with an Olympus 1X81 fluorescence microscope (10).
Nitrotyrosine immunofluorescence staining was performed on OCT-embedded
kidney cryosections (5pm) using mouse anti-nitrotyrosine primary antibody
(Santa Cruz, USA) and Alexa Fluor 594-conjugated goat anti-mouse secondary
antibody (Invitrogen, USA) as previously described *. Quantitative
measurements of DHE and nitrotyrosin fluorescence intensity were carried out

using Metamorph Basic (version 7.7.0.0; Molecular Devices, Sunnyvale, CA).

2.9 MORPHOLOGICAL AND HISTOLOGICAL ANALYSES
2.9.1 Heart

2.9.1.1 Masson’s Trichrome Staining for Myocardium

Excised hearts were arrested in diastole with 1M KCI, fixed in 10% neutral
buffered formalin, and embedded in paraffin (Alberta Diabetes Institute
Histology Core; University of Alberta, Edmonton, AB, Canada). Four

micrometer sections were stained with masson trichrome for assessment of,
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interstitial fibrosis and myocyte cross sectional area, and visualized using light
microscopy as previously described #> 3. All images were captured on a Leica
DM4000B microscope using Infinity Capture software (Lumenera; Ottawa, ON,

Canada).

2.9.1.2 Myocyte Cross-sectional Area

Myocyte cross-sectional area were measured by tracing the cross-section of the
myocytes in trichrome-stained sections that were obtained from the
subendocardial region of the myocardium (Formalin-fixed, paraffin-embedded
isolated LVwere cross-sectioned (4um) and processed with Masson’s trichrome
stain for quantitative measurement of myocyte cross-sectional area (CSA) as an
indicator of hypertrophy) under a 40X objective using Image Pro-plus software
(National Institute of Health, NIH). The reported averaged values are from five
hearts/group, and 200 myocytes/group. Measurements in pixels were converted
to pm? through calibration of the system, which was done with the use of a

micrometer.

2.9.2 Kidney

2.9.2.1 WT-1 Staining and Podocyte Counting

Wilms tumor protein (WT-1) is a podocyte marker . WT-1 staining was
performed on deparaffinized mouse kidney slides were blocked with serum for
20 minutes at room temperature. Slides were then incubated with WT-1 antibody
(1:200 in 1% BSA, Santa Cruz) for 2 hours at room temperature. After 3 times
washing in PBS 10 minutes each, slides were incubated with rabbit 1gG

115



(Vectastain ABC Kit, Vector Laboratories Inc. Burlington, ON, Canada) for 1
hour. Additionally, slides were thoroughly washed in PBS for 3 times x10
minutes each, and then quenched with 1% H202 in methanol for 45 minutes.
Subsequently, slides were incubated with ABC Reagent for 1 hour, then stained
with DAB substrate for 1 minute. Dehydrated slides were then mounted with
per-mount. All slides were scanned digitally by the Advanced Optical
Microscope Facility (Princess Margaret Hospital, Toronto, ON, Canada), and
Aperio ImageScope software (Aperio Technologies Inc., Vista, CA) were used

to count WT-1 positive cells.

2.10 Vasculature

2.10.1 Verhoeff-van Geison (VVG) Staining for Elastin

Verhoeff-Van Geison (VVG) staining was performed (University of Alberta
Department of Laboratory Medicine and Pathology; Edmonton, AB, Canada) on
sections of formalin fixed and paraffin-embedded carotid and aorta to identify
elastic fibres. Briefly, slides containing five micrometer paraffin-embedded
sections of carotid or aorta were deparaffinised and hydrated with distilled water.
Freshly made verhoeff’s solution (20 ml of 5% alcoholic hematoxylin, 8 ml of
10% ferric chloride and 8 ml of weigert’s iodine solution (2% potassium iodide
and 1% iodine in distill water)) was used to stain the slides till the tissue turned
completely black. After rinsing the slides in tap water with 2-3 changes tissues
were differentiated in 2% ferric chloride for 1-2 minutes. Differentiation was

stopped with several changes of tap water and treated with 5% sodium
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thiosulphate for 1 minute. Sodium thiosulphate solution was discarded and the
slides were washed in tap water for 5 minutes prior to counterstain in Van
Geison’s solution (15 ml of 1% aqueous acid fuschin, 50 ml saturated aqueous
picric acid and 50 ml of distill water) for 3-5 minutes. Slides were dehydrated

using 100% alcohol and cleared in two changes of xylene for 3 minutes each.

2.10.2 Gomori Trichrome Stain for Collagen

Gomori Trichrome staining was used to visualize three tissue components and
stain smooth muscle tissue (red), the connective tissue (fibrillar collagen) a
bluish/green colour, and the nuclei as black (Alberta Diabetes Institute Histology
Core; University of Alberta, Edmonton, AB, Canada). Briefly, 5pm-thick
sections of formalin fixed and paraffin-embedded carotid and aorta were
deparaffinised and hydrated with distilled water prior to staining with freshly
prepared Celestin blue (0.5 g of Celestin blue (CI 51050) in 100 ml of 5%
ammonium ferric sulphate) for 5 minutes that stained nuclei bluish black.
Sections were rinsed in distil water and additionally stained haematoxylin for 5
minutes. Subsequently, slides containing tissue sections were cleaned in running
tap water for 5 minutes and finally stained with freshly prepared Gomori’s stain
(chromotrope 2R (CI16570) 1.2g, light green SF (Cl42095) 0.6q,
dodecatungstophosphoric acid 1.6g, glacial acetic acid 2ml and distil water 200
ml) for 15 minutes. Later slides were rinsed with distil water and dehydrated

with alcol, cleared with xylene and mounted.
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2.10.3 Scanning Electron Microscopy (SEM)

The layers of vascular wall was visualized by scanning electron microscopy
(SEM)* at the advanced microscopy facility, department of biological sciences,
Universityof Alberta. Supra renal aspect of the abdominal aorta was sliced
manually into 2-3mm pieces before fixing them in 2.5% glutaraldehyde and 2%
paraformaldehyde in 0.1 M PBS for 48 hrs at room temperature. Additionally
samples were washed in 0.1M PBS (315 min), followed by quick rinse with
distil water. After dehydrating the samples by a series of ethanol washes, tissue
preparation was performed using hexamethyldisilazane. Samples were air dried
overnight before being mounted on SEM stubs and sputter coated with Au/Pd,
prior to be imaged using Phillips Scanning Electron Microscope (FEI Company,

Model: XL30).

2.11 BONE MARROW RECONSTITUTION

Bone marrow (BM) reconstitution was performed to generate chimera mice as
described previously “6. Donor WT and TIMP3”/MMP2” mice received 100 ug
of purified anti-CD8 Ab (clone 2.43) intraperitonealy on days -2 and -1 before
BM harvest to deplete CD8 T-cells. BM was harvested from the femur, tibia, and
humerus in EasySep media (PBS, 2% FCS, 2 mM EDTA) and was passed
through 70um nylon cell strainers (Fisherbrand). Recipient WT and TIMP3™
IMMP27- mice were sub lethally irradiated (1,000Gy), and received 10 106 BM
cells of the opposite genotype via tail vein injection. WT bone marrow was

reconstituted in TIMP3”/MMP27 mice (TIMP3”/MMP2"-chimera mice), and
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TIMP3”/MMP27 bone marrow in WT (WT-chimera mice).Mice were provided
with antibiotic water (40 mg neomycin, 15 mg polymyxin per 1 L) for 4 weeks
post-injection, and 7 weeks were allowed for reconstitution before Alzet pumps

were implanted for Ang Il infusion.

2.12 IMMUNOHISTOCHEMISTRY (IHC)

2.12.1 Immunostaining for Neutrophils and Macrophages

Abdominal aortas were fixed in 10% formalin for 48 hours followed by 80%
ethyl alcohol, paraffin-embedded and sectioned (4 pum thick) at the supra-renal
aspect (area predominant in reproducible abdominal aortic aneurysm formation).
Neutrophil and macrophage staining was performed as described previously 4
using anti-mouse neutrophil antibody with Cy3-labeled anti-rat secondary
antibody, and F4/80 macrophage antibody with Cy3-labeled anti-rat secondary
antibody which was pseudo-coloured to appear green for visual differentiation
from neutrophil staining. We used nuclear staining by DAPI to confirm the
presence of infiltrating cells in positively stained regions. Superimposed
stainings for neutrophil or macrophage with DAPI appeared light greenish
yellow in colour. Briefly, aortic samples in paraffin sections were deparaffinised
in 5 changes of xylenes and brought down to water through graded alcohols. For
neutrophil staining, sections were then pretreated with 1% pepsin in 0.01N HCI
at pH 2.0 for 15 minutes at 37<C. Endogenous biotin activities were blocked
using an avidin-biotin blocking kit (Lab Vision). Sections were then blocked

with 10% normal rabbit serum (Vector Labs) for 10 minutes before incubating
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with the rat anti mouse neutrophils antibody (Serotec: MCA771GA) overnight at
1/600 dilution. After washing well in TBS, staining was finished with 30 minutes
each of a biotinylated rabbit anti-rat 1gG linking antibody followed by alkaline
phosphatase streptavidin (Vector Labs: SA-5100). Color development was
performed using a freshly prepared solution of Vector Red from an alkaline
phosphatise substrate kit (Vector Labs.: SK-5100). After washing well in tap
water, sections were counterstained lightly with Mayer’s hematoxylin solution.
Sections were then dehydrated in alcohols, cleared in xylenes and mounted in

Permount (Fisher).

For macrophage staining (Mac 3), sections were heat-retrieved using Tris-EDTA
buffer at pH 9.0. Endogenous biotin activities were blocked using an avidin-
biotin blocking kit (Lab Vision). Sections were then blocked with 10% normal
rabbit serum (Vector Labs) for 10 minutes before incubating with the rat anti-
mouse F4/80 antibody (Serotec: cat#MCA497GA, clone CI:A3-1) at 1/50 or rat
anti-mouse Mac-3 antibody (BD Pharmingen: cat#550292, clone M3/84) at 1/50
overnight. After washing well in TBS, staining was finished with 30 minutes
each of a biotinylated rabbit anti-rat 1gG linking antibody (Vector Labs)
followed by HRP conjugated streptavidin labeling reagent (ID Labs). Color
development was performed using a freshly prepared solution of Nova Red
(Vector Labs). After washing well in tap water, sections were counterstained
lightly with Mayer’s hematoxylin solution. Finally, sections were dehydrated in

alcohols, cleared in xylenes and mounted in Permount (Fisher).
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2.13 RNA Expression Analysis

2.13.1 RNA Extraction and Purification

Trizol (Invitrogen; Burlington, ON, Canada) was used to extract RNA from
different tissues (Heart, kidney and vessels), followed by reverse transcription to
make cDNA for TagMan Realtime polymerase chain reaction (RT-PCR) for
analysis of MRNA expression®® “¢, RNA extraction involved homogenization of
the tissue sample in 500 i of Trizol reagent (Invitrogen; Burlingtion, ON,
Canada) in an RNAase-free 1.5 ml (for heart and kidney) and 2 ml (for vascular
tissue) microcentrifuge tube. The homogenized tissue was kept at room
temperature for five minutes, and following centrifugation at 12,000 X g at 4<C
for 10 minutes the supernatant was transferred to another RNAase-free
microtube. To maximize RNA vyield, pellet was resuspended in another 500 i
of Trizol, with homogenization and centrifuge process repeated as explained
above. To the combined supernatant, 200 A of chloroform was added using a
glass pipette. Additionally, the tubes containing supernatant with chloroform
were vigorously shaken manually for 15-20 seconds to ensure a thorough
dissolution and incubated at room temperature for three to five minutes. The
samples were centrifuged again at 12,000 X g at 4 <C for 15 minutes that
resulted in the contents being separated into three distinct layers. The RNA-
containing upper colorless aqueous phase was carefully collected without and
contamination from the other layers and transferred to a new RNAase-free

centrifuge tube. The remaining solution with the interphase and pink organic
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phenol phase was discarded. Subsequently, 500 | of 2-propanol (isopropanol)
was added to each tube and gently inverted several times and allowed to be
incubated at -20 <C overnight for heart and kidney tissue but for at least a week
for vascular tissue due to a small quantity of the tissue. Post incubation in -20<C,
samples was centrifuged at 12,000 X g at 4 <C for 10 minutes, and 1mL of 75%
ethanol (prepared from 100% ethanol and RNAase-free water) was added to the
pellet (upon discarding the supernatant). The pellet was dislodged gently using
a 1 ml pipette, and the sample was centrifuged at 7,500 X g at 4 <C for five
minutes. The supernatant was discarded and the pellet was air-dried for 10
minutes prior to being resuspended in 12 i of RNAase-free water for
quantification. Spectrophotometer (Nanodrop 1000) (Nanodrop; Willmington,
DE, USA) was used to quantify the isolated RNA using 1.5 to2 [l of the

dissolved RNA.

2.13.2 Tagman RT-PCR

cDNA was made from RNA samples by reverse-transcription prior toTagman
RT-PCR experiments (All samples were run in triplicates in 384 well plates). A
standard curve was generated for individual gene, using predetermined
concentrations of mouse brain cDNA (0.625, 1.25, 2.5, 5, 10 and 20 nug) as a
function of cycle threshold (CT). CT is the value derived by the intersectionof
the amplification curve and the threshold line thereby representing a relative
measure of the target concentration. The standard curve of [CDNA]brain as a

function of CT is fit to a linear regression: Y=aX+b, where Y=cycle threshold
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(CT), a=slope of the standard curve, X=[cDNA]experimental sample. The

SDS2.2 software (integral to ABI17900 real-time machine) fits the CT values for

the experimental samples in this formula and generates values for cDNA levels.

Consequently, these values were normalized by internal controls, 18S (ribosomal

RNA) or HPRT (hypoxanthine-guanine phosphoribosyltransferase-1) which

appears to be a suitable house-keeping gene for myocardial®®, renal and vascular

tissues. The values are expressed as relative expression (R.E.). The primers and

probes of genes used in our study are listed in Table 2.2.

Table 2.2 Tagman primers and probe sequences.

Primer/
Gene Probe Sequence
Forward: | 5-AGC TTG CTG GTG AAA AGG AC-3'
HPRT Reverse: | 5-CAACTT GCG CTC ATC TTA GG-3'
Probe: 5-FAM-CAA CAA AGT CTG GCC TGT ATC CAA C-
TAM RA-3'
Forward: | 5'-CAT GGA AAG CCT CTG TGG ATA TG-3'
TIMP1 Reverse: | 5'-AAG CTG CAG GCACTG ATG TG-3
Probe: 5-FAM-CTC ATC ACG GGC CGC CTA AGG AAC-TAM
RA-3'
Forward: | 5'-CCA GAA GAA GAG CCT GAA CCA-3
TIMP2 Reverse: | 5'-GTC CAT CCA GAG GCA CTC ATC-3
Probe: 5-FAM-ACT CGCT GTC CCATGA TCC CTT GC-TAM
RA-3'
Forward: | 5-GGC CTC AAT TAC CGC TAC CA-3'
TIMP3 Reverse: | 5'-CTG ATA GCC AGG GTA CCC AAA A-3
Probe: 5-FAM-TGC TACTACTTGCCTTGT TTT GTG ACC
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TCC A-TAM RA-3'

TIMP4

Forward:

Reverse:

Probe:

5-TGC AGA GGG AGA GCC TGA A-3'
5-GGT ACA TGG CAC TGC ATA GCA-3'

5-FAM-CCA CCA GAACTG TGG CTG CCA AAT C-
TAMRA-3'

MMP2

Forward:

Reverse:

Probe:

5’-AAC TAC GAT GAT GAC CGG AAG TG-3’
5’-TGG CAT GGC CGA ACT CA-3’

5’-FAM-TCT GTC CTG ACC AAG GAT ATA GCC TAT
TCC TCG-TAM RA-3’

MMP9

Forward:

Reverse:

Probe:

5’-CGA ACT TCG ACA CTG ACA AGA AGT -3’
5’- GCA CGC TGG AAT GAT CTA AGC-3’

5’-FAM-TCT GTC CAG ACC AAG GGT ACA GCC TGT
TC-TAM RA-3’

IL-1p

Forward:

Reverse:

Probe:

5-AACCTGCTG GTG TGT GACGTT C-3’

5-CAGCACGAGGCTTTTTTGTTIGT-3

5'FAM-TAG ACA GCT GCA CTA CAG GCT CCG AGA
TG-TAMRA-3’

IL-6

Forward:

Reverse:

Probe:

5-ACA ACCACGGCCTTCCCTACTT-3

5-CAC GAT TTC CCA GAG AACATG TG-¥

S'FAM TTC ACA GAG GAT ACC ACT CCC AAC AGA
CCT-TAMRA-3’

MCP-1

Forward:

Reverse:

Probe:

5’-GTT GGC TCA GCC AGA TGC A-3’

5°-AG CCT ACT CAT TGG GAT CAT CTT G-3’

5’-FAM-TTAACGCCCCACTCACCTGCTGCTACT-
TAMRA-3’

TNF-a

Forward:

5’- ACA AGG CTG CCCCGACTAC-3’

5-TTT CTC CTG GTA TGA GAT AGC AAATC-3°
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Reverse:
5’TGC TCC TCA CCC ACA CCG TCA GC-TAMRA-3’
Probe:
Forward: | 5'-GTGCCAAGGGCCTGAATGAG-3'
B-MHC Reverse: | 5-GCAAAGGCTCCAGGTCTGA-3'
Probe: 5-ATCTTGTGCTACCCAGCTCTAA-3
Forward: | 5-CAGCCGGCGCCTGTT-3'
o= SKMA Reverse: | 5'-CCACAGGGCTTTGTTTGAAAA-3
Probe: 5FAMTTGACGTGTACATAGATTGACTCGTTTTACCT
CATTTTG- TAMRA-3'
Forward: | 5>-CTTCACCTACAGCACCCTTGTG-3’
pro-
collagen I- | Reverse: | 5>-TGACTGTCTTGCCCCAAGTTC-3’
al
Probe: | 5. FAM-CTGCACGAGTCACACC-TAMRA-3’
pro- Forward: | 5°- TGTCCTTTGCGATGACATAATCTG-3’
collagen | peverse: | 5°- AATGGGATCTCTGGGTTGGG-3’
I1-al type
I Probe: | 5°-FAM- ATGAGGAGCCACTAGACT-TAMRA-3’
Applied Biosystems Assay ID Mm00514670_m1
Elastin
(premixed primers/probe)
WT1 Applied Biosystems Assay ID Mm01228147_m1
(premixed primers/probe)
NOX2 Applied Biosystems Assay ID Mm01287743 m1
(premixed primers/probe)
pA7ox Applied Biosystems Assay ID Mm00447920_g1
(premixed primers/probe)

125




CTGF Applied Biosystems Assay ID Mm01192933_g1
(premixed primers/probe)
TGE-R Applied Biosystems Assay ID Mm01178819 m1l
(premixed primers/probe)
Nephrin Applied Biosystems Assay ID Mm00497828 m1
(premixed primers/probe)
18S Kit from Applied Biosystems (ABI; Carlsbad, CA, USA)

CTGF: connective tissue growth factor; TGF- (3 transforming growth factor-beta; TNF-o.: tumor

necrosis factor-alpha; MCP-1: monocyte chemoattractant protein-1; IL-1(3 interleukin-1 beta; I1L-6:

interleukin-6; WT1: Wilms tumor protein; BNP: Brain natriuretic peptide; PMHC: B-myosin heavy

chain; aSKMA, a-skeletal muscle actin.

2.14 PROTEIN ANALYSES

2.14.1 Tissue Protein Extraction

Total protein was extracted from frozen tissue at -80 <C and (later transferred in

liquid nitrogen) by gentle manual homogenization for heart and kidney tissues

and by a tissue homogenizer (Omni THq, Kennesaw, GA) at 15X1000 rpm in

EDTA-free RIPA buffer (please refer Table 2.3 for western blot; Table 2.4. for

zymography; protease inhibitor, Calbiochem, San Diego, CA, USA in Table 2.5

and phosphatase inhibitor cocktails, Sigma-Aldrich, Oakville, ON, Canada in

Table 2.6 and Calbiochem, San Diego, CA, USA in Table 2.7) with variable

volume depending on the amount of tissue to be homogenized. (Heart and

kidney 100 |i; Aorta, carotid and mesenteric artery 60 ). RIPA buffer was used
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as it enables cell lysis and maximum protein solubilisation without any
degradation. The homogenized tissue was kept on ice for 30 minutes with one
minute intervals of high-speed vortex every 10 minutes. The sample was
centrifuged at 14,000 X g for 12 minutes and the protein-containing supernatant
transferred to a new 1.5 ml tube. Protein content concentration was analyzed
using the Bio-Rad DC protein assay (Bio-Rad; Missisauga, ON, Canada) using a
clear flat-bottom 96-well plate in a plate-reader of spectrophotometer at 750 nm.
Protein extracted using Cytobuster Protein Extraction Buffer (Novagen, Madison,
WI, USA) for activity assays followed the same process, except for the

extraction buffer used.

Table 2.3 RIPA Protein extraction buffer pH 7.4 in ddH,O - Western blot

RIPA Protein extraction buffer pH 7.4- Western blot

Chemical name M.W. (g/mol) | Conc.stock Conc.final
1| Tris-HCl 121.14 N/A 50 mM
2| sodium chloride (NaCl) 58.44 N/A 120 mM
3 |EDTA 372.24 N/A 1mM
4 | Triton X-100 (detergent) 624.00 N/A 1%

Table 2.4 RIPA Protein extraction buffer pH 7.4 in ddH20 - Zymography

RIPA Protein extraction buffer pH 7.4- Zymography

Chemical name M.W. (g/mol) | Conc.stock Conc:final

1 | Tris-HCI 121.14 N/A 50 mM
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2 | Sodium chloride (NaCl) 58.44 N/A 150 mM

3 | Triton X-100 (detergent) 624.00 N/A 1%

4 | SDS (detergent) 288.38 N/A 0.1%

5 | NP40 (detergent) N/A N/A 1%
Sodium deoxycholate

6 414.55 N/A 1%
(detergent)

Table 2.5 Protease inhibitor cocktail

Protease inhibitor cocktail 111, EDTA-free (Calbiochem; cat# 539134)

Chemical name M.W. (g/mol) | Conc.stock Conc:final
1 | AEBSF, hydrochloride 239.50 100x 1x
2 | Aprotinin 6512.00 100x 1x
3 | Bestatin 308.37 100x 1x
4 | E-64 357.40 100x 1x
5 | Leupeptin 475.59 100x 1x
6 | Pepstatin A 685.89 100x 1x

Table 2.6 Phosphatase inhibitor cocktail- Tyr, acidic, & alkaline
phosphatases

Phosphatase inhibitor cocktail 2- Tyr, acidic, & alkaline (Sigma; pdt# 5726)

Chemical name M.W. (g/mol) | Conc.stock Conc.final
1 | Sodium-orthovanadate 183.91 100x 1x
2 | Sodium-molybdate 241.95 100x 1x
3 | Sodium-tartrate 230.08 100x 1x
4 | Imidazole 68.08 100x 1x
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Table 2.7 Phosphatase inhibitor cocktail- Ser/Thr & alkaline phosphatases

Phosphatase inhibitor cocktail 1V- Ser/Thr & alkaline (Calbiochem; cat#

524628)
Chemical name M.W. (g/mol) | Conc.stock Conc:final
1 | (-)-p-Bromotetramisole
373.22 100x 1x
oxalate
2 | Cantharidin 196.20 100x 1x
3 | Calyculin A 1009.20 100x 1x

2.14.2 Western Blot

Western blot experiment comprises of sodium dodecyl sulphate-polyacrylamide
(SDS) gel based transfer of protein onto a polyvinylidene fluoride (PVDF)
membrane and binding of an antibody to a specific epitope on the target protein
on the membrane. Each sample was prepared by combining the volume for 40.g
of sample protein with the appropriate volume of 2X protein loading buffer
(Table 2.8) and phosphate buffered saline (PBS) (Table 2.9), boiled for 5
minutes to denature the protein, and allowed to traverse through the gel (variable
gel percentages were selected depending upon the size of the target protein.
Higher percentage allows detection of smaller size proteins with less separation
as oppose to lower percent gels) driven by electrophoresis (at 100 V; Bio Rad;
Mississauga, ON, Canada) in the presence of a electrophoresis running buffer
solution (Table 2.10), and eventually transferred onto the PVDF membrane
using a transfer (approximately for 1 hour) buffer solution (Table 2.11) (again
driven by electrophoresis) for blotting. Once the transfer was complete, the

membrane was blocked with 5% skim milk for two hours at room temperature
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and later exposed to a primary antibody overnight at a specific dilution (ranged
from 1:200 for antibodies against SERCAZ2a, phospho (serinel6)-
phospholamban, total phospholamban, TIMP3, protein kinase C (PKC) a, PKC
B1, B-actin, collagen type | and alpha Elastin to 1:1000 for antibodies against of
ERK1/2, p38, INK and Akt/PKB in 5% skim milk) depending on the type and
source of antibody and the target protein. The membrane was washed 3x15
minutes with Tris-based buffered solution (TBS) (Table 2.12) combined with
0.1% Tween (TBST), followed by the application of appropriate species-based
horse radish peroxidase (HRP) linked-secondary antibody in 5% skim milk at a
dilution of 1:5000 for two hours at room temperature. Membrane was
meticulously washed off for another 3x15 minutes with TBST and Enhanced
Chemiluminescence (ECL; GE Amersham; Baie d’Urfe, QC, Canada) was
applied to the membrane according to manufacturer’s instructions for 5 minutes
which bound specifically to the HRP segment on the secondary antibody. An
image of the membrane was taken by either developing x-ray film (Fuji Medical
X-Ray Film Super Rx; Fujifilm) or by a luminescent image analyzer housing a
chemiluminescence-sensitive camera (GE ImageQuant LAS 4000; GE), which
was exposed to the chemiluminescent membrane. Mild stripping buffer (Table
2.13) was used to strip the protein in the PVDF membrane for 30 min at 55 °C
and subsequently immunoblotted for a different target pretein. After the
completion of all western blots, the membrane was stained with Coomassie

bluedye (2% Coomassie blue, 25% methanol, 10% acetic acid and used as the
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loading controls. Coomassie blue is a permanent stain that is applied to the gel
after transfer to qualitatively assess the loading of the gel with the assumption of

proper transfer.

