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AN ABSTRACT OF THE THESIS OF

Rasha Shehade Slika  for Master of Science
Major: Physiology

Title: Mesenchymal Stem Cells-Conditioned Media as A Prospective Therapy for
Cardiomyopathy in Type 1 Diabetes

Background: Diabetic cardiomyopathy is one of the major macrovascular complications
that occur in patients with diabetes mellitus. It is characterized by morphological and
functional alterations in the heart especially in the left ventricle (LV). In type 1 diabetes
mellitus (T1DM), LV hypertrophy as well as systolic dysfunction occur, where the ejection
fraction and fractional shortening values significantly decrease affecting the myocardial
contractility. Several pathogenic mechanisms underlying TIDM contribute to collagen
accumulation and glycosylated protein deposition, ultimately resulting in fibrosis and
cardiac injury. Furthermore, an upregulation in the expression of alpha-smooth muscle
actin (a-SMA), fibronectin, and NADPH oxidases have been reported in a diabetic milieu.
An increasing body of evidence have shown that mesenchymal stem cells (MSCs) have the
potential to enhance cardiac function and ameliorate diabetes-induced cardiac damage and
myocardial fibrosis. More importantly, the cardio-protective mechanisms of MSCs are
most likely to be attributed to their paracrine effect rather than their differentiation
potential. Therefore, it is suggested that conditioned media derived from MSCs may
attenuate diabetic cardiomyopathy.

Aim: The present study aims to assess the cardio-protective role of MSCs-conditioned
media and to investigate the molecular mechanisms by which MSCs-conditioned media
exert this protective role. We aim to determine the effect of MSCs conditioned media on
cardiac function in Streptozotocin (STZ)-induced type 1 diabetic rats, particularly ejection
fraction and fractional shortening. We also aim to investigate the molecular changes in
cardiac markers of injury including a-SMA, fibronectin and NADPH oxidase 4, as well as
the histological alterations mainly fibrosis.

Methods: Sprague-Dawley rats were divided into the following groups: a control group
and a Streptozotocin-induced type 1 diabetic group. After 6 weeks from diabetes onset, rats
were divided into the following groups: (1) Control; (2) Control with weekly injections of
MSCs-conditioned media, (3) Diabetic; (4) Diabetic treated with weekly injections of
MSCs-conditioned media. Echocardiography studies were performed at the 8" and 12%"
week of treatment. After 12 weeks of treatment from diabetes onset, functional,
histological, biochemical, and molecular parameters of the heart were assessed.

Results: Treatment with MSCs-conditioned medium attenuated cardiac injury in diabetic
rats. Protection against diabetic cardiomyopathy imparted by MSCs-conditioned media
was denoted by decreased myocardial fibrosis and a decrease in collagen and glycosylated
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proteins deposition in cardiomyocytes. Intriguingly, treatment with MSCs-conditioned
media did not decrease blood glucose levels in type 1 diabetic rats, indicating that the
cardio-protective role of MSCs-conditioned media is not attributed to the restoration of
normal glucose levels. Furthermore, treatment with MSCs-conditioned media restored
ejection fraction and fractional shortening to values similar to controls. Moreover, our
results show that MSCs-conditioned media tend to decrease the expression of markers of
cardiac injury including a-SMA, fibronectin, as well as nox4.

Conclusion: Our results suggest that MSCs-conditioned media may represent a therapeutic
modality for diabetic cardiomyopathy. Further in-depth mechanistic investigations are
needed to better understand the paracrine effect of MSCs on the heart and to further
elucidate the potential molecular mechanisms of this cardioprotective role.
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CHAPTER |
INTRODUCTION