Table 2.8 Sample loading buffer pH 6.8 in ddH20 - Western blot

Sample loading buffer pH 6.8- Western blot

Chemical name M.W. (g/mol) Conc.stock Conc.final
1 | Tris-HCI 121.14 130 mM 65 mM
2 | SDS 288.38 4.6% 2.3%
3 | Bromophenol Blue 669.96 0.2% 0.1%
4 | Glycerol 92.09 20% 10%
S | Dithiothreitol (DTT) 154.25 2% 1%

Table 2.9 Phosphate-buffered Saline (PBS) pH 7.4 in double-distilled water
(ddH:0)

Phosphate-buffered Saline (PBS) pH 7.4

Chemical name M.W. (g/mol) | Conc.stock Conc:final
1 | Sodium chloride (NaCl) 58.44 1370 mM 137mM
2 | Potassium chloride (KCI) 74.55 27 mM 2.7 mM
Sodium phosphate dibasic
3 141.96 100 mM 10 mM
(NazHPO4)
Potassium phosphate
4 ) 136.09 18 mM 1.8 mM
monobasic (KH2PO4)

Table 2.10 Running buffer pH 8.3 in ddH20

Running buffer pH 8.3

Chemical name M.W. (g/mol) | Conc.stock Conc.final
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Tris-HCI 121.14 250 mM 25 mM
Glycine 75.07 1920 mM 192 mM
Sodium dodecyl sulfate
288.38 10% 1%
(SDS)
Table 2.11 Transfer buffer pH 8.3 in ddH-0
Transfer buffer pH 8.3
Chemical name M.W. (g/mol) | Conc.stock Conc.final
Tris- HCI 121.14 200 mM 20 mM
Glycine 75.07 1500 mM 150 mM
Methanol 32.04 N/A 20%
Table 2.12 Tris-buffered Saline (TBS) pH 8.0 in ddH>0
Tris-buffered Saline (TBS) pH 8.0
Chemical name M.W. (g/mol) | Conc.stock Conc.final
Sodium chloride (NaCl) 58.44 1250 mM 125 mM
Tris-HCI 121.14 250 mM 25 mM

Table 2.13 Western blot Membrane Stripping buffer pH 6.8 in ddH.O

Western blot Membrane Stripping buffer pH 6.8

Chemical name M.W. (g/mol) | Conc.stock Conc:final
) 1000 mM
Tris-HCI 121.14 62.5 mM
(pH 6.8)
SDS 288.38 20% 2%
[-mercaptoethanol 78.13 14300mM 100mM

Western blotting was performed to detect phosphorylated and total levels of

ERK1/2, p38, IJNK, and Akt/PKB using specific antibodies (New England
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Biolabs, Pickering, ON) as before*> 3 analyses for SERCAZ2a, phospho
(serinel6)-phospholamban and total phospholamban were carried out using
commercial antibodies from Santa Cruz as previously described® 5. TIMP3 (30
kDa; 1:1000 dilution, monoclonal rabbit anti-mouse; Santa Cruz; Santa Cruz,
CA, USA) protein levels were determined in heart and kidney tissue using a 10%
polyacrylamide gel. Protein levels of protein kinase C (PKC) a, PKC B1 and p-
actin (Santa Cruz and Biolabs) as an endogenous control in kidney samples were
detected using 10% SDS-PAGE gels as previously described?. Western blot
analysis was performed as previously described®® 3 to detect the levels of
mature collagen type | (COL1A1) using a 10% acrylamide gel (1:200 dilution,
rabbit polyclonal affinity purified antibody raised against a peptide mapping to
the N- terminus of Collagen alType I of human origin that detects mature
Collagen of mouse, (C-18): sc-8784-R, Santa Cruz Biotechnology) and alpha
Elastin (1:200 dilution, Polyclonal rabbit anti mouse alpha Elastin, Abcam Inc.,

Cambridge, USA) on aortic, mesenteric and carotid murine tissues.

2.14.3 Gelatin Zymography

Pro- and cleaved active MMP2 and MMP9, the classical gelatinases were
detected using Gelatin zymography which represents the activation status of
these proteases. Extraction of protein was carried out similarly as mentioned
earlier for western blotting in section 2.14.2 except for an EDTA-free RIPA
buffer used to avoid chelation by EDTA that would interfere with MMP activity.

Polyacrylamide gel was prepared with gelatin at a final concentration of 2
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mg/mL of the mixture. Subsequently 40pg of protein sample, non-denaturing

loading dye (Table 2.14) and PBS (Table2.9) were loaded per well.

Table 2.14 Sample loading buffer pH 6.8 in ddH-0 - Zymography

Sample loading buffer pH 6.8- Zymography

Chemical name M.W. (g/mol) | Conc.stock Conc.final
1 | Tris-HCI 121.14 125 mM 62.5 mM
2 | Glycerol 92.09 20% 10%
3 | SDS 288.38 4% 2%
4 | Bromophenol Blue 669.96 0.02% 0.01%

Additionally the gelatin-based polyacrylamide gel containing sample protein
mixture was subjected to electrophoresis and washed in Triton-X 3 x 20 minutes
prior to be washed again 3x10 minutes using incubation substrate buffer (Table
2.15). Finally, the gel was incubated at 37<C in the incubation substrate buffer
for a total of 48 hours with replaced fresh substrate buffer after the first 24 hours.
After incubation the gel was stained with Coomassie Blue (2% Coomassie Blue;
Table 2.16) overnight and further destained by a destaining solution (Table 2.17)
until clear bands on a dark blue background were visualized. A separate 10%
polyacrylamide gel with 10y of the protein sample used in zymography was
run and stained with Coomassie-Blue eventually was used as a protein loading

control.

Table 2.15 Substrate buffer in ddH>0 - Zymography

Substrate buffer- Zymography

Chemical name M.W. (g/mol) | Conc.stock Conc:final

1 | Tris-HCI 121.14 2000 mM 50 mM
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Calcium chloride

147.02 2000 mM 5mM

(CaClz)+*2H20
3 | Sodium chloride (NaCl) 58.44 N/A 150 mM
4 | Sodium azide (NaNs) 65.01 5% 0.05%
Table 2.16 Polyacrylamide Gel Staining solution in ddH.O

Polyacrylamide Gel Staining solution

Chemical name M.W. (g/mol) | Conc.stock Conc:final
1| coomassie blue 854.00 N/A 2%
2| Methanol 32.04 N/A 25%
3| Acetic acid 60.05 N/A 10%
Table 2.17 Polyacrylamide Gel Destaining solution in ddHO

Polyacrylamide Gel Destaining solution

Chemical name M.W. (g/mol) | Conc.stock Conc.final
1 | Methanol 32.04 N/A 30%
2 | Acetic acid 60.05 N/A 1%

2.14.4 Quantification of Protein Levels

Densitometry analysis software (ImageJ; NIH) was used to quantify protein
bands detected on either the western blot or zymography. Histograms of band
density relative to the background were generated by the software that allowed
measurement of individual selected band density. The corresponding value
obtained for individual band was normalized first to its corresponding loading
control density and later normalized to one specific sample (WT sham protein

band or to a specified control band of the HT1080 positive control represented
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by the 64kDa cleaved MMP2). This allowed homogenization of the band density

and represented as a relative value.

2.15 MMP ACTIVITY ASSAY

Total gelatinase, collagenase and elastase activities were measured using Enz-
Chek fluorescent-based gelatinase/collagenase (E-12055) and elastase (E-12056)
assay kit (Invitrogen; Burlington, ON, Canada) according to the manufacturer’s
instructions. Briefly, Cytobuster Protein Extraction Buffer was used to extract
proteins for the assay that involved in vitro quantitative measurement of
gelatinase/collagenase and elastase activity. The substrate (gelatin or collagen)
heavily labelled with fluorescein isothiocyanate (FITC) and elastin labelled with
BODIPY FL dye such that the fluorescence remained quenched was added to
each well along with 100g of protein sample in separate kits. The sample plate
was allowed to incubate at room temperature for 6 hours (for
collagenase/gelatinase) and 2 hours (for elastase) such that the proteolytic
degradation of the fluorescein labelled substrate yielded fluorescence and the
intensity was monitored on a fluorescence microplate reader at 495nm excitation
and at 530nm emission of fluoresence. The slope of the curve generated

corresponded to the proportion of the proteolytic activity.

2.16 PHARMACOLOGICAL MMP INHIBITOR (MMPI)
TREATMENT

Mice of various genotypes were treated with broad-spectrum MMP inhibitor,

PD-166793 (Pfizer Inc., chemical name (S)-2-(4'-bromo-biphenyl-4-
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sulfonylamino)-3-methyl-butyric acid)®** at 30 mg kg ' day™' or doxycycline
(Sigma, Aldrich) at 30 mg kg ™' day ' > orally by daily gavage three days before
implantation of micro-osmotic pumps containing either Ang Il or saline and
continued for 2 or 4 weeks depending on the course of the study. PD166793 is a
broad-spectrum MMP inhibitor but selective as it is not known to inhibit other

families of enzymes®®.

2.17 STATISTICAL ANALYSES

All functional data in ex vivo vascular experiments were presented as mean +
standard error of the percentage vasoconstrictor response or the vasodilator
response calculated as a percentage of constrictor tone. Stress-strain relationships
were analysed by comparing the rate constants, mean =standard error, between
groups by Students’t-test. All data were normally distributed as tested using the
Kolmogorov-Smirnov test for Gaussian distribution. The significance of the
difference in mean values of continuous variables between groups was
determined by a two-way analysis of variance (ANOVA), with Bonferroni post-
test for multiple comparisons. Serial blood pressure measurements were
compared using 2 way ANOVA with repeated measurements followed by
Bonferroni post-test. All other statistical analyses were performed using SPSS
software (Chicago, Illinois, Version 19). Comparisons between different
genotypes were performed using multiple ANOVA test followed by Student
Neuman Keuls post-test for multiple comparison testing. Averaged values
represent Mean SEM. Statistical significance is recognized at p<0.05.
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3.1 ABSTRACT

Diabetic cardiomyopathy is an important contributor to diastolic and systolic heart
failure. We examined the nature and mechanism of the cardiomyopathy in Akita
(Ins2WT/C%Y) ‘mice, a model of genetic non-obese type 1 diabetes which
recapitulates human type 1 diabetes. Cardiac function was evaluated in male
Ins2WT/C%Y and their littermate control (Ins2"V™WT) mice using echocardiography
and tissue Doppler imaging, in vivo hemodynamic measurements, as well as ex
vivo working heart preparation. At 3- and 6-months of age, Ins2"T7C%Y mice
exhibited preserved cardiac systolic function compared to Ins2™T mice as
evaluated by ejection fraction, fractional shortening, LV end-systolic pressure and
dP/dtmax in vivo, cardiac work, cardiac power, and rate-pressure product ex vivo.
Despite the unaltered systolic function, Ins2"VT/C%Y mice exhibited significant and
progressive diastolic dysfunction at 3- and 6-months of age compared to
Ins2WTWT mice. Diastolic dysfunction was assessed using tissue doppler imaging
(E-wave velocity, isovolumetric relaxation time and pulmonary venous flow) and
by in vivo hemodynamic measurements (LV end-diastolic pressure, Tau, and
dP/dtmin). We found no evidence of myocardial hypertrophy or fibrosis in the
Ins2WWT/C%Y myocardium. Consistent with the lack of fibrosis, expression of pro-
collagen-a type-I, pro-collagen-a type-11l and fibronectin were not increased in
these hearts. Ins2WT/C%Y hearts showed significantly reduced SERCAZ2a (cardiac
sarcoplasmic reticulum Ca?" pump) levels, elevated B-myosin heavy chain

isoform, increased long-chain fatty acids and triacylglycerol with evidence of
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lipotoxicity as indicated by a significant rise in ceramide, diacylglycerol (DAG)
and lipid deposits in the myocardium. Consistent with metabolic perturbation, and
a switch to fatty acid oxidation from glucose oxidation in Ins2"/T/€%Y hearts,
expression of mitochondrial long-chain acyl-CoA dehydrogenase (LCAD) and
pyruvate dehydrogenase kinase isoform4 (PDK4) were increased. Insulin-
treatment reversed the diastolic dysfunction, the elevated BNP and fMHC and the
reduced SERCAZ2a levels with abolition of cardiac lipotoxicity. We conclude that
early type 1 diabetic cardiomyopathy is characterized by diastolic dysfunction
associated with lipotoxic cardiomyopathy with preserved systolic function in the

absence of interstitial fibrosis and hypertrophy.

3.2 INTRODUCTION

Diabetes mellitus has become a major health concern worldwide and is predicted
to be the fifth most common cause of deaths globally 2. Diabetes itself has been
established to be a strong risk factor for heart failure independent of age,
hypertension, dyslipidemia and coronary artery disease (CAD) 3°. Although type
2 diabetes is a more common form of diabetes with an early onset of
hyperinsulinemia and a late onset of hyperglycemia, type 1 diabetes affects
approximately 5-10% of the diabetic population globally with early onset of

hyperglycemia, and both types can result in severe cardiovascular complications .

Diastolic heart failure is now a well-recognized clinical entity often associated
with diabetes and hypertension > 7°. Several factors may contribute to the

development and progression of cardiac dysfunction in diabetes mellitus,
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including increased interstitial fibrosis, suppressed intracellular Ca?* handling,
altered contractile filament properties, and/or lipotoxicity affecting both passive
and active relaxation properties of the ventricle ® 5 %1, The Ins2WT/C%Y (Akita)
mouse is a well validated non-obese model of human type 1 diabetes while being
free of potential confounding effects of streptozotocin (STZ) administration 213,
In this study, we characterized the cardiomyopathy in Ins2VTC%Y mice and
demonstrate that these mice exhibit early and persistent diastolic dysfunction in a
setting of preserved systolic function compared to their littermate control,
Ins2WT™WT mice. Lack of insulin in Ins2VWT/C%Y mice suppressed insulin-dependent
signaling pathways such as phosphorylation of Erk1/2 and Akt/PKB in the heart.
We found evidence of lipotoxicity in Ins2WTC%Y hearts coupled with increased
expression of long-chain acyl-CoA dehydrogenase (LCAD) and pyruvate
dehydrogenase kinase isoform 4 (PDK4). We conclude that type 1 diabetic
cardiomyopathy is characterized by diastolic dysfunction and preserved systolic
function, with evidence of myocardial lipotoxicity and downregulation of the
major Ca?*-regulatory protein, SERCAZ2a, in the absence of hypertrophy or

interstitial fibrosis.

3.3 OBJECTIVE
Diabetic cardiomyopathy is an important contributor to diastolic and systolic heart
failure and the cardiovascular burden of patients with diabetes mellitus. In this

study, we investigated the nature and mechanism of the cardiomyopathy in a
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mouse model characteristic of a genetic non-obese type 1 diabetes which

recapitulates human type 1 diabetes.

3.4 MATERIALS AND METHODS

3.4.1 Echocardiography and Tissue Doppler Imaging

In vivo cardiac function was measured in male Akita mice (Ins2"W7C%Y  preeding
detailed in Chapter 2.1.1.1) and in litter-mate wild type (Ins2"Y™WT) mice using
Transthoracic echocardiography (Chapter 1.2.2 and 2.5) and Doppler imaging

(Chapter 1.2.2, 2.5.2 and 2.5.3).

3.4.2 Hemodynamic Measurements

In vivo Hemodynamic measurements were performed invasively in 10-12 week
old mice of either genotype under 1% isoflurane anesthesia. The right common
carotid was exposed and cannulated using a 1.4 French Millar catheter (detailed in
Chapter 2.5.5.). Hemodynamic data were acquired using PowerLab data

acquisition system and analyzed.

3.4.3 Isolated Working Heart Model

Hearts were perfused using an isolated working heart preparation as described

previously (Chapter 2.5)

3.4.4 Immunohistological and Molecular Analyses
Hearts were collected as described in Chapter 2.3.2 and were either formalin-fixed
for immunohistological, Oil-O red staining was performed using 0.5% oil-O red

as described earlier ** and morphological analysis (Chapter 2.9.1 and 2.9.2), or
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flash frozen for RNA (Chapter 2.13), protein (Chapter 2.14) and other molecular

analyses associated with the metabolic status of the heart (Chapter 2.4).

3.4.5 Insulin replacement in Ins2WT/C%Y Mice

Insulin pellets (Linshin Canada) were implanted dorsally and subcutaneously in 8-
wk old Ins2WT/%Y mice. The pellets release 0.2U insulin/day for 4 weeks. Blood
glucose was monitored one day prior to, and every 3 days starting one day after

the implant for 4 weeks.

3.4.6 Statistical Analysis
Two-way ANOVA followed by multiple comparison test were performed to
compare between the Ins2TC%Y and Ins2W™™™T groups at 3 months and 6months

of age. Averaged values are presented as Mean*SEM.

3.5 RESULTS

3.5.1 Diastolic Dysfunction in the Presence of Normal Systolic Function in

INs2WT/C9%Y Mice

We assessed the cardiac function in Ins2WT/C%Y and littermate Ins2"V™™WT mice
non-invasively using a high-resolution imaging transthoracic echocardiography
system equipped with a 30-MHz transducer, invasively by hemodynamic
measurements, and ex vivo using an isolated working preparation. M-mode
images from Ins2WTWT and Ins2WTC%Y mice at 3 months of age showed
comparable LV contractility (Fig. 3.1A), while long-axis images from these mice
show lack of LV dilation and in fact a slight reduction in the LV chamber size in
the Ins2WTC%Y mice (Fig. 3.1B). Consistently, parameters of cardiac systolic
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function including ejection fraction, fractional shortening, stroke volume (Table
3.1) as well as dP/dtmax are comparable between Ins2"VT/C%Y and their littermate
Ins2TWT mice at 3 months and 6 months of age (Fig. 3.1C). Additional systolic
function parameters including the systolic myocardial velocity (S’) by tissue
Doppler imaging are reported in Table 3.1. We further used an ex vivo isolated
working heart model to compare the basal systolic function between the
genotypes under controlled conditions. Ins2VTC%Y mice showed unaltered
systolic performance, as determined by cardiac work, cardiac power and rate

pressure product, compared to Ins2W™WT mice (Fig. 3.1D).
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Figure 3.1 Assessment of cardiac systolic function in Ins2WT/C%Y compared to
littermate Ins2WTWT mice.

A: Representative M-mode images from Ins2WTWT and Ins2WTC%Y hearts at 3 months of age. B:
Representative long-axis view of the hearts from Ins2WTWT and Ins2WT/€%Y mice. C-H: Averaged
parameters for in vivo hemodynamics (C), and ex vivo working heart preparation (D-F) showing
comparable systolic function between Ins2WT/C%Y and littermate Ins2“™T mice. LVESD = LV
end-systolic diameter; LVEDD = LV end-diastolic diameter. Averaged values are presented as
Mean +=SEM.

Table 3.1 Echocardiographic assessment of systolic function in 3 months and
6 months old mice.

L

Ins 2‘.’-’1’ WT Bas 2‘5"1' Co6Y s _:}‘W'I WT Ins 2“"1' Co6Y
Age 3 months 3 months 6 months 6 months
n 12 12 9 9
HE. (bpm) 448=+11 438+12 459+16 45113
LVEF (%) 60=+1.4 59.8+1.8 54+£34 574+2
LVES (%) 28.3+1.34 29.3+091 27.6+2.13 29.7+1.33
SV{uL) 43524 45x1.1 43232 492+12
CO (ml/min) 19.5x1.26 19=0.77 19.4=1.75 19.6=0.08
LVEDD (mm) 3.81=0.07 3.68=0.07 3.82=0.05 3.71=0.04
LVESD (mm) 2.73£0.05 2.60=0.05 277011 2.61£0.06
LVPWT (mm) 0.77=0.01 0.74£0.03 0.8x0.03 0.76x0.02
ET (ms) 50521 443229 54£25 50322
Vefc (cire's) 0.56+0.04 0.67+0.1 0.51+0.05 0.59+0.03
57 (em/s) 2.39+0.08 2.58+0.09 2.42+0.09 261011

HR=heart rate; LVEF=LV ejection fraction; LVFS=LV fractional shortening; SV= stroke volume;
CO=cardiac output; LVEDD-=left ventricular end diastolic diameter; LVESD=left ventricular end
systolic diameter; ET= ejection time; Vcfc=velocity of circumferential shortening, S’=systolic
myocardial velocity by tissue Doppler imaging.
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Figure 3.2 Echocardiographic assessment of diastolic function in Ins2WT/Co%Y
compared to Ins2WTWT mice.

A-B: Representative transmitral Doppler flow profile showing reduced peak E-wave velocity with
increased deceleration time and prolongation of isovolumetric relaxation interval (IVRT) in an
Ins2WT/C%6Y (B) compared to an Ins2WTWT mouse (A). C-D: Representative tissue Doppler images
of the basal inferolateral LV wall showing reduced early diastolic tissue velocity (E’) in an
Ins2WT/C9%Y (D) compared to an Ins2¥™™T mouse (C).

We evaluated diastolic function in these mice using traditional Doppler technique
coupled with TDI. Transmitral filling pattern showed reduced E-wave velocity
with prolongation of deceleration time leading to a significant reduction in E-
wave deceleration rates in 3-month old Ins2VWTC%Ycompared to littermate
Ins2WTWT mice (Figs. 3.2A and 3.2B, Fig. 3.3A, Table 3.2). The isovolumetric
relaxation time (IVRT) was also increased markedly in Ins2WT/C%Y mice
suggesting impaired relaxation (Figs. 3.2A and 3.2B, Fig. 3.3B, Table 3.2). Peak

early tissue relaxation (E’) was reduced in 3-month old Ins2WT/C%Y mice (Figs.
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3.2C, 3.2D and Fig. 3.3C). Wet and dry lung weight in Ins2WT/C%Y and Ins2WTWT
mice showed no difference in the lung water content (WT: 0.11140.002 mg, Akita:
0.09740.07 mg) or dry/wet weight ratio (Ins2V™WT: 0.36+0.02, Ins2WT/C%Y:
0.33+0.03) between the genotypes. These data collectively demonstrate that
Ins2WT/C%Y mice exhibit early diastolic dysfunction at 3 months of age compared
to their littermate Ins2%™T mice but have not reached clinically overt heart

failure.

Impairment of diastolic function in the Ins2"WT€%Y mice is progressive. Left atrial
size has been shown to positively correlate with the degree and duration of LV
diastolic dysfunction 25, and we found that the left atrial size in Ins2WT/€%Y mice
progressively increased at 3 and 6 months of age compared to Ins2WTWT
littermates (Table 3.2). We also used invasive hemodynamic measurement in
order to provide more definitive assessment of the diastolic dysfunction. The key
hemodynamic correlates of diastolic dysfunction, LV end diastolic pressure and
the time constant of LV relaxation (Tau) were increased in the Ins2WT%Ymice
(Figs. 3.3D and 3.3E) while dP/dtmin was reduced in Ins2"WT%Ymice (Fig. 3.3F)
without alterations in baseline heart rate (524+19 bpm in Ins2W™T vs 539423
bpm in Ins2WTC%Ymice; p=0.412). Overall, our data indicate that Ins2WT/c%Y
mice demonstrate early and persistent diastolic dysfunction with preservation of

systolic function.
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Table 3.2 Echocardiographic assessment of diastolic function in 3 months
and 6 months old mice.

s dWIWT Tns 2 WTICREY T2 WIWT s WTIC6Y
Age 3 months 3 months & months 6 months
n 12 12 9 9
E-wave (cm/s) 77.5£2.9 66.7£2 2% 68.5£2.5 72.6+£32
A-wave (cm/s) 48628 439+£26 445247 441240
E/A Ratio 1.58+0.05 1.52+0.06 1.6+0.1 1.7£0.1
IVRT (ms) 14.7+0.72 18 87+0.94* 15.03£0.66 18.53£0.94*
DT (ms) 22,6145 292+1.16* 25.1£2.71 23 6+1.59*
EWDR (cm/s?) 3.67£04 2320124 2.9+0 4% 3.2+03%
AR (cm's) 13.9+12 16.7=1.6* 79+0.7¢ 12 8+1.5%
E' (em/s) 3.1520.15 2.48+0.13* 2.63=0.17¢ 2.82+0.18
EE 24.6+1.72 26.9£0 86 279+18 26.2+14
LA size (mm) 1.64+0.08 1.77=0.06* 1.85£0.07 2.17+0.05%

E wave=peak early transmitral inflow mitral E velocity; A wave=mitral Doppler A velocity;
IVRT=isovolumetric relaxation time; DT=deceleration time; EWDR=E wave deceleration rate (E-
wave/DT); E'=early diastolic tissue Doppler velocity; *p<0.05 compared with age-matched
INs2WTWT group. § P<0.05 compared with 3 month old group of the corresponding genotype.
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Figure 3.3 Averaged parameters of diastolic dysfunction Ins2WT/C96Y

compared to Ins2WTWT mice.
A-C: Echocardiographic assessment showing reduced E-wave deceleration rate (EWDR),

prolongation of the isovolumetric relaxation time (IVRT), and reduced early tissue Doppler
velocity (E’) consistent with diastolic dysfunction (n=12/group). D-F: Hemodynamic assessment
showing elevated LV end-diastolic pressure (LVEDP), prolonged LV relaxation (Tau) and
reduced —dP/dtyn. *p<0.05 compared to Ins2"WT mice.

3.5.2 Ins2WT/C9%Y Mice Exhibit No Myocardial Hypertrophy or Fibrosis

To further characterize the cardiomyopathy in this model of type 1 diabetes, we
evaluated the cardiac morphometry and expression levels of disease markers. We
found that Ins2WT/C%Y hearts appear smaller compared to Ins2W™WT hearts (Fig.
3.4A, Table 3.1). LV weight-to-tibial length ratio was significant lower in
Ins2WT/C%Yhearts (Fig. 4B), and myocyte cross-sectional areas were significantly
smaller in Ins2WT/C%Y hearts compared to Ins2W™WT hearts (Fig. 3.4C). These
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data suggest that type-1 diabetes can limit myocardial growth. The
cardiomyopathy in Ins2VT/C%Y mice was further confirmed by elevated expression
levels of the disease markers, B-type natriuretic peptide (BNP) (Fig. 3.4D) and
beta-myosin heavy chain isoform (B-MHC) (Fig. 3.4E), further confirming the

pathological nature of this phenotype.
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Figure 3.4 Ins2WT/C%Y hearts exhibit limited growth and no hypertrophy.
A: Trichrome-stained four-chamber views of Ins2WTWT and Ins2WT/C%Y hearts at 3 months and at
6 months of age. B-C: LV weight-to-tibial ratio (L\VW/TL) and myocyte cross-sectional area
(CSA) show that Ins2WT/C%Y hearts are smaller than their littermate Ins2¥W™T controls. D-E:

Disease markers for cardiomyopathy, B-type natriuretic peptide (BNP) and beta-myosin heavy
chain (B-MHC) are elevated in Ins2WT/C%Y hearts,

Insulin is a tyrosine receptor kinase agonist that can activate the Erk1/2 and
Akt/PKB signaling pathways in the heart 68 The genetic defect in
Ins2WT'C%Ymice results in an early and sustained loss of the insulin-producing 3

cells resulting in very low plasma insulin levels 1. As such, we evaluated the
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phosphorylation status of the Erk1/2 and Akt/PKB pathways which are known to
be activated by insulin . Western blot analysis showed a bimodal response of the
Erk1/2 pathway in Ins2WTC%Ymice characterized by an inhibition of Erk1/2
phosphorylation at 3 months followed by increased phosphorylation at 6 months
(Fig. 3.5A). In contrast, the phosphorylation of Akt/PKB at serine-473 (Fig. 3.5B)
and threonine-308 (Fig. 3.5C) residues remained unaffected at 3 months of age
but was significantly reduced at 6 months of age in the Ins2"WT%Ymijce,
suggesting a time-dependent loss of Erk1/2 and Akt/PKB signaling with insulin

deficiency.

3 months 6 months
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Figure 3.5 Downstream signalling pathways to insulin in 3 and 6 months old
INs2WT/C9%Y hearts
A: Representative western-blots for phospho- and total ERK are shown on the left and the

corresponding quantifications are shown on the right. Phosphorylation of Erk1/2 was reduced
at 3 months but rebound at 6 months of age. B-C: Representative western blots for phospho-
and total-Akt are shown on the left and the corresponding gauntifications on the right.
Phosphorylation of Akt at serine-473 (B) and threonine-308 (C) residues were unchanged at 3
months but significantly decreased at 6 months of age in Ins2"WT/C%Y mice. n=6/group;
*p<0.05 compared to Ins2VWT™T mice. R.E= Relative expression, A.U.= Arbitrary Units.
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Increased interstitial fibrosis is a characteristic phenotype in diabetic
cardiomyopathy, particularly type 2 diabetic cardiomyopathy, and has been
proposed to be responsible for the diastolic dysfunction observed in this condition
%5, We asked if the diastolic dysfunction in Ins2VTC%Y mice was associated with
myocardial fibrosis. We assessed myocardial fibrosis using trichrome staining and
light microscopy and found no evidence of increased interstitial or perivascular
fibrotic tissue in Ins2WT/C%Yhearts (Fig. 3.6A). We further confirmed the lack of
fibrosis by demonstrating that mRNA expression of the extracellular matrix
proteins, pro-collagen o type-l, pro-collagen o type-IlIl and fibronectin were
unaltered in Ins2VTC%Ycompared to Ins2"™WT mice at 3 months or 6 months of
age (Figs. 3.6B-D). These results collectively indicate that insulin deficiency,
characteristic of type 1 diabetes, limits myocardial growth due to attenuated

insulin-dependent signaling without increased interstitial fibrosis.

A 3 months 6 months
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Figure 3.6 Absence of interstitial fibrosis in 3 and 6 month old Ins2WT/c%Y

mice.
A: Trichrome staining shows normal myocardial architecture with no accumulation of fibrotic

tissue, Scale bar=100pm (inset=501m). B-D: mRNA expression levels of pro-collagen a.1-type-I,
pro-collagen ou1-type-111, and fibronectin were comparable between Ins2WT/C%Y and Ins2WTWT
hearts (n=6/group). R.E= Relative expression.

3.5.3 Reduced SERCAZ2a, Metabolic Perturbation and Myocardial
Lipotoxicity as Potential Mechanisms for Diastolic Dysfunction in Ins2WT/Co%Y
Mice

In determining the molecular cause of diastolic dysfunction in Ins2WT/C%Y mice,
we examined the mechanisms that have been linked to diastolic cardiomyopathy.
Downregulation of SERCAZ2a, the major myocardial sarcoplasmic reticulum Ca?*
pump, is one of the molecular alterations that has been linked to diastolic
dysfunction in diabetic cardiomyopathy * > 1 20 Phospholamban is a negative
regulator of SERCAZ2a, whose inhibitory function is blocked upon
phosphorylation . To determine if this system is altered in Ins2"/T/C%Y hearts, we
assayed for the phosphorylated- and total phospholamban, and SERCAZ2a protein
levels. Our results demonstrate that in Ins2WTC%Y mice protein levels of
phospholamban and its phosphorylated form did not change (Fig. 3.7A), while

SERCAZ2a showed an early and marked downregulation (Fig. 3.7B).
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Figure 3.7 Downregulation of SERCAZ2a protein expression at 3 and 6 month

old Ins2WT/C%Y mice.
A-B: Representative western blots are shown on the left and the corresponding quantifications are

shown on the right. Phospho (serine16)-phospholamban (p-PLN)/total-phospholamban (total-PLN)
ratio was comparable between the groups (A), whereas SERCAZ2a protein levels decreased
significantly in Ins2WT/%Y hearts (B). Alpha-tubulin and Coomasie blue staining were used as
loading controls (n=6/group); *p<0.05 compared with Ins2%™WT mice. A.U. = Arbitrary Units.

Altered fatty acid metabolism and lipotoxity have emerged as a unique and
important mechanism by which enhanced fatty acid metabolism can generate
toxic effects in the heart and lead to diastolic dysfunction 3 % 22 23 e
hypothesized that myocardial fatty acid and triacylglycerol levels would be
elevated in the insulin-deficient Ins2VT/C%Y hearts. Consistent with our hypothesis,
myocardial levels of the major long-chain fatty acids, palmitoyl CoA, oleoyl CoA

and steroyl CoA (Fig. 3.8A) were at least doubled in Ins2"/T/C%Y mice at 3 months
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of age in association with increased myocardial triacylglycerol levels (Fig. 3.8B).
Altered cardiac fatty acid metabolism in diabetic states often correlates with
changes in the expression of various key metabolic genes involved in the control
of fatty acid metabolism including pyruvate dehydrogenase kinase (PDK) and the
acyl-CoA dehydrogenase systems 22 2426 While the expression of the medium-
chain acyl-CoA dehydrogenase (MCAD) was unchanged (Fig. 3.8C), long-chain
acyl-CoA dehydrogenase (LCAD) was significantly elevated in 6 months old
Ins2WT/C%Y hearts (Fig. 3.8D). In addition, expression analysis showed no
alteration in levels of PDK2 (Fig. 3.8E), but a marked early and persistent
increase in MRNA levels of PDK4 (Fig. 3.8F) as well as in PDK4 protein levels
(Fig. 3.8G) in Ins2WT/C%Y compared to Ins2"™WT myocardium. These results
show that Ins2WT/C%Y hearts have increased levels of long-chain fatty acids and
triacylglycerol in association with increased expression of PDK4 and LCAD,

providing evidence for altered fatty acid metabolism in Ins2VWT/%Y hearts.
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Figure 3.8 Altered fatty acid contents and metabolic gene expression in
INs2WT/C9%Y hearts.

Ins2WT/C%Y myocardial tissue exhibit significantly elevated levels of long-chain fatty acids
(palmitoyl CoA, oleoyl CoA and steroyl CoA) (A) and triacylglycerol (B) at 3 months of age (n=8/
group). C-F: Expression profile of mitochondrial medium-chain acyl-CoA dehydrogenase
(MCAD), long-chain acyl-CoA dehydrogenase (LCAD), pyruvate dehydrogenase kinase 2 (PDK2)
and pyruvate dehydrogenase kinase 4 (PDK4) by Tagman realtime RT-PCR analysis at 3 months
and 6 months of age (n=6/group). G: Representative western blot and quantification of PDK4
protein levels at 3 and 6 months of age (n=4/group). *p<0.05 compared with Ins2"™™WT mice. R.E=
Relative expression, A.U.= Arbitrary Units.

In order to determine if fatty acid metabolism was altered in Ins2"/T/C%Y mice, we
measured palmitate and glucose oxidation in the isolated working heart

preparation. While glucose oxidation was not significantly different between the
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two genotypes (Fig. 3.9A), palmitate oxidation was significantly increased in
Ins2WT/C%Y compared to Ins2W™™T hearts (Fig. 3.9B). We also found that
expression of fatty acid transporters, FATP and CD36, were significantly elevated
in Ins2WTC%Y  hearts (Figs. 3.9C and 3.9D). Increased ceramide and
diacylglycerol (DAG) are markers of myocardial lipotoxicity > 2%, We found
that myocardial ceramide and DAG levels are elevated in the myocardial tissue of
Ins2WT/C%Y compared to Ins2W™WT mice at 3 months of age (Figs. 3.9C and
3.9D). In addition, Oil-O red staining of the hearts showed presence of lipid
droplets in the myocardium of Ins2WT/€%Y mice at 3months of age which became
stronger and more prevalent by 6 months of age compared to the control

Ins2WTWT hearts (Fig. 3.9E).
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Figure 3.9 Evidence of lipotoxicity in Ins2WT/C%Y hearts.
A-B: Glucose oxidation and palmitate oxidation measured in isolated working hearts at 3 months

of age (n=6/group). C-D: Expression of fatty acid transporter protein (FATP) and CD36 are
elevated in Ins2WT/C%Y hearts. E-F: Ceramide and diacylglycerol (DAG) levels in the myocardium
at 3 months of age (n=5/group). G: Qil-O red staining shows lipid deposits in Ins2WT/C%Y
myocardium at 3months which intensifies by 6 months of age. Scale=100pm. R.E= Relative
expression.

3.5.4 Diastolic cardiomyopathy in Ins2WT/C%Y mice reversed by insulin
replacement therapy

Insulin replacement in 8-wk old Ins2WT/%Y mice lead to a prompt and sustained
normalization of the marked hyperglycemia over the ensuing 4-week period of
implantation (Fig. 8A). At 3 months of age, we found a significant reduction in
disease markers, BNP and PMHC, in insulin-treated Ins2VT/C%Y hearts to levels
comparable to Ins2VTWT hearts (Fig. 8B). Importantly, insulin replacement in
Ins2WT/C%Y mice completely abolished the diastolic dysfunction in these mice as
evident by the restoration of IVRT and DT, increased early TDI diastolic
myocardial velocity (E’) while improving the deceleration rate (EWDR) and A-
wave reversal (Figs. 8C-8F). Consistent with a lack of diastolic dysfunction in
insulin-treated Ins2WTC%Y mice, SERCAZa protein levels were restored (Fig. 8G),
while ceramide and DAG levels were reduced to levels seen in Ins2WTWT

myocardium (Fig. 8H) suggesting abolition of lipotoxicity.
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Figure 3.10 Diastolic cardiomyopathy in Ins2WT/C%Y mice is reversed following
insulin-treatment.

Diastolic cardiomyopathy in Ins2WT/C%Y mice is reversed following insulin-treatment. A-B: Random
plasma glucose (A), expression of disease markers, BNP and B-MHC (B) in Ins2WTWT, |ns2WT/C96Y and
insulin-treated Ins2WTC%Y (+Ins) mice. C-F: Echocardiographic imaging showing representative
transmitral Doppler flow profile (C), pulmonary venous flow (D) and tissue Doppler images (E), as well
as averaged isovolumetric relaxation time (IVRT), deceleration time (DT), E-wave deceleration rate
(EWDR), and tissue Doppler velocity (E’) (F) in Ins2WTWT  Ins2WT/C%Y and insulin-treated 1ns2WT/c9%6Y
(+Ins) mice. G-H: Representative western blot and quantification of SERCAZ2a protein levels (G),
myocardial diacylglycerol (DAG) (H) and ceramide levels (1) in Ins2WTWT  |ns2WT/C%Y and insulin-
treated Ins2WT/C%Y (+Ins) mice. n=5/group, *p<0.05 compared to all other groups, R.E.=Relative
Expression, A.U.= Arbitrary Units.
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3.6 DISCUSSION

The Ins2WT/C%Y (Akita) mice harbor a mutation in insulin 2 gene (Ins2; Cys96Tyr)
that results in a disruption of an intramolecular disulfide bond 2. This affects
folding of pro-insulin in the endoplasmic reticulum leading to endoplasmic
reticulum stress, proteotoxicity in pancreatic p-cells and cell loss 3 3132 The
Ins2WWT/C%Y mouse provides an ideal non-obese model of type 1 diabetes that is
based on a mutation described in human diabetes while being free of potential
confounding effects of streptozotocin (STZ)-induced type 1 diabetes % 13,
Moreover, Ins2VWTC%Y mice have several advantages over inbred mouse strains
that require streptozotocin treatment including a better-defined etiology, along
with a more pronounced and durable hyperglycemia® 33, Our study is the first to
show that the predominant cardiac phenotypic abnormality in Ins2VT/C%Y mice is
an early diastolic dysfunction in the absence of a systolic dysfunction. We
evaluated the systolic function in Ins2T/C%Y mice by echocardiography including
tissue Doppler imaging, in vivo hemodynamic measurements and ex vivo working
heart preparation, and consistent with previous studies®*, we found it to be
comparable to control Ins2W™WT mice at 3- and 6-months of age. We captured and
characterized the diastolic dysfunction using a state-of-the art echocardiographic
technique including tissue Doppler imaging in combination with invasive
hemodynamic assessment. Our data illustrates the typical pattern of elevated LV
filling pressures and/or impaired relaxation. Based on our hemodynamic

measurements, -dP/dtmin tau (relaxation time constant of LV pressure) and LVEDP
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were depressed, prolonged and increased, respectively, which are all consistent
with diastolic dysfunction in the Ins2"/T/€%Y mice. Using tissue Doppler imaging,
we have shown that the early diastolic myocardial velocity (E’), a sensitive and
early marker of diastolic dysfunction® * 3¢, is reduced in the Akita model. The
increased amplitude of the A-wave reversal in Ins2"/T/C%Y mice may reflect the
elevated LV filling pressure ultimately leading to LA enlargement in these mice.
However, E/A ratio was not decreased in the 3-month old Ins2VT/€%Y mice which
may reflect altered loading conditions due to the hyperglycemia and
accompanying osmotic diuresis > leading to subtle changes in preload interacting
with the effects of isoflurane on the cardiovascular system. In addition,
Ins2WT/C%Y hearts showed no hypertrophy but with elevated BNP and BMHC
levels. BNP is a disease marker for cardiomyopathy which has been reported to be
elevated in patients with diastolic heart failure®’. The smaller heart size in
Ins2WWT/C%Y mice is consistent with the a previous report in mice lacking cardiac-
specific insulin receptor (CIRKO) which showed a similar decrease in heart size
with persistent expression of PMHC 38, further supporting the role of insulin in
physiological cardiac growth. Diastolic heart failure is now a well-recognized
clinical entity often associated with hypertension and diabetes and can lead to
marked morbidity and mortality> °. As such, the Ins2"T/C%Y diabetic murine
model represents a clinically-relevant non-obese model of diastolic dysfunction

without the confounding effects of systolic dysfunction.
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Insulin is a tyrosine receptor kinase agonist triggering Erk1/2 and Akt/PKB
signaling pathways in the heart!” 8, The genetic defect in Ins2VT/C%Y mice results
in an early and sustained loss of the insulin-producing B-cells and low plasma
insulin levels'™® 1°, We found that phosphorylation of ERK and Akt were
suppressed in Ins2WT/C%Y hearts. We found that the changes in phosphorylation of
ERK showed a bimodal pattern with a rise at 6 months. This bimodal change in
pErk1/2 could be due to a number of factors. The initial decrease in ERK1/2
phosphorylation could be due to insulin-deficiency and/or hyperglycermia, while
its subsequent rise could be due to progression of disease in the Akita mice, with
activation of neurohumoral systems leading to increased stimulation of G-protein-
coupled receptors and/or changes in biomechanical stress such as an increase in
blood pressure. It has been reported that insulin-stimulated phosphorylation of
serine 473-Akt is intact in ex vivo Ins2WT/C%Y hearts®*, As such, the loss of
myocardial Erk1/2 and Akt phosphorylation in Ins2WT€%Y mice that we observed
is primarily driven by reduced activation of insulin receptors secondary to insulin
deficiency. The lack of a reduction in serine-473 and threonine-308
phosphorylation of Akt/PKB in Ins2WTC%Y hearts at 3 months of age may reflect
compensatory changes by other agonists such as insulin-like growth factor-1

(IGF-1) and/or adiponectin which are known to activate the Akt/PKB pathway &

39

Diastolic dysfunction has been linked to increased interstitial fibrosis, SERCA2

downregulation and/or lipotoxicity affecting stiffness as well as active relaxation
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of the ventricle ® 1%, Myocardial fibrosis in diabetic hearts has been shown to be
triggered by oxidative stress 4° and we found that Ins2"WT/C%Y hearts exhibited no
myocardial fibrosis, consistent with a lack of oxidative stress in these hearts 3.
SERCAZ2 levels were significantly reduced in Ins2"T/C%Y hearts, which could
result in prolonged Ca?" transient decay leading to delayed relaxation and
subsequently diastolic dysfunction. We also found that expression of B-MHC was
increased in the left ventricle of Ins2"T/C%Y mice at 3 and 6 months of age and the
slower rate of ATP hydrolysis and cross-bridge cycling of B-MHC may also
contribute to the diastolic dysfunction in the Ins2"WT/€%Y mice. Recently, Flagg et
al. elegantly showed that diastolic dysfunction in a mouse model of lipotoxic
diabetic cardiomyopathy with cardiac specific overexpression of fatty acid
transporter protein (FATP), is due to suppressed myofilament function rather than
altered Ca?* cycling®®. Interestingly, these authors also observed elevated PMHC
levels and decreased SERCAZ2 protein levels with diastolic dysfunction and
preserved systolic function. In our model, other proteins involved in Ca?
handling such as, Na*/Ca?* exchanger may also be altered as previously reported
in diabetic cardiomyopathy®. However, the lack of systolic dysfunction despite
reduced SERCA2a and elevated BMHC could be due to alterations in the

properties of the Ca?*’myofilament interaction leading to diastolic dysfunction® 4.,

Under physiological conditions, the heart derives energy from glucose, fatty acids,
and/or lactate depending upon substrate availability, circulating hormone levels,

and nutritional status. We found that in Ins2WT/C%Y hearts, there is increased fatty
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acid utilization consistent with previous reports®*. Myocardial mMRNA expression
levels of medium chain acyl-CoA dehydrogenases (MCAD) was unchanged while
the expression of long chain acyl-CoA dehydrogenase (LCAD) was significantly
increased which is consistent with findings in the type 1 non-obese diabetic (NOD)
mouse model ?. Increased myocardial expression of long chain acyl-CoA
synthase is sufficient to predispose the heart to lipotoxic cardiomyopathy.
Impaired pyruvate oxidation is a hallmark of the metabolic defect found in the
diabetic heart including the Ins2VT/C%Y hearts?> 34, Pyruvate decarboxylation is a
key irreversible step in carbohydrate oxidation mediated by pyruvate
dehydrogenase (PDH) which is negatively regulated by PDH kinase (PDK)-
induced phosphorylation 22 24 43 The increase in PDK4 levels in Ins2WT/co%Y
hearts is consistent with insulin acting as a negative regulator of PDK4%* 4 and
correlates with increased fatty acid oxidation in the Ins2"VT/C%Y mice. Lipotoxicity
may arise from myocardial triacylglycerol accumulation, increased use of long-
chain fatty acids and increased production of ceramide and DAG, important
markers of lipotoxicity in the heart ® 27-2% 42 44 Indeed, we have shown that
palmitate oxidation as well as myocardial levels of fatty acids, triacylglycerol,
ceramide and diacylglycerol were all significantly increased in Ins2WT/C96Y
compared to Ins2WTWT hearts. In addition, we found lipid deposits in the
Ins2WT/C%Y myocardium, as also reported by others using electron microscopy®*,
consistent with lipotoxic cardiomyopathy in Ins2WT/C%Y hearts. The plasma

triglycerol and free fatty acids in Ins2"T/€%Y mice have been shown to be lower
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and similar to WT mice, respectively*. We observed increased expression of two
key molecules, namely CD36 and FATP, involved in fatty acid uptake and cardiac
lipotoxicity!™ 4 suggesting that increased uptake of fatty acids rather than
increased delivery may have also contributed to the cardiac lipotoxicity observed

in the Ins2WT/C9Y diabetic model.

In this study we show that in a mouse model of non-obese type 1 diabetes,
cardiomyopathy is characterized by early diastolic dysfunction in the absence of
systolic dysfunction. This cardiomyopathy is associated with elevated levels of
disease markers, but lacks myocardial hypertrophy or fibrosis. We propose that
the diastolic dysfunction in Ins2"T%Y mice could be brought about by a number
of factors including elevated levels of B-MHC isoform and reduced SERCAZ2a
levels leading to the observed prolonged relaxation of the LV. Additionally, the
elevated levels of fatty acids, triglycerol, ceramides, diacylglycerol as well as
lipid depositions in the Ins2"T/C%Y hearts strongly suggest myocardial lipotoxicity
as a possible mechanism of the diastolic dysfunction in Ins2WT/C%Y mijce.
Ins2WWT/C%Y mice develop secondary peripheral and hepatic insulin resistance®. In
response to insulin treatment, we showed that in Ins2VT/C%Y mice hyperglycemia
and lipotoxicity were normalized in association with reversal of the diastolic
dysfunction and restoration of SERCA2a, BNP and BMHC levels similar to
Ins2WTWT mice. Hence, the diastolic dysfunction seen in this type | diabetic

mouse model is plastic and reversible. The use of insulin therapy and improved
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glycemic control is of critical importance in minimizing diabetes-induced

cardiomyopathy.

3.7 CONCLUSION

We conclude that early type 1 diabetic cardiomyopathy is characterized by
diastolic dysfunction related to a lipotoxicity cardiomyopathy and perhaps
impaired diastolic Ca?* transient due to SERCA2a downregulation, in the absence

of interstitial fibrosis and hypertrophy.
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4.1 ABSTRACT

Diabetic nephropathy is the most common cause of end-stage renal disease.
Polymorphism in the TIMP3 gene, and ECM-bound inhibitor of
metalloproteinases (MMPs), has been linked to diabetic nephropathy in humans.
In order to elucidate the mechanism we generated double mutant mice in which
the TIMP3 gene was deleted in the genetic diabetic Akita mouse background. The
aggravation of diabetic injury occurred in the absence of worsening of
hypertension or hyperglycemia. In fact, myocardial TIMP3 levels were not
affected and cardiac diastolic and systolic function remained unchanged in the
double mutant mice. However, TIMP3 levels increased in Akita kidneys and
deletion of TIMP3 exacerbated the diabetic renal injury in the Akita mouse,
characterized by increased albuminuria, mesangial matrix expansion and kidney
hypertrophy. The progression of diabetic renal injury was accompanied by the
upregulation of fibrotic and inflammatory markers, increased production of
reactive oxygen species and NADPH oxidase activity, and elevated activity of
TACE (TNF-alpha converting enzyme) in the TIMP3"/Akita kidneys. Moreover,
while the elevated phospho-Akt (S473 and T308) and phospho-ERK1/2 in the
Akita mice was not detected in the TIMP37/Akita kidneys, PKCB1 (but not PKCo)
was markedly elevated in the double mutant kidneys. Our data provide definitive
evidence for a critical and selective role of TIMP3 in diabetic renal injury

consistent with gene expression findings from human diabetic kidneys.
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4.2 INTRODUCTION

Diabetic nephropathy and cardiomyopathy are serious long-term complications of
diabetes, accounting for approximately 40% of new cases of end-stage renal
disease (ESRD) in the U.S.}3. Polymorphisms in tissue inhibitor of
metalloproteinase-3 (TIMP3) is associated with type | diabetic nephropathy # and
TIMP3 is differentially expressed in human diabetic glomeruli °. TIMP3 is one of
the four identified endogenous inhibitors of matrix metalloproteinases (MMPS).
The dynamic physiological equilibrium between TIMPs and MMPs determines
the extracellular matrix (ECM) integrity and the tissue microenvironment. TIMP3
is ECM-bound and the most highly expressed TIMP in the kidney °, and is also
known to inhibit the ADAM (a disintegrin and metalloproteinase domain) and
ADAM-TS (A disintegrin and metalloproteinase with thrombospondin motifs,
also known as aggrecanase) families which are proteases controlling the
bioactivity of many growth factors and cytokines " 8. Loss of TIMP3 in mice
enhances susceptibility to cardiomyopathy ° and interstitial nephritis and fibrosis®.
Given the critical role of inflammation and MMP activation in diabetic
nephropathy and renal injury!®!2, we hypothesize that loss of TIMP3 will

exacerbate diabetic nephropathy and cardiomyopathy.