1. Diabetes Mellitus

A. Epidemiology

Diabetes mellitus (DM) is a metabolic, autoimmune, and chronic disease that
remains to be a major health concern nowadays affecting children, adolescents, and
adults. It has scored high rates of prevalence, deaths, and expenditure across the globe
resulting in social, financial and health system burden [1-5]. The prevalence of diabetes
has been dramatically increasing worldwide and is predicted to rise by 25% in 2030 and
51% in 2045 [3]. According to International Diabetes Federation (IDF), diabetes affects
around 463 million individuals in 2019 and estimated to reach 700 million in 2045 [3].
Moreover, it was shown that large economic and health burdens are caused by diabetes,
not only on the patient but also on his/her family, national health care system, and society
as well. The American Diabetes Association (ADA) has reported $327 billion as an
annual cost of diabetes in 2017 [5]. In Lebanon, results from a study performed on the
financial burden of diabetes in 2015 show very high numbers of admissions, long
duration of hospitalization and high cost for diabetes mellitus management [26]. Among
non-Gulf Cooperation Council (GCC) countries, Lebanon shows the highest prevalence
of diabetes in 2017 according to statistical analysis conducted between Arab countries
[27]. It is worth mentioning that the challenge of controlling diabetes has been associated
with psychological and social load causing stress, anxiety, and distress-related diabetes

[2]. Individuals diagnosed with diabetes are more likely to attempt suicide than normal



population by three to four times [2]. All these facts mentioned above have affected the

quality of life and made diabetes an interesting topic for researchers and clinicians.

B. Definition and Classification

Diabetes mellitus is a metabolic disorder characterized by impaired insulin
secretion and/or action resulting in hyperglycemia. The chronic exposure to
hyperglycemia is associated with long-term damage and organ failure specifically in
eyes, kidneys, nerves, heart, and blood vessels. The pathogenic process of diabetes
involves either the destruction of pancreatic beta cells with consequent insulin deficiency,
or resistance to insulin action when the body tissues are no longer able to respond to
insulin effectively. The two scenarios are defined as type 1 diabetes mellitus (T1DM) or
type 2 diabetes mellitus (T2DM), respectively. They are considered the most prevalent
forms of diabetes being associated with number of symptoms including polyuria,
polydipsia, polyphagia, weight loss or gain, fatigue, and blurred vision. Patients with
diabetes also sense tingling or numbness in their extremities, suffer from slow wound
healing, and have higher susceptibility to infections [6]. Different symptoms are
experienced by patients with TIDM and T2DM by which the diagnosis must be
distinguished so that the therapy will be well determined. Other forms of diabetes also
exist including gestational diabetes mellitus (GDM), type 3 diabetes - referring to

Alzheimer’s disease, and other specific types [6, 28, 29].

i.  Type 1 Diabetes Mellitus

This form of diabetes is termed as Insulin-dependent diabetes mellitus (IDDM)

or juvenile-onset diabetes accounting for about 10% of patients with diabetes [6]. It leads



to insulin deficiency which leave patients dependent on exogenous administration of
insulin for their survival [30]. TIDM is the result of cellular-mediated autoimmune
destruction of pancreatic beta cells and thus also known as immune-mediated diabetes
[31]. It was previously shown that this destruction is mainly associated with multiple
genetic predispositions; however, other environmental factors may also be related, yet,
they remain to be poorly investigated [32]. The rate of beta cells destruction varies
according to the individual’s age; it occurs rapidly in infants and children and progresses
slowly mainly in adults. Some patients, especially children and adolescents, develop
ketoacidosis as an early manifestation. Others, particularly adults, may keep residual beta
cell function enough to prevent ketoacidosis for many years [28]. It was reported that
some forms of T1DM referred as idiopathic diabetes have no known etiologies. These
patients exhibit permanent insulin deficiency and are susceptible to ketoacidosis with no
proved autoimmunity [6]. Despite extensive research and studies, there is still no defined
cure for TLDM, and patients are under life-threatening complications with social
economic burdens.