The Akita mouse (Ins2WT/C%Y) develops spontaneous hyperglycemia and reduced
B-cell mass as a result of a mutation of the insulin 2 gene (Ins2) (Cys96Tyr) that
disrupts a disulfide bond between A and B chains of the insulin molecule!**°, The
Akita model is a well established type | diabetic mouse model and the most useful
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platform to study diabetic nephropathy due to less variability in renal structural
responses 61°, We previously reported that Akita mice develop cardiac diastolic
dysfunction®. In the present study, we cross-bred TIMP3 knockout (KO) and
diabetic Akita mouse and generated the TIMP3-deficient Akita mouse model, to
examine the role of TIMP3 in the progression of diabetic nephropathy. Our data
revealed that lack of TIMP3 exacerbates diabetic nephropathy without altering

diabetic cardiomyopathy.

4.3 OBJECTIVE
Diabetic nephropathy is an essential cause of end-stage renal disease. Here we
examine the impact of TIMP3-deficiency on renal injury associated with type 1

diabetes in a well established mouse model for diabetic nephropathy.

4.4 MATERIALS AND METHODS
4.4.1 Experimental Animals and Protocol
Male Akita (Ins2WTC%Y) — Akita/TIMP3” (TIMP37/Ins2WT/C%Y) " wild type
(TIMP3**/Ins2WTWTy and TIMP3™ (TIMP37/ Ins2"YT™T) mice at 3 and 6 months
of age were used in all experiments. For breeding details please refer Chapter

2.1.2 and Fig. 2.2.

4.4.2 Blood Glucose and Tail-cuff Blood Pressure Measurements
Fasting (8 hrs) blood glucose levels were measured every month starting from 4
weeks till 24 weeks of age between 8 and 9 AM (Chapter 2.4.1). Tail-cuff systolic

blood pressure (TC-SBP) at 3 and 6 months of age was measured in conscious
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mice using the IITC Life Science Blood Pressure System, (Woodland Hills, CA)

and detailed in Chapter 2.5.4.

4.4.3 Echocardiography and Tissue Doppler Imaging

Transthoracic echocardiography was performed and analyzed as described in
Chapter 2.5. Trans-mitral flow Doppler imaging (Chapter 2.5.2), and the early
diastolic (E’) and late diastolic (A”) peak annular velocities?® 2! were measured

using Tissue Doppler Imaging (TDI) of mitral valve annulus (Chapter 2.5.3).

4.4.4 Immunohistological, Molecular Analyses and Activity Assays

Mice were sacrificed at 3 months or 6 months or age, kidneys were collected
(Chapter 2.3.2), weighed and fixed in formalin for gross morphometry,
glomerular mesangial matrix scoring (Chapter 2.7.3), WT-1 staining and podocyte
counting (Chapter 2.9.2.1). Whole kidney samples from mice were either
embedded in OCT before being flash-frozen for DHE fluorescence and
nitrotyrosine staining (Chapter 2.8.1) or used to dissect cortex in an RNA-
stabilizing solution and flash frozen for RNA (Chapter 2.13), protein (Chapter
2.14) analyses, NADPH Oxidase (Chapter 2.8.1) and TACE Activity. TACE
activity was assessed using an in vitro fluorogenic assay as described??. Briefly, 5
g protein extracts from the cortex were incubated with 10 M of fluorogenic
substrate for TACE (7-methoxycoumarin-PLAQAV-(2,4-dinitrophenyl)-RSSSR-
NH2, R&D Systems) at room temperature. The fluorescence emitted from the

cleavage products of the substrate was quantified by spectrofluorometry using
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excitation wavelength of 320nm, and emission wavelengths of 405nm. TACE-

specific activity is expressed as RFU per minute.

4.4.5 Urine Analyses
The 24 hours urine was collected (Chapter 2.7), centrifuged at 8000 g for 5
minutes (to remove debris) and flash-frozen for further analyses. Urinary albumin

concentration was measured as described in Chapter 2.7.2.

4.4.6 Statistical Analysis
Data was analyzed using either an unpaired Student’s t-test (Fig. 4.1) or a two-
way ANOVA followed by Bonferroni post-hoc testing (Figs. 4.2-4.6) using SPSS

Statistics 19 software.

4.5 RESULTS

4.5.1 TIMP3 is Upregulated in Akita Kidneys but not in the Heart

TIMP3 is a highly expressed TIMP in the kidneys and the heart, and TIMP3-
deficiency has been linked to both cardiomyopathy ° and kidney disease ©, we
assessed the expression of TIMP3 by Western blot analysis in hearts and kidneys
of 3 and 6 month old Akita mice. While TIMP3 levels remained unaltered in
Akita hearts (Fig. 4.1A), kidney levels of TIMP3 were significantly increased in
the Akita model at 3 and 6 months of age (Fig. 4.1B). These results show that in

the diabetic Akita model, TIMP3 is selectively upregulated in the kidneys.
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Figure 4.1 Upregulation of TIMP3 levels in the kidneys of diabetic Akita

mice.
Representative Western blots and averaged protein quantification for TIMP3 protein in hearts (A)

and kidneys (B) of wildtype and Akita mice at 3 months (i) and 6 months (ii) of age showing
increased TIMP3 levels in the kidneys but not the hearts of Akita mice. a-tubulin and B-actin were
used as loading controls for the heart and kidney, respectively. A.U. represents arbitrary units. Data
are mean£SEM; n=5, *p<0.05 vs wildtype (WT).

4.5.2 Loss of TIMP3 Does not Worsen Heart Function in Akita Mice

TIMP3 is also a critical determinant of cardiac function® 2 and as such we used
echocardiography to assess heart function in our murine models. Our results
confirmed diastolic dysfunction with preserved systolic function in Akita mice
which was not altered by the loss of TIMP3 in 6 month old mice (Fig. 4.2). While
M-mode images showed preserved systolic function (Fig. 2A), transmitral flow
profile showed prolongation of isovolumetric relaxation time (IVRT) with
increased deceleration time (Fig. 4.2B). Tissue Doppler imaging revealed a
reduction in E’ and an increase in A’ velocities (Fig. 4.2C). Quantitative

assessment of heart function confirmed no change in ejection fraction and
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fractional shortening with equivalent reduction in the E’/A’ and E/E’ ratios in
Akita and Akita/TIMP3 double mutant mice (Table 4.1). In summary, loss of

TIMP3 did not alter the diastolic dysfunction in the Akita model consistent with a

lack of change in TIMP3 levels in Akita hearts.

. : /.
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Figure 4.2 Loss of TIMP3 does not exacerbate diabetic cardiomyopathy in 6-

month old Akita kidneys.
Echocardiographic assessment of heart function with representative M-mode (A), transmitral

Doppler flow profile (B) and tissue Doppler imaging (C) showing normal systolic function with
diastolic dysfunction in Akita and Akita/TIMP37 mice. LVEDD=left ventricular end diastolic
diameter, LVESD=left ventricular end systolic diameter, E-wave=peak early transmitral inflow
velocity; A-wave=transmitral inflow velocity due to atrial contraction, E’=early diastolic tissue
Doppler velocity.
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Table 4.1 Echocardiographic assessment of diastolic and systolic function in
WT, Akita, TIMP3KO and Akita/TIMP3KO mice at 6 months of age.

WT Akitz TIMP3ED Akit2 TIMP3ED
n 10 12 10 12
HE. (bpm) 489+16 474=13 480=20 470=20
E-wavea {mm/'s) fB3=24 8 T02£31.6 690=22.5 733=15.9
A-wave (mm/'s) 445473 44140 492237.6 494 73214 .23
E/A Ratio 1.54=0.1 1.55=0.09 1.41=0.06 1.48=0.08
IVET (ms) 13.8=0.66 18.720.94= 14.5=0.75 1542082
E’ {mm/'s) 263217 21.8£1.86 il44=14 I44=21%
E/E" Ratio 27918 33.1x1.7# 14.54=1.07 10.1£1.7#
A I4.4=14 19.2x].5* 16.8x1.3 29.07=1.52
E"/A 1.14=0.08 0.74=0.07* 1.23=0.07 0.84=0.08%
LVEDD {mm}) 3.750.05 3712004 1.3340.08 1675008
LVESD (mm) 2.35=0.06 2.5320.05 2274012 1.43=0.11
LVES (%) 31.6+2.1 31.1=19 36.02=2.17 34 09183
LVEF (%) 621.7£2.4 60.4=2 61+2.13 £0.21+1.01
YCEg (cire's) 6.3=0.50 6.25+0.38 7.00=0.60 6.40=0.30
LVPFWT (mm) 0.65=0.03 0.71=0.02 0.72=0.01 (.7£0.03

n=samples size; HR=heart rate; E-wave=peak early transmitral inflow mitral E velocity; A-
wave=transmitral inflow velocity due to atrial contraction; IVRT=isovolumetric relaxation time;
DT=deceleration time; EWDR=E-wave deceleration rate (E-wave/DT); E'=early diastolic tissue
Doppler velocity; LVEDD=left ventricular end diastolic diameter; LVESD=left ventricular end
systolic diameter; LVFS=LV fractional shortening; LVEF=LV ejection fraction; VCFc=Velocity
of Circumferential Shortening corrected for Heart Rate; LVPWT=LV Posterior Wall Thickness.
*p<0.05 compared to WT and TIMP3KO groups.
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4.5.3 TIMP3-deficiency Exacerbates Diabetic Renal Injury without Altering

Plasma Glucose Levels and Systolic Blood Pressure.

Gross morphological assessment of the kidneys revealed increased renal size in
Akita mice as previously reported * 1, while the absence of TIMP3 in the Akita
mice resulted in significantly greater enlargement of the kidneys (Figs. 4.3A and
4.3B). Moreover, the gross appearance in the double mutant that outweighed the
increase in kidney weight normalized to its tibial length could be as a result of
decreased mass. As diabetic injury is characterized by mesangial expansion and
increased microalbuminuria, we assessed these parameters in our murine models.
The mesangial matrix in the Akita/TIMP3 double mutant mice as shown using
PAS staining (Fig. 4.3C) and mesangial matrix score was significantly greater
than the Akita mice (Fig. 4.3D). Consistent with the expansion of the mesangium,
urinary albumin excretion showed a two-fold increase in the Akita/TIMP3” mice
compared to the increase in the Akita mice (Fig. 4.3E) which occurred in the
absence of differential effects on systolic blood pressure (Fig. 4.3F) and

hyperglycemia (Fig. 4.3G).
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Figure 4.3 Loss of TIMP3 exacerbates diabetic renal injury in 6-month old

Akita mice.

Representative images of whole kidneys (A) and averaged kidney weight-to-tibial length (TL)
ratio (B) of the various genotypes showing greater enlargement of the kidneys in Akita/TIMP37
mice. Representative PAS staining (C), glomerular mesangial matrix score (D) and urinary
albumin excretion (E) showing exacerbation of glomerular mesangial injury and worsening of
albuminuria in the absence of a differential effect on systolic blood pressure (F) and fasting blood
glucose (G) in the Akita/TIMP3” mice. Data are mean+SEM; n=10, *p<0.05 compared to

wildtype (WT) or TIMP3", #p<0.05 compared to all other groups.
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4.5.4 Diabetic Renal Injury Due to TIMP3 Deficiency is Not Associated with

Glomerular Podocyte Loss.

Loss of glomerular podocytes has been linked to worsening diabetic
nephropathy?* 2°, However, the mRNA (Fig. 4.4A) and protein levels (Fig. 4.4Bi-
i) of nephrin, a marker of podocytes, and the average number of podocytes
positively labeled with Wilms tumor protein (WT-1) or WT-1 mRNA levels (Fig.
4.4C) were not different among the various experimental groups mMRNA
expression levels (A, n=8/group), representative Western blot and averaged
quantification (B, n=4/group) of nephrin protein levels in the indicated genotypes.
B) Representative images of WT-1 staining (i), analysis of WT-1 positive cells
per glomeruli (ii), and WT-1 mRNA expression levels (iii) in the indicated

genotypes. R.E. represents relative expression. Data are presented as Mean +

SEM, n=8/group. * p<0.05 compared to WT, # p<0.05 compared to all other

groups.
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Figure 4.4 WT-1 and nephrin levels are not altered by the loss of TIMP3 in 6-
month old Akita kidneys.
MRNA expression levels (A, n=8/group), representative. B) Western blot and
averaged quantification, (n=4/group) of nephrin protein levels in the indicated
genotypes. C) Representative images of WT-1 staining (i), analysis of WT-1
positive cells per glomeruli (ii), and WT-1 mRNA expression levels (iii) in the
indicated genotypes. R.E. represents relative expression. Data are presented as
Mean + SEM, n=8/group. * p<0.05 compared to WT, # p<0.05 compared to all
other groups.

4.5.5 Lack of TIMP3 Activates the PKC Pathway

Given the exacerbation of diabetic kidney injury by the loss of TIMP3, we next

examined alteration in signaling pathways such as Akt, ERK1/2 and protein

kinase C (PKC) in the kidneys. The phosphorylation of Akt on both serine-473

and threonine-308 were activated in Akita kidneys but not in the Akita/TIMP3-



double mutants (Figs. 5 A and B) with a similar trend seen for the ERK1/2

pathway (Fig. 4.5C).
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Figure 4.5 TIMP3-deficiency reverses renal protective signaling pathways

and increases PKC expression in 6-month old Akita kidneys.
Representative blot and quantification of Western blot analysis of phosphorylation of Akt at serine-

473 (A) and threonine-308 (B) and ERKZL/2 (C) signaling pathways showing increased
phosphorylation in Akita kidneys which was loss in the Akita/TIMP3 double mutant kidneys.
Representative blot and quantification of Western blot analysis of PKCa (D) and PKCPB1 (E) levels
showing no change in PKCa levels with an increased PKCB1 levels in Akita/TIMP3 double mutant
kidneys. A.U. represents arbitrary units. Data are mean+SEM; n=6, *p<0.05 vs wild type (WT), #p<
0.05 vs all other groups.
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Activation of the PKC system plays a key pathological role in diabetic
nephropathy?® 2’. While the protein expression of PKCa was unaltered (Fig.
4.5D), PKC B1 level was increased about 2-fold in Akita/TIMP3” kidneys (Fig.
4.5E). This indicates that loss of TIMP3 compromises the activation of important
renoprotective signaling pathways while increasing PKCP1 levels in diabetic
kidneys.

45.6 TIMP3 Promotes Fibrosis and Increases Inflammation in Akita
Kidneys

TIMP3 has also been shown to be involved in control of the tissue
microenvironment by regulating tissue fibrosis and inflammation® 28, Deletion of
TIMP3 in Akita kidneys was associated with increased mRNA expression of
various profibrotic markers such as pro-collagen type I-al, connective tissue
growth factor (CTGF) and transforming growth factor g (TGF-p) (Figs. 4.6A-C)
while picrosirius red (Fig. 4.6D) and Masson trichrome staining (Fig. 6E)
confirmed increased tubule-interstitial fibrosis. Expression analysis of
inflammatory markers showed increased chemokine monocyte chemotactic
protein-1 (MCP-1) levels while interleukinlp and tumor necrosis factor (TNF)

remained unchanged (Figs. 4.6F-H) in Akita/TIMP3” kidneys.
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Figure 4.6 Loss of TIMP3 increases the expression of profibrotic,
tubulointerstitial fibrosis and inflammatory markers in 6-month old Akita
kidneys.

Expression analysis showing greater mRNA levels of profibrotic markers, pro-collagen type | a1 (A),
CTGF (B) and TGFB1 (C) while histological analysis using picrosirius red (D) and Gomori
trichrome (E) staining illustrate greater tubulointerstitial fibrosis in the Akita/TIMP3” kidneys.
Expression analysis showing greater mRNA levels of MCP1 (F) without altering interleukin (IL)-1p
(G) and tumor necrosis factor (TNF)a (H) expression in Akita/TIMP3 double mutant kidneys. R.E.
represents relative expression. Scale bar represents=100M. CTGF=connective tissue growth factor,
TGF=transforming growth factor and MCPl=monocyte chemoattractant protein 1. Data are
mean=SEM; n=8, #p< 0.05 vs all other groups.
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4.5.7 Increased ROS Generation in the Akita/TIMP3” Kidneys.

Activation of the NADPH oxidase and generation of reactive oxygen species
(ROS) plays a key role in diabetic nephropathy * 2% %, Staining for DHE (Fig.
4.7A) and nitrotyrosin (Fig. 4.7B), and the corresponding quantifications (Figs.
4.7C and 4.7D), confirmed higher levels of superoxide and nitrotyrosin in
diabetic Akita kidneys which was increased further in the Akita/TIMP3-double
mutant kidneys, indicating that loss of TIMP3 amplified ROS generation in the
diabetic kidneys. The renal cortical NADPH activity based on the lucigenin
chemiluminescence assay was significantly increased in Akita compared to
wildtype kidneys in association with increased mRNA expression of the NADPH
oxidase subunits, p47°"°* (Figs. 4.7E and 4.7F). The NADPH oxidase activity
was elevated further in the Akita/TIMP3” kidneys, likely driven by the greater
elevation in p47°"* mRNA levels and increased NOX2 (gp91P"*) levels (Figs.
4.7E-G). The specific peptide inhibitor of NOX2, gp91phox ds tat (50 M) and
its inactive scrambled form (scr) were used to confirm superoxide generation from

NADPH oxidase % (Fig. 4.7E).

_ Akita TIMP3 _Akita/TIMP3 IMP3
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Figure 4.7 TIMP3-deficiency increases oxidative stress in 6-month old Akita

diabetic kidneys.

Representative images of glomerular DHE staining (A), and nitrotyrosin staining (red) with nuclear

DAPI staining (blue) (B), with quantification of superoxide (C) and nitrotyrosin levels (D) showing
increased superoxide levels in the Akita/TIMP3” kidneys. Increased NADPH oxidase activity (E),
p47°rox (F) and NOX2 (G) mRNA subunit expression in Akita/TIMP37 kidneys; n=8/group. Gp91-
tat is a specific peptide inhibitor of NOX2, gp91phox ds-tat; Scr tat is an inactive scrambled form of
gp91lphox ds-tat. R.E. represents relative expression. A.U. represents arbitrary units. Data are
mean+SEM, *p<0.05 compared to wild type (WT), #p<0.05 compared to all other groups; @p<0.05
compared with scrambled (Scr) tat peptide group (using unpaired Student’s t-test).

4.5.8 Lack of TIMP3 Increases TACE Activity without a Differential Effect
on MMP2 Activation

Since TIMP3 is the only identified physiological inhibitor of ADAM-17 or TACE

(TNF-alpha converting enzyme)’, a key regulator of MMP2 activation 3 and

MMP9 © 32 we next investigated whether loss of TIMP3 impacted activity of

TACE, MMP2 and MMP9, the key proteases in kidney tissue remodeling in the

background of type | diabetes. While mRNA expression of TACE was not
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different among groups (Fig. 8Ai), its activity was significantly elevated with
TIMP3 deficiency. The increase in TACE activity in the Akita group did not
reach statistical significance, whereas when combined with TIMP3-deficiency, it
was significantly elevated compared to all other groups (Fig. 8Aii). Gelatin
zymography showed elevated pro-MMP9 levels in the TIMP3”/Akita kidneys
while active MMP2 band intensity was only detectable in the TIMP3” and
TIMP3/Akita kidneys (Figs. 8Bi-iii). As such, loss of TIMP3 led to increased
TACE activity and active MMP2 levels, which could contribute to oxidative

stress and worsening of the diabetic nephropathy.
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Figure 4.8 Differential alterations in TACE, MMP2 and MMP9 levels in
kidneys of different genotypes.
A) TACE mRNA expression (i) and activity (ii) in all groups, n=5/group. B) Representative gelatin
zymography (i), and quantification of the band intensity for pro-MMP9 (ii), MMP9 (iii), pro-MMP2
(iv), and MMP 2 (v) in each genotype; n=6/group. ‘t+ve’ indicates the positive control for MMP2 and
MMP9. * p<0.05 compared to WT, # p<0.05 compared to all other groups.
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4.6 DISCUSSION

Diabetic nephropathy and cardiomyopathy are well-recognized complications of
diabetes and is now the most common cause of end-stage renal disease (ESRD) in
the U.S. 3. Studies in patients with diabetic nephropathy have implicated a
possible role of TIMP3 in diabetic nephropathy* °. In this study, we demonstrate
that loss of TIMP3 leads to the aggravation of diabetic renal injury as exemplified
by significantly increased kidney mass, glomerular mesangial matrix score and
urinary albumin excretion which are all early features of human diabetic
nephropathy *. These changes occurred in the absence of worsening of
hypertension or glycemic control. Importantly, TIMP3 levels were increased in
diabetic kidneys suggesting an early compensatory role of TIMP3 in the
pathogenesis of diabetic nephropathy. We previously reported that Akita mice
develop cardiac diastolic dysfunction®®. However, TIMP3-deficiency did not
exacerbate this diabetic cardiomyopathy consistent with unaltered cardiac TIMP3
levels in diabetic Akita mice. These results demonstrate that TIMP3 plays a key
and organ specific role in diabetic nephropathy and is consistent with observations

made in human diabetic nephropathy* °.

Several canonical pathways are key mediators of diabetic nephropathy including
increased renal NADPH oxidase activity, and altered intracellular signaling such
as activation of the PKC system and altered remodeling of the glomerular
mesangium 10 1. 26,2735 36 - Activated NADPH oxidase ° coupled with other
sources of oxidative stress such as the mitochondria-dependent 3’ and

200



hyperglycemia-induced 2% ¥ generation of ROS are clearly linked to the
exacerbation of diabetic renal injury. We found increased renal cortical NADPH
oxidase activity and expression of p47°P"* subunit in agreement with previous
findings'®. Exacerbation of diabetic renal injury by deletion of TIMP3 was
associated with increased generation of NADPH oxidase-dependent ROS and
nitrotyrosine, and increased expression of the renal cortical NADPH subunits,
p47Phox and NOX2 (gp91P"®), in Akita/TIMP3-double mutant kidneys. The
peaked NADPH oxidase activity in Akita/TIMP3 double mutant kidneys was
reduced dramatically by gp91phox ds tat the specific peptide inhibitor of NADPH
oxidase, confirming superoxide generation from NADPH oxidase. The elevated
oxidative stress could be brought about by the elevated TACE activity in the
double mutant mice as TACE mediates cell surface processing of membrane-
bound TNFa into its soluble form ° 3° whereby it can activate its receptors,
mainly TNFR1/p55 triggering various tissue responses including superoxide
production and oxidative stress 4°*4 Loss of TIMP3 also compromised the
activation of signaling pathways that have been shown to be associated with
protective outcomes in diabetic nephropathy, Akt/PI3K and ERK1/2 MAPK
pathways 546, while increasing the expression of PKCB1 which have been linked

to exacerbation of diabetic nephropathy 2627,

TIMP3 is also a critical player in regulating the tissue microenvironment
including control of inflammation and fibrosis® 28, Inflammation has been well

documented as a cardinal pathogenic mechanism in diabetic nephropathy?. We
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investigated the role of inflammatory molecules in the deterioration of diabetic
renal injury due to the lack of TIMP3 by evaluating the mRNA expression of
various fibrotic and inflammatory markers. Indeed, pro-collagen type | a1, CTGF,
TGF-p and MCP-1 substantially increased which was associated with increased
tubuolinterstitial fibrosis in Akita/TIMP3 double mutant kidneys which is
consistent with our previous findings showing that loss of TIMP3 enhances
interstitial nephritis and fibrosis in a model of unilateral ureteral obstruction (9).
TIMP3 is a known key suppressor of MMP2 activation® 2 and loss of TIMP3 led
to increased active MMP2 in the diabetic Akita kidneys. Altered glomerular
mesangium constituency due to relative increase in proteolysis secondary to
active MMP2 may worsen glomerular injury and increase the susceptibility to
diabetic nephropathy 113 In summary, TIMP3 is a key player in diabetic renal
injury and strategies aimed at enhancing TIMP3 levels in diabetic kidneys may

minimize diabetic renal injury.

4.7 CONCLUSION
TIMP3 plays a critical role in the progression of Type | diabetic nephropathy by
regulating oxidative stress and inflammation that result into tubulointerstitial

fibrosis, mesangial expansion and deterioration of renal function.
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5.1 ABSTRACT

Hypertension is accompanied by structural remodeling of vascular extracellular
matrix. Tissue inhibitor of metalloproteinase (TIMPs) inhibits matrix
metalloproteinases (MMPs) that degrade the matrix structural proteins. In
response to a hypertensive stimulus, the balance between MMPs and TIMPs is

altered. We examined the role of TIMPs in agonist-induced hypertension.

We subjected TIMP-knockout mice to Angiotensin Il (Ang I1) infusion, and found
that Ang Il-induced hypertension in TIMP1”, TIMP2”- and TIMP4” mice was
comparable to wildtype mice, but significantly suppressed in TIMP3” mice. Ex
vivo pressure myography analyses on carotid and mesenteric arteries revealed that
Ang ll-infused TIMP3” arteries were more distensible with impaired elastic
recoil compared to the wildtype group. The acute response to vasoconstriction and
vasodilation was intact in TIMP3” mesenteric and carotid arteries. Mesenteric
arteries from TIMP37-Ang Il mice exhibited a reduced media-to-lumen ratio,
suppressed collagen and elastin levels, elevated elastase and gelatinase proteolytic
activities compared to WT-Ang Il. TIMP3”-Ang Il carotid arteries also showed
adverse structural remodeling. Treatment of mice with Doxycycline, a matrix
metalloproteinase inhibitor, improved matrix integrity in mesenteric and carotid
arteries in TIMP3”-Ang 1l and differentially regulated elastin and collagen levels

in WT-Ang Il versus TIMP3”-Ang Il.

Our study demonstrates a critical role for TIMP3, among all TIMPs, is preserving

arterial extracellular matrix in response to Ang Il. It is critical to acknowledge that
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the suppressed Ang ll-induced hypertension in TIMP3” mice is not a protective

mechanism but due to adverse remodeling in arterial matrix.

5.2 INTRODUCTION

Hypertension can lead to multiple-organ complications such as chronic kidney
disease, cardiac hypertrophy and stroke. Blood pressure is determined mainly by
cardiac output and peripheral vascular resistance; which is regulated by the
constriction and dilation of peripheral arteries. Hypertension is associated with
vascular remodeling characterized by rearrangement of vascular wall components
including extracellular matrix (ECM) proteins. Arterial ECM is primarily
comprised of elastin and collagen which provide significant structural support and
recoil properties for the arteries. 2 Vascular remodeling entails degradation and
reorganization of the ECM; however, an imbalance in these two processes can

result in pathological remodeling.

Degradation of existing structural proteins of the ECM occurs through the
proteolytic function of matrix metalloproteinases (MMPs) which is kept in check
by their physiological inhibitors, tissue inhibitor of metalloproteinases (TIMPS).
Among the four TIMPs identified so far, TIMP3 is the only TIMP that is ECM-
bound and could thereby exert tissue-specific effects.># Further, a polymorphysm
in TIMP3 (A-915G) showed a significant association with hypertension.®

However, the direct role of TIMP3 in hypertension remains to be understood.

In this study, we investigated the role of TIMP3 in Angiotensin Il (Ang II)-

induced hypertension and remodeling of resistance and small conduit arteries that
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are involved in mediating the hypertensive response. Ang Il exerts direct effects
on vascular remodelling and function.> 7 Our findings indicate that TIMP3-
deficiency results in adverse structural remodelling of resistance and small
conduit arteries which was inhibited by Doxycycline. Therefore, while the
absence of TIMP3 suppresses Ang ll-induced hypertension, this was not a
protective effect but was associated with degradation of the structural ECM in the

vasculature which could lead to adverse long-term outcomes.

5.3 OBJECTIVE

Hypertension is accompanied by structural remodeling of vascular extracellular
matrix. Tissue inhibitor of metalloproteinase (TIMPs) inhibits matrix
metalloproteinases (MMPs) that degrade the matrix structural proteins. In
response to a hypertensive stimulus, the balance between MMPs and TIMPs is
altered. My aim is to explore the role of TIMPs and their contribution in agonist

induced hypertension.

5.4 MATERIALS AND METHODS

5.4.1 Experimental Animals and Procedures

Wildtype (WT) mice were purchased from Jackson Laboratories, and TIMP1™
and TIMP2”- mice were purchased from Jackson Laboratories, and TIMP4” mice
from Texus Institute for Genomic Medicine (TIGM). TIMP3” mice were
generated as described.® All mice are in pure C57BL/6 background. Alzet micro-
osmotic pumps containing either Ang Il (Sigma-Aldrich) or saline (control) were

implanted (Chapter 2.2.1) in 8-week old male mice of various genotypes for 14
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days.5 ° 1% Doxycycline was delivered by daily oral gavage (50 mg/kg/day).1t All
experiments were conducted in accordance with the guidelines of the University
of Alberta Animal Care and Use Committee (ACUC) and the Canadian Council

of Animal Care.

5.4.2 Blood Pressure Measurement
Blood pressure was measured noninvasively in conscious mice using the tail-cuff

method (Chapter 2.5.4.)

5.4.3 Histological Analyses

After two weeks of Ang Il or saline infusion, mice were perfuse-fixed at 80
mmHg with paraformaldehyde after a PBS wash as previously described.*? This
pressure, although lower than the systolic pressure in the mice at the time of
euthanasia, was used in all groups for consistency and to prevent the small arteries
from collapsing during tissue collection. Subsequently, carotid and mesenteric
arteries were dissected out (Chapter 2.3.3), further fixed in 10% buffered formalin
for 48 hours and paraffin-embedded. Using 5 pm paraffin-embedded sections,
carotid arteries were stained with Gomori Trichrome (Chapter 2.10.2) or
Verhoeff-Van Geison (Chapter 2.10.10), and mesenteric arteries with
Pentachrome to visualize structural changes. Media-to-lumen ratio was
determined as follows. The outer cross-sectional area of the mesenteric arteries (at
the outer elastic lamina) and the lumen cross-sectional area were calculated.

Medial area was obtained as the difference between these two cross-sectional
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areas. The ratio of medial to lumen cross-sectional area is reported as the media-

to-lumen ratio.

5.4.4 Exvivo Vascular Function

Mesenteric or carotid arteries, were subjected to pressure myograph to study
vascular function and compliance (Chapter 2.6.1) including vasoconstrictor and
dilator responses (Chapter 2.6.2) and passive charecteristics (Chapter 2.6.3).

5.4.5 Protein Extraction for Western Blot Analysis, Gelatin Zymography
and Activity Assays

Mesenteric and carotid arteries from 3 mice were pooled to extract sufficient
protein (Chapter 2.14.1) for one sample in in vitro protein analyses for
immunoblotting (Chapter 2.14.2), gelatin zymography (Chapter 2.14.3) and

enzymatic activity assays (Chapter 2.15).

5.4.6 mRNA Expression Analysis by TagMan Real-time PCR

RNA was extracted from flash-frozen mesenteric or carotid arteries and mRNA
expression levels of genes of interest were determined by TagMan real-time PCR
(Chapter 2.13.2.). The primers and probes for the reported genes are detailed in

Table 2.2.

5.4.7 Statistical Analysis

All averaged values are represented as mean = SEM. All data were normally
distributed (Kolmogorov-Smirnov test for Gaussian distribution). Stress-strain
relationships were analyzed by comparing the averaged rate constants (mean =+

SEM) between groups by Student t-test. The functional data in ex vivo vascular
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experiments are the percentage maximal vasoconstrictor or vasodilator response
calculated as a percentage of constrictor tone. Statistical difference in the
continuous variables between groups was determined by a two-way analysis of
variance (ANOVA), with Bonferroni post-test for multiple comparisons.
Comparisons between different genotypes were performed using multiple
comparison ANOVA test followed by Student Neuman-Keuls post-test. Statistical
significance was recognized at p<0.05. All other statistical analyses were

performed using SPSS software (Chicago, Illinois, Version 10.1).

5.5 RESULTS

551 TIMP3-deficiency Markedly Impacts the Ang Il-induced
Hypertensive Response

In WT mice, Ang Il triggered a rise in blood pressure within 2 days of osmotic
pump implantation, which reached a plateau by day 10 (Fig. 5.1A). We
investigated the role of each TIMP in the Ang ll-induced hypertensive response
by similarly subjecting TIMP1”, TIMP27, TIMP3” and TIMP4" mice to 2
weeks of Ang Il infusion. Body weights were comparable among genotypes after
2 weeks of saline (WT: 24.941.1 g; TIMP17: 24.140.4 g; TIMP27: 24.240.2 g;
TIMP3': 24.640.9 g; TIMP4": 24.640.8 g) or Ang Il infusion (WT: 25.3#0.4 g;
TIMP17: 23.740.3 g; TIMP2': 24.240.2 g; TIMP3': 23.740.3 g and TIMP4™:
24.740.3 g). We found that while mice lacking TIMP1”, TIMP2" or TIMP4"
exhibited a rise in blood pressure comparable to WT mice, this response was

significantly suppressed in TIMP3” mice (Fig. 5.1A) as also evident by the
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percent change in blood pressure (Fig. 5.1B). TIMP3" mice also showed a lower
baseline blood pressure (93.8+1.7 mmHg) compared to WT (103.6%1.6 mmHg)
and other TIMP-deficient mice (TIMP17: 99.240.8; TIMP2”: 101.140.3; and

TIMP47: 101.540.9 mmHg).
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Figure 5.1 TIMP3-deficient mice exhibit suppressed hypertensive response in

vivo, to Ang Il infusion.

A) Systolic blood pressure (i) and heart rate measurements (ii) in WT, TIMP17, TIMP2*, TIMP3-
"~and TIMP4 mice before and after Ang Il infusion. The arrow shows the start of Ang 1l infusion.
B) Percentage change in systolic blood pressure at 14-days post-Ang Il infusion in indicated
genotypes. n=12/genotype. Presented values are meantSEM. *p<0.05 compared to WT-Ang II.
n=3-5/group/genotype.

5.5.2 TIMP3-deficient Mesenteric Arteries Become More Distensible

Following Ang Il-infusion

To understand the underlying cause of blunted Ang Il-induced response in
TIMP3” mice, we used the ex vivo pressure myography system to examine the
mechanical properties of mesenteric resistance arteries in TIMP3” compared to
WT mice. We measured changes in arterial diameter as a function of increasing
pressure; 0 to 140 mmHg (mesenteric) in 20 mmHg increments (passive curve).
After two weeks of Ang Il infusion, mesenteric arteries from both genotypes

showed decreased distensibility compared to their corresponding saline group
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(Figs. 5.2Ai-ii). However, the pressure-dependent increase in diameter was
significantly greater in TIMP3”-Ang Il mesenteric arteries (Fig. 5.2Ci) and was
accompanied by a rightward shift in circular stress-strain relationship compared to
WT-Ang Il mesenteric arteries (rate constant=8.58+0.48 in TIMP3”-Ang Il vs.
9.5640.89 in WT-Ang Il) (Fig. 5.2Cii). Comparing the saline-treated mesenteric
arteries showed a greater increase in passive pressure-diameter changes and a
rightward shift in circular stress-strain relationship in TIMP3” compared to WT
group (Figs. 5.2Aiii and 5.2Biii). The circumferential stress-strain relationship is
a measure of mechanical changes in the vascular wall,** 14 and a rightward shift in
this curve in the TIMP3” mesenteric arteries indicates that TIMP3” mesenteric

arteries are more expandable than WT mesenteric arteries.
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Figure 5.2 Mesenteric arteries from TIMP3-deficient mice are more
expandable resistant arteries compared to WT (ex vivo) following Ang 11-

infusion.

A) Ex vivo analyses of the pressure-diameter of mesenteric arteries in Ang Il compared to saline
treated WT (i), TIMP3 (ii) and only saline treated WT and TIMP3 (iii). B) circular stress-strain
relationship of mesenteric arteries in Ang Il compared to saline treated WT (i), TIMP3 (ii) and
only after saline treatment in WT and TIMP3. C) Passive pressure myography showing pressure-
dependent changes in lumen diameter of mesenteric arteries (i) and circular stress-strain
relationship of mesenteric arteries (ii) after 2-weeks of Ang Il infusion in TIMP3” compared to
WT group.

5.5.3 Carotid Arteries Become More Distensible Following Ang Il-infusion
in TIMP3-deficient Mice.

Alterations in carotid arteries have been shown to correlate with Ang Il-induced
changes in blood pressure in mice,® as such we examined the mechanical
properties of the carotid arteries by measuring changes in lumen diameter as a
function of increasing pressure; 0 to 180 mmHg (carotid) in 20 mmHg increments
(passive curve). Two weeks of Ang Il-infusion resulted in a downward shift in the
pressure-diameter relationship in carotid arteries of both genotypes compared to
their corresponding saline-infused group, although only in the TIMP3” group this
difference reached statistical significance (Fig. 5.3Ai-ii), and consistently, the
pressure-dependent increase in diameter was greater in TIMP3”-Ang Il compared
to WT-Ang Il carotid arteries (Fig. 5.3Ci). The circumferential stress-strain curve
showed a significant leftward shift for carotid arteries from TIMP3™-Ang Il (rate
constant=3.440.2), but not WT-Ang Il (rate constant=3.740.2) compared to their
corresponding saline group (TIMP3”-saline=2.440.3, WT-saline=2.840.2)
(Figure 5.3Bi-ii). However, this relationship was comparable between Ang II-
infused (Figure 5.3Cii), and saline-infused (Fig. 5.3Biii) WT and TIMP3"" carotid

arteries.
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Figure 5.3 TIMP3-deficient carotid arteries become more flaccid compared

to WT (ex vivo) after 2 weeks of Ang Il infusion

A) Ex vivo analyses of the pressure-diameter relationship in the carotid arteries of WT-Ang Il
compared to WT-saline (i), TIMP3 deficient Ang Il compared to saline infused group (ii) and WT-
saline compared to TIMP3 deficient saline (iii). B) Ex vivo stress-strain relationship in WT-saline
compared to WT-Ang |l carotid arteries (i), TIMP3 deficient saline compared to TIMP3 deficient
Ang |1 group (ii) and only after saline treatment in WT and TIMP3 deficient carotid arteries. C)
Pressure myography (i), and the circular stress-strain relationship in carotid arteries (ii) after two
weeks of Ang Il infusion in TIMP3” compared to WT mice.
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55.4 TIMP3 Deficiency Did not Affect Acute Vascular Responses to

Pharmacological Induced Vasoconstriction or Dilation.

The acute vasoconstriction and vasodilation responses were unaltered in TIMP37
arteries, as evident by comparable ECso and Emax in response to increasing doses
of phenylephrine (PE) or methylcholine (MCh), respectively (Fig.5.4). These data
collectively indicate that Ang 11 infusion resulted in structural changes in TIMP3”

mesenteric and carotid arteries rendering them more distensible compared to WT

groups.
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Figure 5.4 Comparable acute vasoconstriction and vasodilation responses
between WT and TIMP3-deficient mesenteric arteries.

A) Dose-dependent vasoconstriction in response to increasing doses of phenylephrine (PE, 0.001
to 100 mol/L (i), peak EC50 (ii) and Emax(iii). B) Ex vivo stress-strain relationship in WT-
saline compared to WT-Ang Il carotid arteries (i), B) Dose-dependent vasodilation in response to
an increasing concentration of methacholine (Mch, 0.0001 to 100  mol/L (i), and the
corresponding EC50 (ii) and Emax(iii).
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5.5.5 Adverse Ang IlI-mediated Remodeling in TIMP3-deficient Mesenteric

Arteries

Hypertension is accompanied by vascular ECM remodelling.? *® TIMP3 is an
ECM-bound TIMP and has been demonstrated to be a key molecule in regulating
ECM structure in different organs and diseases.® & 17 We examined if Ang II-
mediated ECM remodeling was altered in TIMP3”- mesenteric arteries. Verhoeff-
Van Gieson staining of perfuse-fixed mesenteric arteries showed that Ang 1l
infusion increased the medial thickness as shown by increased media-to-lumen
ratio (Figs. 5.5Ai-ii). However, this ratio was significantly reduced in TIMP3"-
Ang Il mesenteric arteries compared to WT-Ang Il (Figs. 5.5Ai-ii) due to reduced
medial thickness and increased lumen diameter (Fig. 5.5Aiii). Consistently, the
protein levels of collagen and elastin, two major arterial ECM proteins,? were
markedly lower in TIMP3”-Angll compared to WT-Ang Il mesenteric arteries
(Figs. 5.5B and 5.5C). This reduced structural support could reduce the structural
integrity of the mesenteric arteries causing them to expand.

5.5.6 Proteolysis by Elastase and Gelatinase Underlies Vascular
Remodeling in TIMP3-deficient Mesenteric Arteries

In order to determine if the reduced ECM protein levels in TIMP3”-Ang Il
mesenteric arteries were due to enhanced proteolysis, we measured the proteolytic
activities in these arteries and found that Ang Il infusion increased gelatinase (Fig.
5.6Ai) and elastase (Fig. 5.6Ali) activity in both genotypes; however this increase

was significantly greater in TIMP3” mice. In vitro gelatin zymography further

221



showed greater MMP2 activation in TIMP3”-Ang Il mesenteric arteries while

MMP9 levels were comparable among all groups (Fig. 5.6B).
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Figure 5.5 Excessive degradation of elastin and collagen in TIMP37-Angll

mesenteric arteries.

A) Representative Pentachrome-stained mesenteric arteries (i), media-to-lumen ratio (ii) and
lumen diameter (iii) in WT and TIMP3” mice following saline or Angll infusion. B)
Representative Western blot for collagen type-1 (i), and averaged protein content (ii). C)
Representative Western blot for a-elastin (i) and averaged elastin protein content (ii). For Western
Blots, mesenteric arteries from 3 animals were pooled to yield sufficient protein for one sample;
n=6/saline group/genotype, 12/Ang Il group/genotype. Coomassie blue staining was used as the
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loading control for Western blots. A.U. = Arbitrary Units. Presented values are Mean +=SEM. *
p<0.05 compared to corresponding saline group. # p<0.05 compared to WT-Ang Il.
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Figure 5.6 Increased proteolytic activities in TIMP3”- mesenteric arteries.

A) Total gelatinase (i) and elastase activity (ii) in the mesenteric arteries of WT and TIMP3”- mice
after saline or Ang Il infusion, n=5/genotype/group. B) Representative gelatin zymography (i) and
averaged band intensities for MMP9, pro-MMP2 and cleaved MMP?2 (ii) after 2 weeks of saline or
Ang Il infusion in WT and TIMP3” mice. n=12/group/genotype (protein from 3 animals/lane,
averaged data from 4 lanes/group). A.U. = Arbitrary Units. Presented values are Mean =SEM. *
p<0.05 compared to corresponding saline group. # p<0.05 compared to WT-Ang II.
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5.5.7 Ang Il-mediated Remodeling in TIMP3-deficient Carotid Arteries

In order to determine if TIMP3-deficiency affected Ang Il-induced remodeling in
other small arteries, we studied the carotid arteries. VVG staining showed
disorganized and interrupted elastin fibres in TIMP37-Ang Il carotid arteries (Fig.
although its MRNA levels were markedly greater (Figs. 4A-iv) in TIMP37-Ang |1
compared to WT-Ang Il. Similarly, trichrome staining for ECM collagen fibres
showed more disorganized arrangements (Fig. 4Bi), and reduced collagen |
4Biv) in TIMP3”-Ang Il compared to WT-Ang Il carotid arteries. These data
suggest that the decrease in elastin and collagen proteins in TIMP3-deficient
carotid arteries is most likely due to post-translational degradation of these

proteins rather than decreased synthesis.

i)
i) WT TIP3 -
Saline  Angll Saline  Ang Il
J T
.r_‘/o, Loading
compnl | = = —— - —
W RnA levels
36 =
30
-
24
e 18
= 12
g :
o
T
S 5 el
wWT Time3 wT TiMpa~/-
i) .
i) WT TIMP3 -
saline  Angll Saline  Angll

Collagen | | Se——— | —
Loading " —
o D B S

Saline

iii) Protein levels

£

mRNA levels
w#H

Angll
Pro-collagen L-a1 (RE) _,
o = N oW oA oWw

S S 3 S S
3 e e PE e
WT Timpa WT Timp3™"




Figure 5.7 Excess degradation of vascular matrix proteins in carotid arteries

of Ang Il-infused TIMP3” mice.

A) Representative VVG-stained carotid arteries (i), representative Western blot for a-elastin (ii),
guantification of elastin protein content (iii) and mRNA expression of elastin (iv) in WT and
TIMP37 mice after saline or Ang Il infusion. B) Representative Trichrome-stained carotid arteries
(i), representative Western blot for collagen type | (ii), quantification of collagen protein content
(n=12/group, protein from 3 animals/lane, averaged data from 4 lanes/group) (iii), and mRNA
expression of pro-collagen 1-a.1 (n=5/group/genotype) (iv) in WT and TIMP3"- mice after saline
or Ang Il infusion. A.U.=Arbitrary Units, R.E.=Relative Expression. Presented values are Mean =
SEM. * p<0.05 compared to corresponding saline group. # p<0.05 compared to WT-Ang II.

5.5.8 Ang Il-mediated Remodeling in TIMP3-deficient Carotid Arteries is

Due to Differential Increase in Elastase Activity

In assessing the proteolytic activities in the carotid arteries, we found that
gelatinase activity was comparably elevated following Ang Il infusion in both
genotypes (Fig. 5.8Ai), whereas the increase in elastase activity was significantly
greater in TIMP3”-Ang Il compared to WT-Ang Il group (Fig. 5.8Aii). In vitro
gelatin zymography showed that Ang Il infusion resulted in a similar rise in
MMP9 levels, but a greater increase in cleaved MMP2 levels in TIMP3” carotid

arteries (Figs. 5.8Bi-ii).
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Figure 5.8 Proteolytic activities in TIMP3 carotid arteries following Ang 11

infusion.

A) collagenase (i) and elastase activity (ii) (n=6/group/genotype). B) Representative gelatin
zymography, and C) averaged band intensity for MMP9, pro-MMP2 and cleaved MMP2 in WT
and TIMP3” carotids after 2 weeks of saline or Ang Il infusion (n=8/group/genotype (protein
from 2 animals/lane, averaged data from 3 lanes/group). Coomassie blue was used as the loading
control. A.U. = Arbitrary units. Presented values are Mean * SEM. * p<0.05 compared to
corresponding saline group. # p<0.05 compared to WT-Ang II.

5.5.9 Doxycycline Prevents the Aberrant Arterial ECM Degradation in
TIMP3” mice

Next, we aimed to determine if excess proteolysis in the absence of TIMP3 is in
fact the cause of the adverse ECM remodeling in TIMP3™ resistance arteries
following Ang ll-infusion. Treatment with the well-known MMP inhibitor,
Doxycycline,® preserved the structural integrity of mesenteric and carotid arteries
in Ang Il-infused TIMP3”" mice (Fig. 5.9). The reduction in media-to-lumen ratio
(Figs. 5.9Ai-ii) and lumen dilation (Fig. 5.9Aiii) observed in TIMP3"-Ang II
mesenteric arteries were prevented, while structural integrity of elastin and
collagen fibres were preserved with Doxycycline treatment as shown by
Trichrome and VVG-stained carotid arteries (Figs. 5.9Bi-ii) and the reduced

number of elastin fibre breakage (Fig. 5.9Biii).
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Figure 5.9 Treatment with Doxycycline, a broad spectrum MMP inhibitor,

prevented the adverse remodeling in small arteries in TIMP3”--Ang Il mice.
A) Representative mesenteric arteries (i), media-to-lumen ratio (ii), and lumen diameter (iii) in
Ang ll-infused TIMP3” mice without and with doxycycline treatment, n=6/group. B)
Representative trichrome staining for collagen fibers (i) and Verhoeff-Van Geison staining for
elastin fibres (ii), averaged number of broken elastin fibres (iii) in TIMP3"-Ang Il carotid arteries
from mice treated with saline or Doxycycline. * p<0.05 compared to TIMP3"-Ang II.

5.5.10 Differential Regulation of Mesenteric and Carotid Structural Proteins
by Doxycycline in WT Versus TIMP3” Mice.

Doxycycline treatment resulted in a marked increase in elastin and a significant
reduction in collagen levels in WT-Ang Il mesenteric arteries, whereas in TIMP3"
"-Ang Il group, collagen levels increased while elastin levels remained unchanged
(Figs. 5.10Ai and Aii). In carotid arteries, on the other hand, doxycycline
treatment markedly reduced both, elastin (Fig. 5.10Bi) and collagen protein levels

(Fig. 5.10Bii) in WT-Ang Il mice but not in TIMP3"-Ang Il mice (Figs. 5.10Bi-
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if). This differential impact of doxycycline on expression of vascular ECM
proteins in WT versus TIMP3” mice could underlie the resulting changes in
blood pressure in these two groups. Doxycycline treatment attenuated the Ang I1-
induced hypertension in WT mice while causing a small but significant increase
in blood pressure in TIMP3” mice (Fig.5.10C). Overall, the protective effects of
doxycline on vascular ECM integrity of TIMP3”-Ang Il mice indicate that the
inhibitory function of TIMP3 against proteinases in the small arteries becomes

more critical in the presence of a stimulus, such as elevated Ang I1.
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Figure 5.10 Treatment with doxycycline differentially influenced elastin and

collagen proteins in WT and TIMP3" arteries.

Representative Western blot and averaged protein levels for elastin (i) and collagen (ii) in
mesententeric. A) and carotid arteries. B) in saline-, and Ang ll-infused WT and TIMP3" mice
without and with doxycycline treatment, n=3-6/group/genotype. C) Systolic blood pressure in
doxycycline-treated WT and TIMP3” mice before and after Ang 1l infusion. The data presented
earlier is shown in a faded shade. n=12/group, * p<0.05 compared to the corresponding saline
group, # p<0.0.5 compared to corresponding group without doxycycline treatment.