ii. Type 2 Diabetes Mellitus

Type 2 diabetes mellitus (T2DM), previously referred to as Non-Insulin-
Dependent Diabetes Mellitus (NIDDM) or adult-onset diabetes, is the most common form
accounting for about 85% to 90% of all cases. Patients with T2DM are characterized by
insulin resistance with relative, rather than absolute, insulin deficiency. It is suggested that
insulin levels in these patients appear normal or elevated depending on the blood glucose
levels. High blood glucose levels are shown to be associated with even higher insulin
values [6]. Therefore, the defective insulin secretion in patients with T2DM is insufficient
to compensate for their insulin resistance. Moreover, the progressive deterioration of
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pancreatic beta cell function leads to sustained increase in blood glucose levels [33]. This
deterioration may explain the reason behind of why patients with T2DM might develop
into TIDM [34]. Although, the specific mechanism underlying the pathology of T2DM is
still unknown, the destruction of beta cells does not take place. Thus patients diagnosed
with T2DM do not require insulin treatment, at least initially, to survive. They remain
undiagnosed for many years since at early stages hyperglycemia is not severe enough for
the individual to notice the symptoms. However, they are considered at high risk of
developing diabetes-induced complications. It is reported that genetic predisposition is a
strong contributor for T2DM [35]. Nonetheless, its incidence increases with age, obesity,
and lack of physical activity suggesting that environmental factors are also important
mediators in the progression of the disease [35]. Several experimental studies show that
T2DM occurs more frequently in patients with hypertension or dyslipidemia. It was also

reported that visceral obesity is associated with insulin resistance [36].

iii.  Gestational Diabetes Mellitus

Gestational diabetes mellitus (GDM) is a major medical condition by which
women experience high blood glucose levels during the second or third trimester of
pregnancy. It affects approximately 7% of all pregnant women, ranging between 1% to
14% depending on the population studied, resulting in more than 200,000 cases annually
[6]. In most cases, GDM resolve after delivery; however, it can impact the baby’s health
and, sometimes, increase the risk of developing T2DM later in life. This form of diabetes
can be divided into two groups. Class A1 GDM may be managed by the woman’s

lifestyle through diet and exercise. Women with class A2 require exogenous insulin



treatment or other medications to survive. An appropriate follow-up strategy of women
with GDM is essential to determine the diagnostic criteria used [37].

iv.  Type 3 Diabetes

Type 3 diabetes involves the brain selectively and is known as ‘brain diabetes’.
Many studies attributed this description to the brain of an Alzheimer’s patient. It was
shown that Alzheimer’s disease has molecular and biochemical characteristics that occur
with both TIDM and T2DM [38, 39].

v.  Other Specific Forms

Other forms of diabetes are associated with other diseases such as
endocrinopathies (ex: Cushing’s syndrome, Acromegaly, etc.), diseases of the pancreas
(ex: pancreatitis, cystic fibrosis, etc.), or viral infections. Diabetes may also be caused by
genetic defects in beta cell function or insulin action, or induced by drugs such as

glucocorticoid, beta adrenergic agonist, thyroid hormone, etc. [6, 28]

C. Diagnostic Tests

According to (ADA), the diagnosis of diabetes is achieved based on plasma
glucose levels through three main laboratory tests. These diagnostic tests are the fasting
plasma glucose (FPG), 2-h plasma glucose (2-h PG) value during a 75-g oral glucose
tolerance test (OGTT), and hemoglobin Alc (HbALlc). A patient is diagnosed with
diabetes if he/she has FPG > or = to 110 mg/dL, OGGT > or =to 11.1 mmol/L or Alc >
or =t0 6.5 %. The simplest diagnostic test is the (FBG) that measures blood glucose after
at least 8 hours of no caloric intake. The second widely used diagnostic test is the OGGT

that assesses how fast glucose is cleared from the bloodstream. It is performed by giving



the patient 75g of anhydrous glucose dissolved in water to be ingested orally two hours
before blood glucose measurement. The third diagnostic test is the HbAlc which is
known to be the most accurate one. Hemoglobin is a protein found in the red blood cells
and binds to glucose that is build up in the blood. Due to the fact that red blood cells have
a life span of around 3 months, Alc is considered a widely marker of chronic
hyperglycemia and is used to measure the average blood glucose levels over 2- to 3-
months of time. Unfortunately, diabetes remains underdiagnosed. However, it is crucial
to screen for diabetes using these three lab tests to have an early diagnosis and thus
immediate medical intervention before the progression of diabetes and its complications

[6, 28].

D. Complications

Maintaining normal glucose levels remains to be a substantial challenge for
diabetic individuals. Unfortunately, patients with TLDM and T2DM are at high risk of
developing diabetic complications due to the uncontrolled diabetes. Mechanisms
underlying these complications are triggered by the chronic exposure to hyperglycemia.
The degree of hyperglycemia may change over time according to the extent of the disease
pathology which reflects its toxicity on several organs of the body mainly the heart, blood
vessels, kidneys, eyes, and nerves. In fact, diabetic complications can be life-threatening
and are classified into microvascular and macrovascular complications occurring due to
damage in small and large blood vessels respectively. Microvascular complications,
recently termed as triopathy which includes damage to eyes (retinopathy), to kidneys
(nephropathy), and to nerves (neuropathy). Macrovascular complications affect the heart
and large arteries leading to coronary artery disease, hypertension, heart failure,
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atherosclerosis, peripheral vascular disease, strokes, as well as cerebrovascular disease.
Large randomized-controlled trials show that the onset and progression of these

complications may be delayed with a good metabolic control in TLDM and T2DM [7-9].

2. Cardiovascular diseases in diabetes

Diabetes has shown to be a powerful risk factor for cardiovascular (CV)
diseases that occur at earlier ages in comparing with normal condition [40]. In a
patient with diabetes, CV diseases extend to atherosclerosis, coronary artery disease
(CAD), myocardial infarction (Ml), heart failure (HF), arrhythmia, hypertension, and
cardiomyopathies [12]. CV diseases are considered the leading cause of death in
diabetic patients accounting for three quarters of the deaths among this population
[10, 11]. The incidence of heart failure hospitalization is two times greater in diabetic
than non-diabetic individuals, and higher heart failure case-fatality was shown to be
associated with T1IDM patients [41]. According to several epidemiologic studies
including the Framingham study [42], United Kingdom Prospective Diabetic Study
[43], Cardiovascular Health Study [44], and Euro Heart Failure Survey [45], the
presence of diabetes increases the risk of developing heart failure and other
cardiovascular complications.

Data from experimental and clinical studies have shown that diabetes causes
cardiac changes at the structural, functional, and pathological levels. Structural
abnormalities can be manifested by an increase in left ventricle (LV) mass, wall

thickness, and arterial stiffness. Also diabetes has been shown to be associated with



concentric hypertrophy (defined by LV mass and wall thickness) which is linked to
diastolic dysfunction [46]. Increasing evidence highlights impairment in diastolic
function with increased LV end-diastolic pressure and a decreased LV end diastolic
volume with a normal ejection fraction (EF) in diabetes mellitus [47-49]. In response
to exercise, diabetic patients demonstrate a lower left ventricular ejection fraction
(LVEF) which accounts for a reduction in cardiac reserve [50]. However, there is
limited evidence describing the right ventricle diastolic dysfunction in patients with
diabetes [51]. At the pathological level, results from diabetic heart biopsies reported
an increase in cardiomyocyte protein glycosylation, myocardial interstitial fibrosis, as
well as myocyte hypertrophy. Additional data demonstrate an increase in collagen
deposition, advanced glycation end-products (AGEs) formation, and reactive oxygen

species (ROS) production in diabetic cardiac tissues [52-54]

3. Diabetic cardiomyopathy

Rubler et al. was the first to introduce the concept of diabetic cardiomyopathy
(DC) in 1972 after studying the pathology of four autopsy cases having diabetic
glomerulosclerosis with no known cause of heart failure [55]. The definition of DC was
known as diabetes-induced pathophysiological condition that causes myocardial
structural and functional alterations or ventricular dysfunction independent of other
factors. It can lead to heart failure in the absence of other events like coronary artery
disease, hypertension, and valvular heart disease[13]. DC occur in progressive stages
starting with metabolic and structural changes in the ventricle leading to ventricular

hypertrophy and dysfunction resulting in heart failure [14]. It begins with a diminished



diastolic function, while the systolic function is preserved until the disease reaches a
more advanced stage [49].