5.6 DISCUSSION

Hypertension is the primary risk factor for all mortalities worldwide and
contributes to approximately 7.5 million deaths annually.® 2° Hypertension is
associated with vascular remodelling prior to the onset of clinical symptoms, and
as such called the “silent killer”. Vascular remodeling is an adaptive response to
changes in the blood pressure-induced circumferential wall stress, elastin-
dependant axial stress, and blood flow induced wall shear stress.?! While vessel
wall rigidity, which manifests as an increase in pulse wave velocity, is regarded as

an independent predictor of mortality in hypertension and related diseases,?? ex
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vivo studies on animal models indicate that distensibility of conductance arteries
(carotids) during the early stages of hypertension is associated with vascular
remodelling.?! Hypertensive vascular remodelling is an active process of
structural alterations including degradation and reorganization of the vascular
ECM proteins, such as collagen, elastin, proteoglycan, and fibronectin.?® Matrix
metalloproteinases (MMP) are a family of zinc dependant proteases that
contribute to ECM turnover by degrading existing proteins. MMPs are well
regulated at levels of expression, translation, post-translational modification, and
inhibition of their activated form by TIMPs.?* % Levels of MMPs and TIMPs
have been shown to be altered in hypertension in animal models® 2628 as well as
in hypertensive patients.?>*° TIMP1 and TIMP2 levels were increased in rat aorta
following Ang Il infusion,®" 32 TIMP2 expression was elevated in the aorta of
DOCA-salt hypertensive rats,® while elevated plasma levels of TIMP1, MMP2
and MMP9 were detected in hypertensive patients.>* A population study in 1000
individuals of 50-65 years of age reported that a TIMP3 polymorphism (T-1296C),
but not TIMP1 or TIMP2 polymorphisms, showed a significant association with
hypertension.> However, a direct role for TIMPs in hypertension had remained
unexplored. In this study, we demonstrate that a lack of TIMP3, but not TIMP1,
TIMP2 or TIMP4, results in a blunted hypertensive response following Ang Il
infusion due to aberrant ECM degradation in resistance arteries. It is critical to
note that this reduced hypertension in TIMP3” mice is not a protective

mechanism, but the degradation of the ECM in small arteries results in
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pathological vasodilation which in long-term can lead to adverse outcomes such

as aneurysms.*

Ang Il is a well-known hypertensive agent that is upregulated in different
cardiovascular diseases.®**° Majority of modern clinical antihypertensive drugs
(ACEi, ARBs) target the Ang Il pathway; thus it can serve as a suitable model to
examine the molecular mechanisms of hypertension. In addition, we performed
histological and molecular analyses in the mesenteric and carotid arteries to make
a direct comparison between the hypertension phenotype and molecular

alterations in arteries that are involved in blood pressure regulation.

In this study we report that among all TIMP-deficient mice, only lack of TIMP3
resulted in a suppressed hypertensive response to Ang Il infusion. TIMP3 is the
only ECM-bound TIMP and has the broadest spectrum of substrates among
TIMPs,* which could explain why lack of TIMP3, but not other TIMPs, resulted
in such a pronounced phenotype. Using an in vivo and ex vivo approach, we
demonstrate that while acute vasocontriction and vasodilation responses are intact
in TIMP3” mesenteric arteries, two weeks of Ang Il infusion resulted in structural
remodeling in TIMP3” small arteries making them more distensible, as evident
by a rightward shift in the circular stress-strain relationship, a commonly used
technique to examine the mechanical properties of vessels,*> 42 and an upward
shift in passive pressure-diameter changes in TIMP3”-Ang Il compared to WT-
Ang Il mesenteric and carotid arteries. This is consistent with a loss of the ECM

structural proteins, collagen and elastin,' 2 that provide strength and elastic recoil
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properties to the arteries, respectively,>*® and increased lumen-to-media ratio and
lumen diameter in the mesenteric arteries from TIMP3”-Ang Il compared to WT-
Ang Il mice. The increase in mesenteric artery lumen diameter by about 20% in
TIMP3”-Ang Il compared to WT-Ang Il can markedly impact blood pressure
since blood pressure is inversely related to the 4th power of the lumen radius. As
such, a small change in the radius of mesenteric arteries can significantly alter the
blood pressure. These data collectively demonstrate that TIMP3-deficiency leads
to adverse Ang ll-induced arterial ECM remodeling and impaired mechanical
properties. Our findings provide evidence that vascular remodeling in the absence
of TIMP3, but not other TIMPs, leads to destabilization of the vascular ECM
integrity, impaired mechanical properties, and dilation of mesenteric arteries
leading to impaired pressor responses. This is consistent with increased
susceptibility of TIMP3” mice to abdominal aortic aneurysm following prolonged
Ang 1l infusion® despite the lower blood pressure in these mice. In addition,
TIMP3 could play a critical role in vascular remodeling in diseases associated
with hypotension such as sepsis, as TIMP3” mice exhibited markedly

compromised survival in a lipopolysaccharide model of sepsis.**

TIMP3 has the broadest range of substrates among TIMPs,*® and in addition to
inhibiting activated MMPs, TIMP3 can inhibit the cell surface activation of pro-
MMP2 to its cleaved form,*® consistent with the observed rise in cleaved MMP2
in Ang ll-infused TIMP3” arteries. MMP2 has been shown to have substrate

specificity for elastin and fibrillar collagen.*®*® Here we demonstrate that the
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elevated protease activities in TIMP3”-Ang Il arteries contributes to the adverse
vascular ECM remodeling in these mice since treatment with Doxycycline, a
broad spectrum MMP inhibitor shown to preserve vascular remodeling,*® °
protected the architecture and integrity of the mesenteric and carotid arteries in
these mice. Doxycycline treatment markedly increased the elastin protein content
and reduced collagen levels in WT-Ang Il group, consistent with previous reports
that doxycycline reduces collagen levels®® and preserves elastin fibres,> The
resulting increase in elastin-to-collagen ratio in doxycycline-treated WT-Ang I
mesenteric arteries could reduce stiffness of these arteries and therefore reducing
the hypertensive response. The protective effects of doxycycline on structural
arrangement and organization of ECM proteins in TIMP3"-Ang Il small arteries
was associated with increased collagen levels in the mesenteric arteries which
could contribute to enhanced stiffness and therefore the rise in blood pressure in
this group. It is important to note that this increase in blood pressure with
preservation of the arterial ECM integrity in TIMP3” mice is indeed a beneficial
outcome as inhibition of excess protease activities prevented formation of

abdominal aortic aneurysm in TIMP3” mice following chronic Ang I1 infusion.*®

5.7 CONCLUSION

To conclude, our study compares the causal role of the four TIMPs in agonist-
induced hypertensive response and provides in vivo and ex vivo evidence that
TIMP3 plays a primary role in vascular ECM remodeling thereby impacting the
hypertensive response. This study also provides critical information that reduced

233



hypertensive response in the absence of TIMP3 is not a protective mechanism but
preludes the onset of more profound vascular complications and adverse

outcomes.
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6.1 ABSTRACT

Aortic aneurysm is dilation of the aorta primarily due to degradation of the
vascular wall extracellular matrix (ECM). Tissue inhibitor of metalloproteinases
(TIMPs) inhibit MMPs, the proteases that degrade the ECM. TIMP3 is the only
ECM-bound TIMP and its levels are altered in the aorta from patients with
abdominal aortic aneurysm (AAA). We investigated the causal role of TIMP3 in
AAA formation. Infusion of angiotensin Il (Ang II), using micro-osmotic (Alzet)
pumps, in TIMP3” male mice but not wild type (WT) mice led to adverse
remodeling of the abdominal aorta, reduced collagen and elastin proteins, and
elevated MMP2 activation indicative of excess protein degradation within 2
weeks, and formation of abdominal aortic aneurysm (AAA) by 4 weeks.
Intriguingly, TIMP3"/MMP27 mice exhibited exacerbated AAA, compromised
survival due to aortic rupture, inflammation and elevated MMP9. We determined
that MMP2 is produced by cells intrinsic to the aorta, while the predominant
source of MMP9 is the infiltrating inflammatory cells. Consistently, reconstitution
of WT bone marrow reconstitution in TIMP37/MMP2”" mice reduced
inflammation, MMP9 production and prevented AAA in these animals. Treatment
with a broad-spectrum MMP inhibitor (PD166793) prevented the Ang Il-induced
AAA in TIMP3” as well as in TIMP3”/MMP2” mice. Our study demonstrates
that the regulatory function of TIMP3 is critical in preventing adverse vascular

remodeling and AAA. Hence, replenishing TIMP3, a physiological inhibitor of a
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number of metalloproteinases, could serve as a therapeutic approach in limiting

AAA development or expansion.

6.2 INTRODUCTION

Abdominal aortic aneurysm (AAA) is a degenerative vascular disorder
characterized by dilation of the aorta due to destructive remodeling of the aortic
wall and degradation of the fibrillar proteins of the vascular extracellular matrix
(ECM). AAA has remained an unresolved clinical problem since p-blockers %2,
statin therapy 3, and angiotensin converting enzyme (ACE) inhibitors have been
ineffective in controlling AAA expansion, and AAA remains as the 13" leading
cause of death in Western countries . Surgical and mechanical interventions are
the only effective treatments to prevent AAA rupture, but that is only
recommended in severe AAA cases where the inherent risk of surgery is less than
the risk of aortic rupture 1 ®. The ten-year survival for patients deemed unfit for
surgical repair is less than 25% ’. Additionally, the recent Tromsg@study indicates
that the incident of AAA is greater in males compared to female patients & °, while
similar findings have been reported in animal models °. As such understanding
the molecular mechanism underlying AAA development, expansion and rupture is

critical in developing effective therapies for this disease.

Arterial ECM is primarily comprised of collagen and elastin fibres which provide
significant structural support and recoil properties for the arteries 1 2. Matrix
metalloproteinases (MMPs) degrade the ECM structural proteins while their

inhibitors, tissue inhibitor of metalloproteinases (TIMPs) keep their activity in
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check. An imbalance in the interaction between MMPs and TIMPs has been
reported in the aorta of patients with abdominal aneurysm 3. Among the four
TIMPs identified in mammals, TIMP3 is ECM-bound whereby it can exert tissue-
specific effects ¥ 1° TIMP3 protein levels are reduced in the aorta of patients
with Marfan syndrome with increased rate of aortic rupture 6, TIMP3 mRNA
levels are increased in dilated aorta from patients with aortic aneurysm whereas
other TIMPs were not altered , however, TIMP3 protein levels were not
measured in this study. In addition, a significant interaction between
polymorphism of TIMP3, but not TIMP1 or TIMP2, occurs in patients with AAA
and with a positive family history of AAA 8, Hence, the causal role of TIMP3 in

AAA development remains to be determined.

Our study examined the role of TIMP3 in angiotensin Il (Ang Il)-induced

vascular remodeling and the formation of AAA.

6.3 OBJECTIVE
To find the long term MMP-inhibitory role of TIMP3 in agonist induced vascular

ECM remodeling.

6.4 MATERIALS AND METHODS

6.4.1 Experimental Animals and Procedures

Wildtype (WT) mice were purchased from Jackson Laboratories, TIMP3” mice
were generated as described.'® We cross-bred TIMP37-1° and MMP27- 2 mice to
generate TIMP3”/MMP27 mice (Chapter 2.1.3). All mice are in pure C57BL/6

background. Alzet micro-osmotic pumps containing either Ang Il (Sigma-Aldrich)
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or saline (control) were implanted for 4 weeks (Chapter 2.2.1) in 8-week old male
mice of various genotypes for 14 days.?:? MMP inhibitor (PD166793, MMPi)
was administered (Chapter 2.16) orally by daily gavage as before (30 mg/kg/d) 2*
2, All experiments were conducted in accordance with the guidelines of the
University of Alberta Animal Care and Use Committee (ACUC) and the Canadian

Council of Animal Care.

6.4.2 Bone Marrow Reconstitution
Bone marrow reconstitution was performed to generate chimera mice as described

previously 2® and detailed in Chapter 2.11.

6.4.3 Histological analyses and Scanning Electron Microscopy

Abdominal aortas were fixed in 10% formalin, parafin-embedded and used for
Gomori Trichrome (Chapter 2.10.2), Verhoeff-Van Geison (2.10.1). Tissue
processing and scanning electron microscopy (Chapter 2.10.3) was done as before
25

. Neutrophil and macrophage staining (Chapter 2.12.) was performed as

described previously %’

6.4.4 Ultrasonic Imaging of Abdominal Aorta
Ultrasonic images of the abdominal aorta were obtained in mice anesthetized with

isoflurane, using the Vevo 770 high resolution imaging system (Chapter 2.5.6)
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6.4.5 Protein Extraction for Western Blot Analysis, Gelatin Zymography and
Activity Assays

Abdominal aorta at the suprarenal aspect was excised to extract sufficient protein
(Chapter 2.14.1) for immunoblotting (Chapter 2.14.2), gelatin zymography

(Chapter 2.14.3) and enzymatic activity assays (Chapter 2.15).

6.4.6 mMRNA Expression Analysis by TagMan Real-time PCR
RNA was extracted from flash-frozen aorta and mRNA expression were measured
by TagMan real-time PCR Chapter 2.13.2.). The primers and probes for the

reported genes are detailed in Table 2.2.

6.4.7 Statistical Analysis

The statistical analyses were performed using SPSS software (Chicago, Illinois,
Version 10.1). We performed normality test (Shapiro-Wilk) and homogeneity of
variance test (Levene) to confirm normal distribution of all data. To compare data
sets with two factors (genotype and treatment) we performed two-way analysis of
variance (ANOVA) (Fig. 1-6). In Figures 5-8, to compare 3 levels of the genotype,
two-way ANOVA was followed by Bonferroni post hoc testing if the results
attained statistical significance (p<0.05). In Figure 7B, the effects of MMPI in
each genotype was tested using unpaired t-test. Survival data (Fig. 4B) were
compared using Kaplan-Meier survival curves followed by the log rank test
adjusted with the Bonferroni method. Averaged values represent mean =+ SEM.

Statistical significance was recognized at p<0.05.
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6.5 RESULTS

6.5.1 Increase in TIMP3 Protein Levels in WT Aaorta after 2 Weeks of

Angiotensin Il Infusion
In WT mice, 2 weeks of Ang Il infusion significantly elevated TIMP3 mRNA and
protein levels in the abdominal aorta (Figs. 6.1i and 6.1ii).
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Figure 6.1 Elevated TIMP3 expression and protein levels in WT aorta post
Ang Il infusion for 2 weeks.

mMRNA expression (i) representative Western Blot and averaged TIMP3 protein levels (ii) in the
abdominal aorta of WT mice after 2 weeks of Ang Il or saline infusion.

6.5.2 TIMP3-deficient Mice Exhibit Adverse Aortic Remodelling after 2

Weeks of Angiotensin Il Infusion

To examine the role of TIMP3 in Ang ll-induced aortic remodeling, we subjected
mice lacking TIMP3 to Ang Il infusion, we assessed the predominant arterial
structural proteins, elastin and fibrillar collagen type 1 2. Verhoeff-Van Gieson
staining showed disorganized and disrupted elastin fibres with a greater frequency
of elastin fibre disruption in the abdominal aorta of TIMP37-Ang 1l compared to
WT-Ang Il mice (Figs. 6.2A, 6.2B). The Ang Il-induced reduction in elastin
protein content was greater in TIMP3” abdominal aorta (Fig. 6.2Ci-ii) despite a

larger increase in MRNA synthesis of elastin in these mice (Fig. 6.2Ciii). Gomori
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Trichrome staining similarly revealed disorganized collagen structures (greenish-
blue, Fig. 6.2D), and a drastic decrease in collagen type | protein levels (Figs.
6.2Ei-ii) despite a marked rise in its mMRNA synthesis (Fig. 6.2Eiii) in TIMP3"-
Ang Il compared to WT-Ang Il abdominal aortas. These data suggest that the
decrease in elastin and collagen protein levels in TIMP3-deficient aorta is most

likely due to post-translational degradation of these proteins and not reduced
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Figure 6.2 Adverse remodeling of ECM structure in TIMP3” abdominal
aorta following 2 weeks of Ang Il infusion.

A) Verhoeff-Van Gieson staining shows elastin fibres. B) number of elastin breaks per field under
40x magnification. C) representative Western blots and averaged elastin protein levles (i-ii), and
elastin mRNA levels (iii) in saline- and Ang Il-infused WT and TIMP3” mice. D) Collagen
staining by Gomori trichrome. E) representative Western blot and averaged collagen protein ontent
(i-ii), and mRNA expression levels (iii) in saline- and Ang lI-infused WT and TIMP3” mice.
Coomassie blue-stained gel was used as the loading control for the Western blots. A.U.=Arbitrary
Units, R.E=Relative Expression, n=5/group (protein); 5/group (mMRNA). *p<0.05 compared to
corresponding saline, #p<0.05 compared to WT-Ang II. Arrows point to disrupted collagen or
elastin structure. Averaged data represent mean %S.E (error bars).

6.5.3 Enhanced MMP2 Activation in TIMP3” Mice Following 2 Weeks of

Angiotensin Il Infusion

TIMP3 is a potent inhibitor of a number of active MMPs, and can inhibit cell-
surface activation of MMP2 28 hence its absence can lead to uncontrolled
proteolytic activities 2°. In situ gelatin zymography showed that Ang Il-infusion
resulted in a stronger gelatinase activity in TIMP3” compared to WT aorta (Fig.
6.3A). To determine the contribution of individual gelatinases, namely MMP2 and
MMP9, we performed in vitro gelatin zymography which revealed a markedly
greater MMP2 activation in TIMP3”-Ang Il abdominal aorta, as indicated by a
stronger 64 kDa band, while MMP9 levels rose similarly in both genotypes (Figs.
6.3Bi-ii). The increase in MMP2 activation was also associated with increased
MRNA expression (Fig. 6.3Ci), while MMP9 mRNA did not increase (Fig.
6.3Cii). Expression analysis of other MMPs showed a greater increase in MMP13
levels in TIMP3™-Ang Il group (Fig. 6.3Ciii) while membrane type MMP (MT1-

MMP) was elevated similarly in both genotypes (Fig. 6.3Civ).
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Figure 6.3 Elevated protease activity in Ang Il-infused TIMP3-deficient
aorta

A) In situ gelatin zymography in aorta from saline- or Ang Il-infused WT and TIMP3” mice.
Scale=50 pM. B) In vitro gelatin zymography (i) and band-intensiy for MMP9, pro-MMP2 and
active MMP2 (ii). C) mRNA expression levels of MMP2 (i), MMP9 (ii), MMP13 (iii) and MT1-
MMP (iv) in abdominal aorta from saline- or Ang ll-infused WT and TIMP3" mice. Coomassie
blue-stained gel was used as the loading control for the gelatin zymography. n=5/group/genotype.

A.U=Arbitrary Units. *p<0.05 compared to corresponding saline, #p<0.05 compared to WT-Ang
.

6.5.4 TIMP3-deficient Mice are Susceptible to Abdominal Aortic Aneurysm
(AAA)

Next, we examined the long term outcome of these structural remodelling in the
TIMP37 aorta. After 4 weeks of Ang Il infusion, TIMP3"- mice, but not WT mice,

developed an aneurysm in the abdominal aorta but not in the ascending or
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descending thoracic aorta (Fig. 6.4A). Aneurysm was defined as a dilation of 50%
or more in the abdominal aortic diameter- 3 measured by ultrasound imaging. In
WT mice, Ang ll-induced dilation of the abdominal aorta did not exceed 20% of
the original aortic diameter, whereas 55% of TIMP3” mice exhibited greater than
50% aortic dilation in the supra-renal region. Representative ultrasonic images
(Fig. 6.4B) and averaged diameter of the abdominal aorta (Figs. 6.4Ci-ii)
demonstrate marked aortic dilation at the supra-renal region in Ang Il-infused
TIMP3” compared to parallel WT group. Aortic systolic expansion index, a
measure of aortic elasticity and recoil property during systole and diastole 3, was
also significantly suppressed in the aneurysmal aorta in TIMP3”-Ang Il mice (Fig.
6.4Ciii) confirming the compromised structural and functional integrity of the

TIMP3-deficient aorta.
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Figure 6.4 TIMP3-deficient mice developed AAA after 4 weeks of Ang Il

infusion.

A) Representative photographs of the entire aorta showing macroscopic features of aneurysm
induced by Ang Il in TIMP3-deficient mice. B) Ultrasonographic B-mode (i) and M-mode (ii)
images of the abdominal arota in saline- and Ang Il-infused WT and TIMP3”- mice. C) Averaged
aortic systolic (i) and diastolic (ii) diameters, and aortic systolic expansion index (iii) of abdominal
aorta in saline- or Angll-infused WT and TIMP3-deficient mice (n=9/group/genotype). *P<0.05
compared to corresponding saline group, #p<0.05 compared to WT-Ang II. ‘K’ indicates the top
of the left kidney as a point of reference.

6.5.5 Deletion of MMP2 in TIMP3” Mice Led to Exacerbated AAA

In order to determine the contribution of the elevated MMP2 activation in
development of AAA in TIMP3”-Ang Il mice, we generated TIMP3”" mice that
also lacked MMP2. Intriguingly, TIMP3/MMP27 mice exhibited more severe
AAA after 4 weeks of Ang ll-infusion compared to TIMP3” mice (Fig. 6.5A) as
dilation of the abdominal aorta exceeded 50% of the original aortic diameter in
75% of these mice. In addition, while TIMP3” mice exhibited compromised
survival post-Ang Il infusion, mortality was increased further in TIMP3”/MMP2
" 'mice (Fig. 6.5Bi). Routine autopsy examination revealed that aortic rupture at
the supra-renal region of the aorta where aneurysmal dilation was detected (Fig.
6.5Bii), was the cause of the increased mortality in these mice. Morphometric

analysis of the full cross-section of abdominal aorta in saline-infused WT
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compared to Ang ll-infused WT, TIMP3” and TIMP3"/MMP27 mice clearly
shows the dilation in abdominal aorta in TIMP3” mice, and a strikingly greater
dilation in the TIMP3”/MMP27 mice (Fig. 6.5C). Histological analyses at higher
magnifications further revealed deterioration of the aortic wall at the site of
aneurysm as indicated by disrupted elastin fibres (VVG staining) and collagen

structure (GT staining) which were more severe in TIMP3”/MMP2” mice (Fig.

6.5C).
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Figure 6.5 MMP2 deletion in TIMP3-deficient mice led to exacerbated AAA.

A) Photographs of full aortas from Ang ll-infused TIMP37 and TIMP3"/MMP2" mice. Arrows
point to the aneurysmal area. N=20/WT, n=30/TIMP3, n=30/ TIMP3"/MMP2" . B) Survival
curve reflecting mortalities due to aortic rupture i), Image of an aortic rupture (arrow) at the supra-
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renal region ii). The kidney was left in place as a point of reference. C) Microscopic images of full
cross-sections of abdominal aorta (Scale bar=100mm, note the different scale bar size in double-
deficient group), and VVVG- and GT-staining at a higher magnification (scale bar=50pm). Arrows
point to areas of structural degradation, *indicates the area of aneurysm

6.5.6 Scanning Electron Microscopy Revealed the Disrupted and
Disarrayed Aortic Wall of TIMP3/MMP2’- Mice at a Higher Magnification

Scanning electron microscopy allowed us to perform a more detailed evaluation
of the structural remodelling of the abdominal aortic walls. Ang Il infusion led to
remodelling of the aortic wall in WT mice as indicated by compactly folded
elastin lamellae (Fig. 6.6i) which was more evident at a higher magnification (Fig.
6.6ii). TIMP3-deficient mice, on the other hand, exhibited disrupted medial elastic
lamellae and disrupted fibrillar structures (open arrows in Fig. 6.6i) and this
structural deterioration was worsened in TIMP37/MMP27--Ang 1l mice (Fig. 6.6i-
ii). Structure and diameter of the abdominal aorta in saline-infused mice were
comparable among the genotypes (data not shown). These findings demonstrate
that although the increase in MMP2 activity is significantly greater in TIMP37-

Ang |l aorta, its deletion indeed aggravated the structural deterioration and the

adverse remodeling in the abdominal aorta which resulted in worsened AAA.
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Figure 6.6 Adverse remodeling at a higher magnification using scanning

electron microscopy.

Scanning electron microscopy of abdominal aorta in saline- or Ang Il-infused mice of different
genotypes, at two different magnifications (i, scale bar=40mm; ii, scale bar=4iM). Yellow arrows
point to the elastin lamella structures.

6.5.7 TIMP3//MMP27--Ang Il Mice Exhibited Upregulated MMP9 and Total

Gelatinase Activity in Abdominal Aorta

Further examination of the TIMP3"/MMP2” mice revealed that Ang ll-induced
total collagenase activity was the largest in the abdominal aorta of TIMP3” mice
and was reduced significantly in TIMP3"/MMP2” group (Fig. 6.7Ai). This is
consistent with MMP2 also being a potent collagenase 2. However, the Ang II-

induced rise in gelatinase activity was markedly greater in TIMP3"/MMP27

compared to TIMP3”- abdominal aorta despite the absence of MMP2 (Fig. 6.7Aii).

MMP2 and MMP9 are the classically known gelatinases, as such the rise in total
gelatinase activity in the absence of MMP2 would imply an increase in MMP9
activity. In vitro gelatin zymography confirmed a striking upregulation in MMP9
levels in Ang ll-infused TIMP3”/MMP27 abdominal aortas compared to all other
groups (Figs. 6.7Bi-ii) which was also accompanied by elevated mMRNA

expression of MMP9 (Fig. 6.7Biii).
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Figure 6.7 Aneursymal aorta from TIMP3”"/MMP27 mice exhibit marked

MMP9 levels and gelatinase activity.

A) Total collagenase (i) and gelatinase (ii) activity in saline- or Ang Il-infused mice of indicated
genotypes (normalized to WT-saline group) n=6/group. B) In vitro gelatin zymography showing
MMP9, pro- and active MMP2 levels (i-ii) and MMP9 mRNA expression levels (iii) in all groups..
Coomassie blue-stained gel is used as the loading control. n=4-6/group/genotype, A.U.=Arbitrary
Units, R.E.=Relative Expression. *P<0.05 compared to corresponding saline group, #p<0.05
compared to WT-Ang |1, 3$p<0.05 compared to TIMP3-deficient-Ang Il group.