The first stage of DC is clinically asymptomatic being characterized by
increased fibrosis and stiffness. There are also early manifestations of diastolic
dysfunction including early defects in diastolic filling, increased atrial filling and
enlargement, prolonged isovolumetric relaxation, as well as elevated LV end-diastolic
pressure [15, 56]. There are several systemic contributors behind these pathological
events including hyperglycemia, hyperinsulinemia, insulin resistance, oxidative stress,
activation of the renin—angiotensin—aldosterone system (RAAS), and inflammation [15,
16]. Also local perturbations are involved such as myocardial lipotoxicity and
glucotoxicity, mitochondrial dysfunction, altered substrate utilization, and impaired
calcium homeostasis [16].

In the second stage of DC, LV hypertrophy, reduced LV compliance, and
cardiac remodeling are observed. As such diastolic dysfunction becomes more advanced.
Consequently, heart failure with normal ejection fraction occurs. At late stages of the
disease, diastolic dysfunction may coexist with systolic dysfunction and eventually
ejection fraction is reduced, pre-ejection performance is prolonged, ejection period is

shortened, and the filling resistance and pressure become higher [15].

A. Mechanisms underlying diabetic cardiomyopathy

The pathogenesis of DC is complex and multifactorial. It is essential to
understand the underlying mechanisms as it facilitates the development of possible new

therapeutic strategies. Hyperglycemia and its outcomes are considered the main



instigators associated with DC. In diabetes, the chronic exposure to high glucose levels in
the blood can cause damages through an increase in ROS and AGE.

ROS consist of both free radicals (superoxide) and chemicals that generate free
radicals (hydrogen peroxide). In hyperglycemia environment, the production of ROS in
the mitochondrial respiratory chain exceeds their degradation by antioxidant defense
leading to oxidative stress. This in turn reduces myocardial contractility and eventually
causes myocardial fibrosis [17]. Moreover, oxidative stress induces cardiomyocyte
apoptosis and cellular DNA damage which activates poly (ADP-ribose) polymerase
(PARP) as a reparative enzyme [17, 57]. This enzyme cause cardiac damage through
activation of nuclear factor kappa (NF-xB) which may contribute to the switch from a-
myosin heavy chain (a-MHC) to f-myosin heavy chain (B-MHC) isoform expression in
diabetic hearts [58, 59]. An elevation in transverse growth factor B (TGF-B) is observed
in DC cases due to the activation of PARP which are also involved in inter-myofibril and
perivascular fibrosis [60]. Furthermore, PARP enzyme can redirects glucose metabolism
from its usual glycolytic pathway into alternative biochemical pathways by inhibiting
glyceraldehyde phosphate dehydrogenase (GADPH). This diversion is shown to be the
inducer of hyperglycemia-mediated cellular injury. Examples of such injuries include
increased formation of AGE and activation of protein kinase C (PKC) [57, 58]. PKC
impaired calcium handling and cardiac contractility in myocytes as it phosphorylates
proteins that are directly participating in the cardiac excitation-contraction coupling [61].
Importantly, the increased production of AGE can alter structural proteins producing
crosslinks within or between proteins. The crosslinks involve collagen and elastin; long-

lived extracellular proteins, affecting the ability of collagen to be degraded and thus being
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accumulated resulting in fibrosis. This also progresses to increased myocardial stiffness
and impaired cardiac relaxation [62, 63]. AGE acts through its receptors (RAGE) that are
found on cardiomyocyte and activated by oxidative stress in the diabetic myocardium
[64]. Upon RAGE activation, NF-xB signaling pathway is also activated triggering a
cascade of events, which finally switch (MHC) gene expression [59].