6.5.8 Inflammation in Abdominal Aorta of TIMP3”/MMP27--Ang Il Mice
MMP9 is a well-known elastase that can degrade vascular elastin lamella 3
leading to invasion of inflammatory cells and inflammation 34 and exacerbation of
AAA . Immunofluorescent staining for inflammatory cells, neutrophils and
macrophages (superimposed with DAPI-nucleus staining), showed enhanced

infiltration of neutrophils and macrophages in the abdominal aorta of Ang Il-
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infused TIMP3”/MMP2” mice (Fig. 6.8A). TIMP3”-Ang Il group showed a less
severe macrophage infiltration, no infiltrating cells were detected in WT-Ang 1l
abdominal aorta (Fig. 6.8A). Consistently, mRNA levels of inflammatory markers,
interleukin-1p (IL-1p), interleukin-6 (IL-6), and monocyte chemotactic protein-1
(MCP-1) were significantly elevated in the aneurysmal aorta of TIMP3"/MMP2"-
mice compared to parallel WT and TIMP3 groups (Figs. 6.8Bi-iii).
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Figure 6.8 TIMP37/MMP27 aorta with increased infiltrating inflammatory
cells and elevated expression levels of cytokines after 4 weeks of Ang Il
infusion.

A) Immunofluorescent staining for neutrophil and macrophage superimposed with DAPI nucleus
staining (blue) in abdominal aorta of indicated groups. “M” indicates the medial thickness. Arrows
point to positively stained neutrophils or macrophages. B) Expression levels of inflammatory
markers, interleukin-1beta (IL-1b) , interleukin-6 (IL-6) and monocyte chemoattractant protein-1
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(MCP1), in the abdominal aorta of WT, TIMP3” and TIMP3"/MMP2” mice after 4 weeks of
saline or Ang ll-infusion. *P<0.05 compared to all other groups. R.E; relative expression.

6.5.9 Inflammation is A Key Factor in Exacerbated AAA in TIMP3/MMP2-
-Ang 11 Mice

In order to determine the mechanism underlying the worsening of AAA in
TIMP3/MMP2"-Ang 1l mice, and the contribution of the observed heightened
inflammation in these aortas, we reconstituted WT bone marrow in TIMP3™"
IMMP27- mice, and vice versa. We generated TIMP37/MMP2"-chimera mice by
reconstituting WT bone marrow in these mice, and WT-chimera mice by
reconstituting TIMP3”/MMP2” bone marrow in WT mice. After 7 weeks of
reconstitution, and 4 weeks of Ang Il infusion, we found that TIMP3”/MMP2"-
chimera mice did not develop aortic aneurysm (Fig. 6.9A). In addition, the
diameter of abdominal aorta (Figs. 6.9Bi-ii) and aortic expansion index (Fig.
6.9Biii) in these mice were comparable to saline-infused animals. Consistently,
minimal infiltration of neutrophils and macrophages were detected (Fig. 6.9Cii),
while MMP9 levels were significantly reduced (Fig. 6.9D) in the TIMP3™

IMMP27-chimera-Ang Il mice.
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Figure 6.9 WT bone marrow reconstitution alleviated

AAA in TIMP3"/MMP27 mice.

inflammation and

A) representative images of the entire aorta of WT that received TIMP3”/MMP27 bone marrow
(WT-chimera) and TIMP3”/MMP2" mice that received WT bone marrow (TIMP3”/MMP2"-
chimera) after 7 weeks of bone marrow reconstitution followed by 4 weeks of Ang Il infusion. B)
Averaged systolic (i) and diastolic abdominal aortic diameters (ii), and expansion index of
abdominal aorta (iii) in indicated groups (n=9/genotype/group). The data presented in earlier
figures (WT-Ang 1l and TIMP3”-Ang 1) are shown here in a faded shade. C) Immunofluorescent
staining for neutrophil (red) and macrophage (green) superimposed with DAPI nucleus staining
(blue) in abdominal aorta of indicated groups. Arrows point to positively stained neutrophils or
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macrophages. D) representative In vitro gelatin zymography (i), and averaged band intensities for
MMP9 and MMP?2 (ii) in Ang ll-infused chimera groups compared to saline control; *P<0.05
compared to all other groups. N.D; not detectable; A.U.; arbitrary units.

6.5.10 Multiple MMP Inhibition Prevented AAA in TIMP3” and TIMP3"
IMMP2- Mice

To investigate the contribution of the elevated protease activity as the underlying
mechanism for AAA in TIMP3™ and the exacerbated AAA formation in TIMP3”-
IMMP27- mice, we treated these mice with a broad-spectrum MMP inhibitor,
PD166793 (MMPi) 2+ 3¢ during the course of Ang Il infusion. Interestingly,
simultaneous inhibition of a number of MMPs with this inhibitor blocked AAA
development in TIMP3” and significantly suppressed AAA formation in TIMP3™
IMMP27 mice (Fig. 6.10A). Ultrasonic measurement of abdominal aortic
diameter showed that MMPi-treatment was strongly effective in preventing the
Ang ll-induced dilation of the abdominal aorta in TIMP3” and TIMP3"/MMP2"
mice (Figs. 6.10Bi-ii). Moreover, aortic recoil property, as measured by systolic
expansion index, was significantly restored in MMPi-treated TIMP3”-Ang I
mice and to a lesser extent in TIMP3”/MMP2”-Ang Il mice (Fig. 7Biii). These
improvements were well reflected in the abdominal aortic wall structure as shown
by intact elastin (VVVG) and collagen (GT) structures (Fig. 6.11A), and preserved
elastin lamella organization as seen scanning electron microscopy images (Fig.
6.11B). Consistently, MMPI treatment prevented the elevation of collagenase and
gelatinase activities in the abdominal aorta of Ang ll-infused TIMP3” and

TIMP3”/MMP27 mice (Fig. 6.11C). These data demonstrate the protective
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function of MMPi against Ang Il-induced aortic wall deterioration which

otherwise leads to AAA in TIMP3” and TIMP3”/MMP2" mice.
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Figure 6.10 Broad spectrum MMP-inhibitor (MMPI, PD166793) prevented

Ang Il induced AAA in TIMP3” and in TIMP3"/MMP2' mice.

A) Macroscopic images of the entire aorta from Ang Il-infused WT compared to TIMP3” and
TIMP/MMP2 mice without (left) and with (right) MMPi-treatment.. B) averaged systolic (i)
diastolic diameters (ii) and systolic expansion index (iii) of abdominal aorta in the indicated
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groups. N=9/genotype/group. The data shown earlier are in faded colour bars for comparision.
*P<0.05 compared to WT. #P<0.05 compared with corresponding non-MMPi treated group.
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Figure 6.11 Treatment with broad spectrum SN SN G S
PD166793) prevented the structural degradation in the abdominal aorta in
TIMP3” and in TIMP3”/MMP2' mice.

A) Histoligical analysis showing elastin (VVG) and collagen (GT) structure and arrangement in
Ang ll-infused TIMP3” and TIMP/MMP2"- mice after without (left) and with (right) MMPi-
treatment. Scale bar=200pm. B) Scanning electron microscopy of the abdominal aorta in indicated
groups showing the improved structural arrangement following MMPi-treatment. Scale bar=40pm.
The arrows point to the disrupted elastin lamella and wall structure. VVG=Verhoeff-Van Gieson
staining, GT=Gomori Trichrome staining. *indicates the site of aneurysm in untreated groups

6.6 DISCUSSION
Abdominal aortic aneurysm (AAA) is a common and lethal vascular disorder as
about 6-9% of the elderly population have an AAA © 3", While small aneurysms

can be managed conservatively with imaging and controlling of risk factors such
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as smoking and hypertension, patients continue to experience significant
morbidity and mortality from ruptured aneurysms * 6  Development and
expansion of AAA result from disruption of the orderly structure of the aortic wall
and ECM. Elastin and collagen fibres are the main structural proteins of the aortic
ECM, which underlie the recoil properties and impart strength to the vessel wall,
respectively %2, TIMP3 is the only ECM-bound TIMP, and its altered levels
have been linked to aortic rupture ! and aortic aneurysm ’ while its
polymorphism showed strong association with AAA in patients with a family
history of AAA 8 In this study we provide evidence for the causal role of
TIMP3-deficiency in development of AAA by demonstrating that mice lacking
TIMP3 are more susceptible to Ang Il-induced AAA. We found a temporal and
transient rise in TIMP3 levels in the abdominal aorta of WT mice following Ang
Il infusion. This is consistent with the finding in patients with aortic aneurysm
which reported that the increase in TMP3 mRNA was a compensatory response to

the augmented MMP activity 7.

We used the Ang ll-infused model of aortic aneurysm formation in the absence of
dyslipidemia and/or metabolic syndrome commonly associated with high fat-fed
models of AAA where aneurysm forms under atherosclerotic lesions *’. Ang Il is
a physiological hormone that is elevated in patients with cardiovascular diseases
3840 and has been shown to exert direct effects on vascular remodelling and
function in numerous studies 2> 3% 41, The Ang Il infusion model allowed us to

examine the role of TIMP3 in the adverse remodeling of the aortic wall leading to
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aortic aneurysm formation, in the absence of complications associated with
atherosclerosis, and in the entire aorta rather than a targeted region. In this study
we report that, first, the regulatory function of TIMP3 is essential in preventing
AAA development; second, despite the greater increase in MMP2 activation in
the aneurysmal TIMP3” aorta, specific deletion of MMP2 led to compensatory
upregulation of MMP9, inflammation and exacerbated AAA; third, MMP2 is
produced by the cells intrinsic to the aorta while inflammatory cells are the main
source of MMP9; fourth simultaneous inhibition of a number of ECM-degrading

proteinases (MMPs) could be a more effective approach in treating AAA.

The saline-infused TIMP3” mice showed comparable MMP activities and aortic
structure to WT-saline group and did not develop AAA, suggesting that under
normal conditions, the remaining TIMPs (-1, -2 and -4) are sufficient to keep the
activity of MMPs under control in the absence of TIMP3. However, in the
presence of a pathological stimulus such as Ang Il, TIMP3 is critical in regulating
the proteolytic activities for optimal remodeling in the abdominal aortic wall.
TIMP3 has been reported to hinder the activation of pro-MMP2 (72kDa) into its
cleaved (64 kDa) form %, and consistently, we found that absence of TIMP3
promoted activation of pro-MMP2 into its 64kDa form in the TIMP3”-Angll
aortas. However, TIMP3”/MMP27 mice revealed that MMP2 activation is not
the deriving factor in AAA formation in these mice. The more severe AAA in
TIMP3”/MMP27-Ang Il mice is particularly interesting since MMP2 has been

strongly linked to AAA in patients >3, and MMP2” mice are protected against
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CaClz-induced AAA *. However in the absence of TIMP3, MMP2 deletion
resulted in adverse outcomes such as inflammation and MMP9 upregulation.
MMP2 has been shown to play a role in early stages of vascular remodeling such
as in aneurysm formation 4% %%, while MMP is suggested to be involved in later
stages such as aneurysm expansion >4, MMP9 has been identified as the key
elastase involved in vascular degeneration and aneurysm 3% 46 which can also
degrade other vascular ECM proteins such as the basement membrane collagen
type IV #’. Mice lacking MMP9 are protected against elastase-induced AAA *, as
well as CaClz-induced AAA **. In this study, we demonstrate that reconstitution
of WT bone marrow in TIMP37/MMP2’ mice suppressed infiltration of
inflammatory cells, reduced MMP9 levels and prevented the Ang Il-induced AAA
formation, while no MMP2 was detected in TIMP3”/MMP27-chimera mice. In
agreement with our findings, it has been reported that reconstitution of WT
macrophages in MMP9”" mice, but not in MMP2” mice, led to development of
AAA in the MMP9”" mice which are otherwise resistant to CaClz-induced AAA,
therefore, the macrophage-derived MMP9 and the MMP2 produced by
mesenchymal cells were proposed to work in concert to mediate AAA #. Further,
production of MMP2 by mysenchymal cells has been shown to be enhanced by
the presence of inflammatory cells 8. This is consistent with our observation of
elevated MMP2 levels in WT-chimera mice (containing TMP3”/MMP2” bone
marrow) as the only possible source of MMP2 in these animals is in fact the

native cells and not the TMP3”/MMP2”- inflammatory cells. Elastin degradation
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products in AAA samples from patients exhibit chemotactic activity that attracts
macrophages to the site of AAA leading to inflammation “°. Since the
inflammatory cells such as neutrophils and macrophages produce MMP9 °% ! and
other ECM-degrading metalloproteinases > %3, this initiates a vicious cycle
leading to further destruction of the aortic wall structure, aortic expansion and
more severe AAA. TIMP1 has been shown be protective against aortic aneurysm
5456 \whereas TIMP2-deficiency posed beneficial outcomes in a CaCl. model of

AAA 7,

6.7 CONCLUSION

The current study is the first report on the role of TIMP3, the only ECM-bound
TIMP, and AAA. In this study we demonstrate that lack of TIMP3 triggers
adverse remodeling of aortic wall and AAA formation in response to Ang Il. In
addition, inhibition of one specific MMP did not provide beneficial outcomes in
limiting AAA progression, whereas inhibition of a number of ECM-targeting
MMPs was a more effective approach. Consistent with our findings, doxycycline,
a broad spectrum MMP inhibitor, has been a promising treatment in preventing
AAA expansion and rupture %%1 whereas other treatments including B-blockers,
ACE inhibitors and statins have been ineffectivel™ ° Overall, our study
demonstrates that TIMP3 is critical in constructive vascular remodeling and and
as such, targeted overexpression of TIMP3 could serve as a promising therapeutic

approach in preventing aneurysm formation or controlling its expansion.
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DISCUSSION

Rise in the aging population is concomitant with the increase in prevalence of
patients suffering from multiple chronic diseases as oppose to single diseasel. The
significant global death due to NCDs (63% of all deaths globally) is associated
with an increase in the risk of developing diseases such as CVD, diabetes and
CKD in the same person as co-morbid states. Diabetes is a well-established risk
factor for CVD (including hypertension and dyslipidemia)> and diabetic
nephropathy, a leading cause of end stage kidney disease. On the contrary CKD
alone increases the risk factor for CVD and vice versa®. Prolonged untreated
hypertension leads to CKD due to damage of renal blood vessels. Moreover,
commonalities in risk factors (ageing, obesity, sedentary lifestyle, unhealthy food
habits, smoking)* associated with these diseases further encourage occurrence of
cardio metabolic syndrome (a constellation of insulin resistance/hyperinsulinemia,
central obesity, dyslipidemia, hypertension and microalbuminuria)®. However,
the high risk of developing CVD, diabetes and CKD in the midst of
cardiometabolic syndrome (3 times more compared to absence of cardiometabolic
syndrome)® “clearly suggests the presence of unknown, complex mechanisms and
molecules that bind these diseases. In view of such complexity associated with
these diseases, transgenic murine models serve as an invaluable tool to study and
better understand the pathogenesis by replicating these diseases or pathological

states.
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The question arises as what determines the normal as opposed to pathological
state of an organ? Normal function of an organ is maintained by the metabolic and
structural homeostasis of its cellular as well as extracellular matrix (ECM)
components. Metabolic homeostatic imbalance involves changes in substrate for
cellular energetics, oxidative stress (mitochondrial derived ROS) and
accumulation of cytotoxic by-products metabolic imbalance together with
dynamic changes in the ECM impacts the spatio-temporal onset of a disease and

its complications.

Generally, the ECM consists of fibrous structural proteins (collagen and elastin
predominantly) embedded in a gel like consistent ground substance made up of
polysaccharide (glycosaminoglycan). Differential proportion of these two ECM
components determines the type of ECM required for an organ (for example ECM
of tendons are high in fibrous proteins whereas abundant polysaccharides make up
cartilages) to maintain its normal function. Integrity of the ECM is maintained by
a balance between a group of proteinases, MMPs and their endogenous
physiological inhibitors, TIMPs. TIMP3 is a potent inhibitor of a number of
MMPs, and is the only TIMP directly bound to the ECM. Thus, my interest to
study diseases such as diabetic cardiomyopathy, diabetic nephropathy,
hypertension and aortic aneurysm was directed on either subtle changes in
metabolism and/or the causal role of TIMP3 underlying a small but an essential

part in the pathogenesis and the observed phenotype.
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7.1 SYNOPSIS OF IMPORTANT AND NOVEL FINDINGS

Our study is the first to show that the predominant cardiac phenotypic
abnormality in Akita (Ins2"WTC%Y) mice is an early diastolic dysfunction in the
absence of any systolic dysfunction. We captured and characterized the diastolic
dysfunction using a state-of-the art echocardiographic technique including tissue
Doppler imaging in combination with invasive hemodynamic assessment. We
evaluated the systolic function in Akita mice by echocardiography, hemodynamic
measurement and ex vivo working heart preparation, and found it to be
comparable to the control WT (Ins2Y™WT) mice at 3- and 6-month of age.
Moreover, the genetic defect in Akita mice resulted in an early and sustained loss
of the insulin-producing B-cells and low plasma insulin levels & ° associated with
suppressed Erk1/2 and serine-473 and threonine-308 phosphorylation of Akt/PKB
phosphorylation at 6 months but not at 3 months owing to early compensatory
changes by other agonists such as insulin-like growth factor-1 (IGF-1) and/or
adiponectin which are known to activate the Akt/PKB pathway %11, The presence
of heart disease in Akita heart was associated with increased expression of the
disease markers, B-type natriuretic peptide (BNP) which is a disease marker for
cardiomyopathy and has been reported to be elevated in patients with diastolic
heart failure'? and beta-myosin heavy chain (B-MHC) without any signs of LV
hypertrophy. Akita hearts were devoid of any myocardial fibrosis contrary to
earlier findings where myocardial fibrosis in diabetic hearts has been shown to be

triggered by oxidative stress®,
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Our findings were consistent with a recent study reporting absence of oxidative
stress in these hearts'®. Apart from interstitial fibrosis diastolic dysfunction in
diabetic cardiomyopathy has been linked to impaired cytosolic calcium handling
via SERCA2 downregulation and/or lipotoxicity affecting both passive
(compliance) and active relaxation in the ventricle.™ 1® We found reduced levels
of SERCA2 without any change in protein levels of phospholamban or its serine-
16 phosphorylation status in Akita hearts. However, these changes were
associated with prolonged IVRT and relaxation time constant (tau) and reduced —
dP/dtmin in diabetic hearts. Moreover, our findings revealed an impaired fatty acid
metabolism leading to accumulation of lipid intermediates (myocardial
triacylglycerol accumulation, increased use of long-chain fatty acids and increased
production of ceramide) together with elevated expression of long chain acyl-CoA
dehydrogenase (LCAD) in Akita hearts as a predisposing factor towards lipotoxic

cardiomyopathy.!’

In addition to cardiomyopathy diabetic nephropathy is a well-recognized
complication of diabetes and the most common cause of end-stage renal disease
(ESRD) in the U.S. 820 Studies in patients with diabetic nephropathy have
implicated a possible role of TIMP3 in diabetic nephropathy 2! 2. Moreover,
TIMP3 levels were increased in diabetic kidneys with a relative lack of alteration
in cardiac TIMP3 levels of Akita mice. TIMP3 deficiency in Akita mice led to an
excacerbated form of diabetic renal injury as exemplified by significantly

increased kidney mass, glomerular mesangial matrix score and urinary albumin
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excretion which are all early features of human diabetic nephropathy 3. These
changes occurred in the absence of worsening of hypertension and glycemic
control. Consistent with the lack of relative change in TIMP3 levels in Akita
compared to WT cardiac tissue, TIMP3 deficiency did not exacerbate this diabetic

cardiomyopathy.

Our findings for the first time demonstrated the early compensatory role of
TIMP3 in diabetic nephropathy and are consistent with observations made in
human diabetic nephropathy 2 22, We further determined that deficiency of
TIMP3 led to the loss of early compensation which resulted in increased oxidative
stress secondary to increased TACE activity, induction of mRNA expression of
various fibrotic and inflammatory markers and altered glomerular mesangium
matrix due to relative increase in proteolysis secondary to active MMP2.
Although activation of MMP2 was comparable in TIMP3 deficient and
Akita/TIMP3 double mutant kidneys, it affected only the diabetic kidney and
resulted in the worsening of the nephropathy together with an increased renal

oxidative stress.

These findings highlighted organ specific role of TIMP3, as well as differential
function based on the type of insult within an individual organ. While the level of
TIMP3 was unaffected in diabetic mouse heart, other studies have reported that its
deficiency exacerbated heart disease in different murine models®*?6. However,
organ and disease specific role of TIMP3 were further exemplified by a blunted

hypertensive response in mice lacking TIMP3, but not TIMP1, TIMP2 or TIMP4,
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following Ang Il infusion for 2 weeks. It is critical to note that this reduced
hypertension in TIMP3 deficient mice was primarily due to degradation of the
ECM in small arteries and cannot be regarded as a protective antihypertensive
mechanism. Although, acute vasoconstrictive and vasodilatory responses of
mesenteric arteries were intact in TIMP3 deficient mice using an ex vivo approach,
two weeks of Ang Il infusion resulted in structural remodeling in small arteries
making them more distensible. A similar pattern of upward shift in pressure-
diameter relationship was observed in TIMP37-Ang Il compared to WT-Ang |
mesenteric and carotid arteries that was consistent with a loss of the ECM
structural proteins, collagen and elastin,?” 28, Moreover, prolonged exposure of the
agonist for 4 weeks resulted in pathological dilation of the aortic lumen and led to

adverse outcomes such as abdominal aortic aneurysm.

The adverse remodelling in the abdominal aorta of TIMP3 deficient mice was
associated with increased proteolytic activity of MMP2. TIMP3 has been earlier
reported to hinder the activation of pro-MMP2 (72kDa) into its cleaved (64 kDa)
form?°. Surprisingly, upon additional deletion of MMP2 in the absence of TIMP3
resulted in increased MMP9 activation in association with elastase activity in
response to Ang Il infusion which led to a more severe AAA. This detoriation in
the aneurysmal growth in the double deficient mice was associated with increased
infiltration of inflammatory cells such as macrophages and neutrophils. However,
reconstitution of WT bone marrow in TIMP3 and MMP2 double deficient mice

suppressed infiltration of inflammatory cells and reduced MMP9 levels that
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prevented the Ang Il-induced AAA formation. Consistently, inhibition of excess
protease activities in TIMP3 deficient mice prevented suppressed hypertensive
response at 2 weeks as well as abrogated the formation of AAA post 4 weeks of
Ang Il infusion. These findings collectively demonstrate the critical role of
TIMP3 in maintaining a delicate balance with MMPs that is specific to an organ

system and the type of stimulus triggering the disease process.

7.2 DISCRETE RESPONSE OF INSULIN DEFICIENCY AND
IMPAIRED SERCA IN DIABETIC CARDIOMYOPATHY

The dual action of insulin as a stimulant of lipogenesis and an inhibitor of
lipolysis is a well-known phenomenon®. Lack of insulin in type 1 diabetes
promotes increase availability of FFA in the plasma resulting in elevated
intracellular levels of FA. In streptozotocin-treated rats, insulin administration
suppressed the expression and activity of cardiac PDK4,%! while in an insulin-
resistance state, insulin suppresses PDK expression.®? Consistent with these
reports we found insufficient downregulation of PDK4 mRNA in an insulin-
deficient state that could be a cause of increased PDK expression leading to
impaired glucose oxidation and increased fatty acid oxidation as reported in Akita
mice.** Chronic exposure of the heart to high levels of free fatty acids may cause
accumulation of toxic lipid intermediates within the heart.>® Cardiomyopathy due
to myocardial di and tri-acylglycerol accumulation, increased use of long-chain
fatty acids and increased production of ceramide, occurs secondary to lipotoxicity

in the heart.1” 343 Earlier studies have shown that increased myocardial ceramide
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leads to increase cytosolic Ca 2* due to impaired flux from the endoplasmic
reticulum®. However, Akita hearts were associated with decreased SERCA levels
that may lead to impaired uptake of cytosolic Ca®' resulting in diastolic

dysfunction during the early stages of diabetic cardiomyopathy.

7.3 DIFFERENTIAL ROLE OF TIMP3 IN HEART AND
KIDNEY PATHOLOGY

TIMP3 is one of the highest expressed TIMPs in the mouse heart and is decreased
in patients with ischemic cardiomyopathy?. In addition, TIMP3 is most highly
expressed in the kidneys®. Chronic hyperglycemia has been shown to increase
MMP activities 340 at differential cellular levels such as vascular ECM, coronary
endothelial cells and renal cells which could be partly linked to altered expression
of their inhibitors, TIMPs*'. Moreover, earlier studies have demonstrated that
TIMP3 deficiency exacerbated myocardial hypertrophy, fibrosis and
inflammation in different murine models of heart disease such as myocardial
infarction and pressure overload by transverse aortic constriction 2426 42
Additionally, different cardiomyopathies including diabetic cardiomyopathy are
often associated with structural remodeling of the heart, a major component of
which is remodeling of the extracellular matrix (ECM) “3. Direct evidence of
ECM remodelling in diabetic cardiomyopathy was shown in streptozotocin treated
rats associated with suppressed MMP2 activity and elevated expression of TIMP2
. In Akita hearts the TIMP3 protein levels were comparable to WT hearts at 3

and 6 months of age suggesting lack of any role played by this endogenous MMP
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inhibitor in the myocardial ECM of diabetic heart. While, TIMP3-deficiency in
insulin receptor haplosufficiency background lead to overt hyperglycemia and
hyperinsulinemia in all Insr* mice *, its deficiency did not alter the glycemic

status or exacerbate diabetic cardiomyopathy in Akita mice.

Howover, association of TIMP3 in renal disease have been recognised in earlier
reports. TIMP3 was found as a significant candidate gene for diabetic nephropathy
in humans 2%. Besides, TIMP3 has been linked to a variety of other kidney
diseases. Our lab reported that TIMP3-deficient mice subjected to unilateral
ureteral obstruction have enhanced interstitial fibrosis and nephritis?®. We found
that TIMP3 protein levels were elevated significantly in diabetic kidneys of Akita
mice at 3 and 6 months of age. This selective upregulation of TIMP3 in the
diabetic nephropathy plays a key role and consistent with observations made in
human diabetic nephropathy?' 22 Moreover, TIMP3 deficiency in Akita kidneys
resulted in an intensified renal injury illustrated by increased renal mass and size,
mesangial expansion and elevated urinary albumin excretion, suggesting an early

compensatory role of this only ECM bound TIMP in diabetic nephropathy.

7.4 ROLE OF TIMP3 IN REGULATING INFLAMMATION
AND FIBROSIS IN DIABETIC NEPHROPATHY

TIMP3 is also a critical player in regulating the tissue microenvironment
including control of inflammation and fibrosis?® 42 Inflammation has been well
documented as a cardinal pathogenic mechanism in diabetic nephropathy*. Lack

of TIMP3 in diabetic kidney induced mRNA expression of various fibrotic and
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inflammatory markers such as pro-collagen type | al, CTGF, TGF-p and MCP-1
significantly which was associated with increased tubuolinterstitial fibrosis in
Akita/TIMP3 double mutant kidneys. These findings were directly contributed to
TIMP3 deficiency as Akita kidneys did not exhibit such elevation of fibrosis and
its markers. It was also consistent with our previous findings showing that loss of
TIMP3 enhances interstitial nephritis and fibrosis in a model of unilateral ureteral
obstruction?. Additionally, TIMP3 is a known physiological inhibitor of TNFa
converting enzyme (TACE) and thereby inhibits shedding of membrane bound
tumor necrosis factor alpha (TNFa)*. We found TIMP3 deficiency in Akita

kidney resulted in an increase in the activity of TACE.

7.5 THE ROLE OF TIMP3 IN CANONICAL PATHWAYS
MEDIATED RENAL INJURY IN DIABETIC NEPHROPATHY

Hyperglycemia induced generation of ROS via advanced glycation end products
(AGE) and cytokine such as TGF-B1 is a well-established phenomenon in
neonatal mesangial and proximal tubular epithelial cells *8. However, we found
that TIMP3 deficiency exacerbated renal injury without altering the glycemic
status in diabetic mice. Therefore detoriation in nephropathy symptoms in Akita
/ITIMP3 double mutant mice is directly attributed to the effects of TIMP3 in the
modulation of the canonical pathways mediating renal injury. Several canonical
pathways are key mediators of diabetic nephropathy including increased renal
NADPH oxidase activity, and altered intracellular signaling such as activation of

the PKC system and altered remodeling of the glomerular mesangium 44,
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Activated NADPH oxidase > coupled with other sources of oxidative stress such
as the mitochondria-dependent * and hyperglycemia-induced °” %8 generation of
ROS are clearly linked to the exacerbation of diabetic renal injury. Additionally,
increased renal cortical NADPH oxidase activity and expression of p47Phox

subunit has been linked to renal injury previously®.

Exacerbation of diabetic renal injury by deletion of TIMP3 was associated with
upregulation of TGF-p1 expression, increased generation of NADPH oxidase-
dependent ROS and increased expression of the renal cortical NADPH subunits,
p47P*and NOX2 (gp91P'®¥), in Akita/TIMP3 double mutant kidneys. The peaked
NADPH oxidase activity in Akita/TIMP3 double mutant kidneys was reduced
dramatically by gp91phox ds tat the specific peptide inhibitor of NADPH oxidase,
confirming superoxide generation from NADPH oxidase. Loss of TIMP3 also
compromised the activation of renoprotective signaling pathways including the
Akt/PI3K and ERK1/2 MAPK pathways® ¢ while increasing the expression of

PKCB1 which have been linked to exacerbation of diabetic nephropathy ° %2,

7.6 TIMP3 MEDIATED REGULATION OF MMP2 IN
DIABETIC NEPHROPATHY AND AGONIST INDUCED
VASCULAR REMODELLING.

TIMP3 has the broadest range of substrates among TIMPs,®! and in addition to
inhibiting activated MMPs, TIMP3 can inhibit the cell surface activation of pro-
MMP2 to its cleaved form? . Besides, TIMP3 being the only TIMP which is

bound to the ECM, it has been identified earlier as a link between diabetes type 2
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and vascular inflammation®2. Earlier studies have implicated differential
expression of MMPs predominantly MMP2 and progression of disease process in
various rodent models of diabetic nephropathy®3-%. Besides, expression of MMPs
in the nephron is species specific nevertheless; only MMP2 is expressed almost in
all segments (glomerulus, proximal tubule, descending loop of Henle, ascending
loop of Henle, distal convoluted tubule and collecting duct) of the nephron
considering different mammalian species characterized so far . Although, these
studies have associated increased ECM accumulation due to decreased expression
and activity of MMPs along with earlier report of elevated expression of TIMP2
in the progression of diabetic nephropathy, TIMP3 mRNA expression was

suppressed in a rat model of lithium induced diabetic nephropathy ©’.

This earlier observation, however suggest differential role of TIMP3 in addition to
proteolytic modulation of renal ECM via MMPs in diabetic nephropathy. Despite
the fact that MMP2 activation was elevated in TIMP3 deficient and Akita/TIMP3
double mutant kidneys, adverse renal injury and worsening of an existing
nephropathy was observed only in the double mutants. However, loss of TIMP3
increased oxidative stress in the setting of active MMP2 which aggravated the
pre-existing diabetic nephropathy without affecting baseline TIMP3 deficient
mice. Surprisingly, among all TIMP-deficient mice, only lack of TIMP3 resulted
in a suppressed hypertensive response to Ang Il infusion for 2 weeks. TIMP3
deficiency resulted in elevated activation of cleaved MMP2 in the mesenteric and

carotid arteries in response to Ang Il. While, TIMP3 has the broadest range of
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substrates among TIMPs,% and in addition to inhibiting activated MMPs, TIMP3
can inhibit the cell surface activation of pro-MMP2 to its cleaved form,?
consistent with the observed rise in cleaved MMP2 in Ang Il-infused TIMP3"
arteries. However, increase in cleaved MMP2 was observed in renal tissues of
control TIMP3 deficient mice as oppose to baseline TIMP3 deficient aorta
suggesting organ specific differential pattern of MMP2 regulation by TIMP3 at

baseline.

7.7 MMP2 MEDIATED PROTEOLYSIS IN AGONIST
INDUCED VASCULAR REMODELLING IN THE ABSENCE
OF TIMPS.

Agonist induced hypertensive vascular remodelling is an active process of
structural alterations including degradation and reorganization of the arterial wall
ECM proteins, such as collagen, elastin, proteoglycan, and fibronectin.®® Matrix
metalloproteinase (MMP) are a family of zinc dependant proteases that contribute
to ECM turnover by degrading existing proteins. MMPs are well regulated at
levels of expression, translation, post-translational modification, and inhibition of
their activated form by TIMPs.%% 7 Upon 2 weeks of Ang Il infusion we found
decreased collagen type | and elastin protein levels in TIMP3 deficient carotid
arteries compared to WT despite a significant elevation in its mMRNA levels. These
findings of decreased elastin protein associated with corresponding increase in
MRNA levels suggested post translational degradation rather an impaired
synthesis of elastin. Further, evaluating the proteolytic activities that may explain

the post translational degradation of structural proteins secondary to agonist
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infusion in the wall of carotid arteries, elevated activity of gelatinase comparable
in both TIMP3 deficient and WT was observed. However, the elastase activity
post agonist infusion was found to be significantly higher in TIMP3 deficient
relative to WT carotid walls. Even though MMP2 and 9 are regarded as classical
gelatinases, based on early findings of desired substrate, they possess the ability to
degrade ECM proteins other than gelatin. Besides, being a classical gelatinase,
MMP2 has been shown in several studies to have substrate specificity for elastin

and fibrillar collagen.”™ "3,

Nevertheless, Ang Il infusion for 2 weeks resulted in similar increase in
activation of MMP9 but led to a significant elevation of MMP2 in carotids and
mesenteric arteries of TIMP3 deficient mice compared to WT mice. This
increased levels of activated MMP2 corresponded to elevated elastase activity that
resulted in degradation and loss of elastin in carotid and mesenteric arteries of
TIMP3 deficient mice. Moreover, in a TIMP3 deficient state the loss of structural
proteins secondary to Ang Il infusion were not restricted only to mesenteric and
carotid arteries and involved larger conduit artery such as aorta. Elevated levels of
MMP2 (protein as well as mRNA expression) in TIMP3 deficient aorta were
associated with proteolytic degradation of fibrillar collagen and elastin despite an
increase in their expression. Long term effects of MMP2 mediated degradation of
structural proteins in the TIMP3 deficient aorta after 4 weeks of Ang Il infusion
resulted in development in abdominal aneurysm (defined by a dilatation of more

than 50% from its baseline diameter) as opposed to merely 20% dilatation in WT
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aorta. These findings collectively suggest a causal role of elevated MMP2
activation and activity in the absence of TIMP3 in the degradation of structural
proteins of small as well as large arteries that underlies agonist induced arterial
remodelling and pathological consequences that may lead to refractory

hypotension and abdominal aortic aneurysm.

7.8 COMPENSATORY ROLE OF MMP9 IN THE ABSENCE
OF MMP2 IN AGONIST INDUCED VASCULAR
REMODELLING IN THE ABSENCE OF TIMP3

While, MMP2 mediated proteolytic degradation of vascular structural proteins
secondary to 4 weeks of Ang Il infusion in the absence of TIMP3 resulted in
development of AAA, its absence in TIMP3 deficient mice did not abrogate the
phenotype. On the contrary the TIMP3/MMP2 double deficient mice exhibited an
exacerbated form of AAA after infusion of Ang Il for 4 weeks. The exacerbated
form of aneurysm was associated with adverse vascular remodelling and a more
severe form than seen in TIMP3 deficient aorta after 4 weeks of agonist infusion.
However, in the presence of a pathological stimulus such as Ang Il, TIMP3 is
critical in regulating the proteolytic activities for optimal remodelling in the
abdominal aortic wall. TIMP3 deficiency steadily promoted activation of pro-
MMP?2 into its 64kDa form in the aorta after Ang Il infusion that was consistent
with earlier study that reported inhibition of pro-MMP2 (72kDa) by TIMP3%°,
However in the absence of TIMP3, MMP2 deletion resulted in adverse outcomes
such as inflammation and MMP9 upregulation. However, upregulation of MMP9

in the absence of MMP2 in TIMP3 deficient mice was observed only secondary to
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Ang Il infusion but not at baseline levels in the aorta. Moreover earlier reports of
increased activation of MMP9 was observed in MMP2 deficient lymphocyte from
spleen derived cultured media and resulted in increased severity of experimental

autoimmune encephalomyelitis in the brain 7.

Additionally, TIMP3 deficient heart subjected to myocardial infarction resulted in
severe inflammation and upregulation of MMP9 in the presence of MMP2 which
was not observed in TIMP3 deficient aorta infused with Ang Il. All these studies
reveal organ specific upregulation of MMP9 secondary to differential stimuli and
associated with variable infiltration of inflammatory cells related to these

conditions.

7.9 INFLAMMATORY CELLULAR SOURCE OF MMP9 IN
TIMP3 DEFICIENT STATE AND ITS ROLE IN AGONIST
INDUCED ECM REMODELLING IN AAA

MMP?2 has been shown to play a role in early stages of vascular remodeling such
as in aneurysm formation ™ ’®, while MMP9 is suggested to be involved in later

stages such as aneurysm expansion ™ 77

MMP9 has been identified as the key elastase involved in vascular degeneration
and aneurysm "8 7® which can also degrade other vascular ECM proteins such as
the basement membrane collagen type IV . Mice lacking MMP9 are protected
against elastase-induced AAA 8 as well as CaClz-induced AAA 8. Moreover,
severity of inflammation associated with inflammatory diseases including sepsis

has often been gauged by levels of MMP9%2, We found upregulation of MMP9
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levels concomitant with increased infiltration of lymphocytes and macrophages in
aortas of TIMP3/MMP2 double deficient mice post Ang Il infusion. Furthermore,
we determined inflammatory cells as a source of upregulated MMP9 in these mice
by demonstrating that reconstitution of WT bone marrow in TIMP3/MMP2
double deficient mice suppressed infiltration of inflammatory cells, reduced
MMP9 levels and prevented the Ang Il-induced AAA formation, without any
detection of MMP2 in these chimera mice. Consistent with our findings, it has
been reported that reconstitution of WT macrophages in MMP9 deficient, but not
in MMP2 deficient mice, led to development of AAA which are otherwise
resistant to CaClz-induced AAA, therefore, the macrophage-derived MMP9 and
the MMP2 produced by mesenchymal cells were proposed to work in concert to

mediate AAA 81,

Further, production of MMP2 by mesenchymal cells has been shown to be
enhanced by the presence of inflammatory cells &. This is consistent with our
observation of elevated MMP2 levels in WT-chimera mice (containing
TMP3/MMP2 double deficient bone marrow) as the only possible source of
MMP2 in these animals is in fact the native cells and not the TMP3/MMP2

double deficient inflammatory cells.

Elastin degradation products in AAA samples from patients exhibit chemotactic
activity that attracts macrophages to the site of AAA leading to inflammation 8.
Since the inflammatory cells such as neutrophils and macrophages produce

MMP9 8 8 and other ECM-degrading metalloproteinases 8" 8, this initiates a
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vicious cycle leading to further destruction of the aortic wall structure, aortic

expansion and more severe AAA.

7.10 CONCLUSION

My thesis comprises of studies involving metabolic perturbation and TIMP3 in
the pathognomic role of proteolysis underlying the development of diabetic
complications and aortic aneurysm. These investigation presented in preceding
chapters proves the multifaceted role of TIMP3 in various diseases that continues
to plague humans in this 21% century. However a long path remains to be
traversed to validate these novel findings in relevance to humans for appropriate

clinical trials and potential therapies.
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LIMITATIONS AND FUTURE DIRECTIONS

8.1 LIMITATIONS
8.1.1 Mechanistic Limitation in the Study of Diabetic Cardiomyopathy
Insulin treatment reversed the early diastolic dysfunction of type I diabetic
cardiomyopathy, however, it remains unclear whether the improvement was due
to the direct effects of insulin or due to the correction of hyperglycaemia.
Cultured rat cardiac myocytes and fibroblasts showed differential responses to
high glucose and high insulin concentrations!. High glucose concentrations
increased collagen synthesis and mMRNA expression of fibronectin and
transforming growth factor-p1 (TGF-B1) only in cardiac fibroblast, whereas high
insulin concentrations increased DNA and collagen synthesis in fibroblasts and
elevated protein synthesis and ANP secretion in cardiomyocytes. To dissect the
role of insulin versus hyperglycaemia we need in vitro studies with cardiomyocyte
and fibroblast cultures and subjected to separate conditions simulating either high
insulin or high glucose levels conditions found in diabetes. Moreover, the
majority of the world’s diabetic population is comprised of type 2 and the
cardiomyopathy associated with diabetes type 2 is characterized by increased
myocardial interstitial fibrosis, inflammation, vasoconstriction and endothelial
dysfunction®*. Hence findings of cardiomyopathy related to type 2 diabetic model
would be more relevant in the setting of insulin resistance and hyperglycemia.
Moreover, alterations in SERCA protein levels in the Akita hearts indicated an

indirect evidence of impaired calcium handling without providing an explicit
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underlying mechanism of diastolic dysfunction. Additional investigations such as
measurements of calcium transients in isolated cardiac myocyte in a
hyperglycemic environment would further enrich our understanding of the
impaired calcium regulation in diabetic cardiomyopathy. Although the majority of
the cytosolic calcium uptake is due to SERCA protein in murine cardiomyocyte,
alterations of other proteins such as sodium-calcium exchanger (NCX) underlying
decreased calcium transient in diabetic cardiomyopathy has been reported earlier®.
My study lacks any additional contributions of other Ca?* transport proteins but
was restricted to SERCA in the understanding of diastolic dysfunction.
8.1.2 Organ Specific and Conditional Gene Deletion in Experimental Disease
Models

In our studies we utilized whole body knockout for TIMP3 and MMP2
deficiency. Additionally, to dissect the causal role of a protein in a disease process,
organ or even cell specific deletion of the gene responsible for transcription would
be more relevant. The advantages of murine models in our study over many large
animals include a small gestation period, large litter size and above all the ease in
genetic manipulation of an already sequenced genome. However, a whole body
gene knock out from birth is not devoid of compounding effects of its deletion
from other organs and still remains far from being physiological or mimic
pathological conditions seen in humans. .However, conditional and organ specific
gene knockout of TIMP3 from mesangial, tubulointerstitial cells of kidneys in our
diabetic nephropathy project would have been a more relevant approach thus

limiting the effects of TIMP3 deletion in renal specific cells.
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Unfortunately, it still remains unknown as which cell type is responsible for
expression of TIMP3 for its compensatory role in diabetic renal injury. Moreover,
deletion of TIMP3 in glomerular specific cells in the background of Akita would
more explicitly explain the role of this protein in diabetic glomerular injury.
Additionally, inflammatory processes involving immune derived cells such as
macrophage infiltration are recognized as potential factors in the progression of
diabetic nephropathy® . Moreover, TIMP3 deletion in these immune derived cells
in the background of diabetes and any alterations of their migration and
proliferative properties in association of diabetic nephropathy needs to be
explored that was out of scope in our studies. Similarly, compounding effects of
TIMP3 deletion in endothelial cells would allow a more specific role of TIMP3 in
the agonist induced vascular remodelling projects if vascular smooth muscle cell

specific knock outs were used instead of whole body deletion.

8.1.3 Lack of Temporal Changes in the Pathogenesis of Vascular Disease
Tissues were harvested in studies involving agonist infusion after 2 or 4
weeks from the day of infusion for molecular work. As all the changes in protein
levels and the enzymatic activities were assessed either at 2 or 4 weeks post Ang
Il pump implantation that lacked to reveal any molecular perturbation during the
course of infusion. A time course analysis of these parameters would provide
insight into the order of events that may lead to better understanding of the subtle
changes that would be essential in developing any potential therapeutic

intervention. The time course of development of aneurysm may involve early
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events such as aortic dissection & that could not be captured in ultrasound

performed at 2 and 4 week post implantation of osmotic pumps.

8.1.4 MMP Inhibitors as Prevention and not as Treatment

In our vascular studies, we used doxycycline and PD166793 as a broad
spectrum inhibitor for 2 and 4 weeks respectively. However these MMP inhibitors
were provided in the form of daily gavage during the course of Ang Il infusion.
Although, they provided essential insight into the proteolytic mechanism of
MMPs underlying the disease processes, they cannot be regarded as a true
treatment procedure. Moreover, these broad spectrum MMP inhibitors were
administered prior to the pathological proteolytic degradation of the arterial ECM
and provide good evidence for prevention rather than abrogation of a preformed
pathology. Further investigation involving treatment with these broad spectrum
MMP inhibitors after establishment of aortic pathology via ultrasonography
would definitely prove more physiologically relevant approach in the therapeutics

of vascular pathology.

8.2 FUTURE DIRECTIONS
8.2.1 The Role of TIMP3 in Type 2 Diabetic Cardiomyopathy

TIMP3 is one of the highest expressed TIMPs in the mouse heart. Apart from
being altered in several heart diseases ! its role in metabolic diseases are yet to
be explored. However, a study investigating candidate genetic association for
metabolic disease revealed TIMP3 gene among quantitative trait loci associated

with diabetes and dyslipidemia 2. Previous study involving heterozygosity for
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null insulin receptor allele (Insr*-) showed variable degrees of insulin resistance
due to different environmental factors and genetic modifiers 3. Additionally, sub-
population of Insr*- mice that develop diabetes type 2 (Insr*"D, hyperglycaemic
and hyperinsulinemic) show down regulation of TIMP3 expression compared to
the non-diabetic sub-population of these mice (Insr*- N, Normoglycaemic).
Furthermore, TIMP3-deficiency in insulin receptor haplosufficiency background
leads to overt hyperglycemia and hyperinsulinemia in all Insr*- mice®.
Deficiency of TIMP3 resulted in dilated cardiomyopathy with contractile
dysfunction and progressive cardiac remodelling in 21 months aged mice
comparable to human heart failure!®. Nevertheless, the role of TIMP3 in
cardiomyopathy secondary to diabetes type 2 has not been investigated. | intend to
study further the role of TIMP3 in an experimental animal model of diabetes
associated with obesity and traits of metabolic abnormalities due to impairment in
leptin signaling such as db/db mice. This mice harbour a point mutation in the
gene responsible for leptin receptor isoform (ObRb) that is ubiquitously expressed
in mamalian tissue with abundance in the hypothalamus®®. Moreover, db/db mice
is accompanied by insulin resistance!’, dyslipidemia'® and impaired glucose
tolerance, thus mimics the disease processes in humans associated with metabolic
syndrome. In addition to cardiac dysfunction, TIMP3 has been identified as the
link between insulin resistance and vascular inflammation®®. I would further
investigate the role of TIMP3 in remodeling of vascular ECM and inflammatory

processes associated with vasculopathy in diabetes type 2.
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8.2.2 The Role of TIMP3 in Agonist Induced Fibrosis

Adult mouse fibroblast (FB) are known to express at least six different types
of MMPs of which four belong to the family of secreted collagenases (MMP-2,
MMP-8, MMP-9, MMP-13) and the membrane bound MMPs (MT1-MMP, MT3-
MMP) . MMPs are the key molecules of fibroblast-mediated collagen
degradation. Fibroblasts also have the ability to degrade collagen type I, the
predominant fibrillar proteins in the ECM, via secreted collagenases 2% 22 and to
invade tissues due to the membrane bound MT1-MMPZ, Previous study has
shown that TIMP3 deficient mice exhibit severe myocardial fibrosis following
pressure overload!. However, complete characterization of fibrosis after agonist
infusion such as Ang Il which is a well-known fibrogenic agonist ?* in heart,
vessels and kidneys is still lacking in the literature. We will use cultured adult
cardiofibroblast to determine the mechanism of fibrogenic potency of TIMP3-
deficient fibroblasts in response to Ang Il. Additionally, it would be explanatory
to examine if cultured cardiac FB lacking TIMP3 express greater levels of ECM
proteins. Previous study from our lab has explicitly shown that TIMP3 deficiency
resulted in increased peritubular interstitial fibrosis and enhanced collagen |
accumulation in the renal fibrotic lesion after unilateral ureteric obstruction
mimicking human obstructive nephropathy?®. While, fibroblasts remains the main
source of excessive interstitial collagen produced in renal injury ¢ it is essential to
determine if the greater collagen production in TIMP3 deficient renal FB is due to
higher rate of proliferation of these fibroblasts which can lead to increased

collagen production in these mice.
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8.2.3 TIMP3 Replenishment in the Treatment of Diabetic Nephropathy and
AAA

Establishment of the critical role of TIMP3 in diabetic nephropathy and
agonist induced AAA in TIMP3 deficient mice has paved the way for an exciting
arena of replenishing this protein in order to investigate its therapeutic potentiality.
Conventional approach of introducing TIMP3 in the diseased organ stems from
futile methods of delivery and a lack of prolong effect due to its short half-life in
the tissue. Gene base therapy with replication defective adenoviral and adeno-
associated viral vector has been used in earlier studies of vascular gene transfer
with significant success?” 28, However, non-viral vectors such cationic liposomes
and naked plasmid DNA have proved safer than viral vectors but resulted in
restricted efficiency. Nonetheless, combined forms of replication defective adeno
virus with conjugated vectors are designed to overcome efficiency and specificity
issues?®. The primary effect of TIMP3 gene therapy either in the aorta for AAA
and in the kidney of diabetic animal models would be based on the enhancement
of endogenous TIMP3 specific to these organs and sparing rest of the body. Many
clinical trials regarding gene therapy involving humans are under way, however
only a hand full of them is associated with vascular disease?® 0. Although
systemic gene therapy in the cardiovascular system has shown promising results
in areas of atherosclerosis and hyperlipidemia, most of the adenoviral vector
infusion resulted in hepatic accumulation and expression. Treatment of AAA
using gene therapy would need local expression of TIMP3 gene at the aneurysmal

site as oppose to systemic therapy to avoid iatrogenic effects at other healthy and
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prevent dilution of the therapeutic concentration of the vector’l. One of the
simplest methods of local gene transfer in the artery is known as the “dwell
method”®>34, This method comprises of surgical isolation of the arterial segment
of interest held between 2 temporary ligatures. Solution containing the vector is
introduced after withdrawal of blood from the lumen of the target segment. The
solution is further allowed to incubate before being withdrawn and circulation
restored in the area®®. However,, replenishment of a gene of interest in the area of
vascular gene therapy depends on the efficiency of delivery. Ironically, delivery
efficiency is amplified in vascular pathology with a breached endothelium.
Histopathological evidence from murine aortic aneurysmal samples in our study
has shown focal degradation of structural proteins in the media and a breached
endothelial layer. Hence effective medial gene transfer may be more efficiently
achieved due an impaired endothelial barrier in diseases like AAA3L, Besides, to
overcome the difficulties in delivery efficiency, approaches such as indirect and
direct gene transfer in the arterial system has been performed previously. The
indirect transfer involves the transfection of vascular cells with the virus in vitro
before being transplanted into the arterial area of interest®®and specific to smooth
muscle cells*®. The direct method on the contrary involves direct introduction of
the transgene via catheter®” or surgically®. However, the endothelium and the
internal elastic lamina proves the main barrier for adequate arterial gene transfer®.
Renal specific gene transfer share many commonalities with vascular gene
therapy as discussed above and has proven successful in abrogating kidney

disease in animal model of experimental glomerulonephritis*.
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8.2.4 Aortic Aneurysm Studies on Females

Our study on AAA was primarily aimed to investigate the causal role of
TIMP3 and experiments were performed using male mice as AAA is
approximately 6 times more prevalent in men than women*! 42, However, once
the disease develops females are known to have a severe course of the disease
with increased rate of rupture and poor prognosis®®. The female sex specific
protection and detoriated prognosis of AAA needs further investigation in terms

of the roleof TIMP3 and a possible effect of oestrogen.
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