Moreover, a decrease in the activity of calcium (Ca?") pump is considered
another player in the development of DC. It was found that in DC, the impairment of
Ca2* handling increases action potential duration and prolongs diastolic relaxation time
[65]. Moreover, the reduction of sarcoplasmic reticulum Ca?* pumping and the impaired
SR Ca?" reuptake leads to abnormal cytosolic Ca?* transient and increased SR Ca?*
leakage [66, 67]. These events are considered to play a key role in cardiac diastolic
dysfunction of an early DC.

Several investigations from human and animal experiments support the role of
activation of RAAS in development of DC. This hyperglycemia-induced activation result
in high levels of intracellular angiotensin Il (AGT Il) which has a direct effect on cell
signaling via its receptor [68]. It leads to cardiomyocyte hypertrophy, upregulates the
activity of NADPH oxidase, and increases ROS production [69]. This will eventually
result in oxidative damage to cardiomyocytes and endothelial cell apoptosis and necrosis
[70]. It was also shown that the elevated amount of ROS in DC not only increases
expression of AGE receptors but also inhibits endothelial nitric oxide synthase (eNOS)
and prostacyclin synthase activity [71]. Thus, the increase in fibronectin and collagen
levels in the myocardium and myocardial interstitial characterize the fibrotic pattern of

DC [18].
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Therefore, further investigations are crucial to precisely understand the
mechanisms implicated in initiation and progression of DC, facilitating the generation of

novel therapies.

Hyperglycemia

! I I l
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|
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Figure 1 : General pathophysiological mechanisms of diabetic cardiomyopathy.
Schematic representation of the general potential mechanisms that have been implicated in
the pathogenesis of diabetic cardiomyopathy resulting in heart failure. The chronic
exposure of hyperglycemia trigger activation of RAAS, oxidative stress, AGEs formation,
and impairment of Ca?* handling. These hyperglycemia-induced mechanisms can induce
cardiac hypertrophy, fibrosis, inflammation, and apoptosis. This will eventually lead to
diabetic cardiomyopathy, and thus diastolic dysfunction, systolic dysfunction in more
advanced stage, resulting in heart failure.

B. Diagnosis of diabetic cardiomyopathy

Currently, there are several diagnostic strategies for DC that can assess
functional, structural, metabolic, and/or hemodynamic changes [72, 73]. One of the best

approaches is the echocardiography; Tissue Doppler Imaging (TDI), that can measure
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myocardial tissue velocities during the cardiac cycle and quantitatively assess regional
and global diastolic and systolic myocardial functions. It provides the percentage of
ejection fraction and fractional shortening that are found to be reduced in DC below 70%
and 35% respectively. The magnetic resonance imaging (MRI) is another diagnostic
modality that can identify myocardial steatosis and diastolic dysfunction via late
gadolium-enhancement technique. In addition to the magnetic resonance spectroscopy
(MRS) that can measure myocardial Triglycerides (TG), phosphocreatine (PCr), and ATP
levels in the myocardium. It demonstrates an increase in TG content and a reduced
PCr/ATP ratio in DC. Moreover, the coronary angiography and cardiac catheterization
are considered an important diagnostic tool to assess hemodynamic events within the
heart. They can invasively determine the mean pulmonary capillary wedge pressure > 12
mmHg or the LV end-diastolic pressure > 16 mmHg as important diagnostic parameters
for diastolic dysfunction. Several serum/plasma cardiac biomarkers could be also used in
diagnosis of DC. They are shown to be elevated in DC. These parameters may include
matrix metalloproteinase (MMP) for myocardial fibrosis, brain natriuretic peptide (BNP)

(> 90 pg/mL) and Troponin for LV dysfunction.

4. Stem Cells

A. General Overview

Stem cells are unspecialized and undifferentiated cells with the ability to
proliferate and regenerate. They also have paracrine secretion function, as well as the
potential to differentiate into almost any cell type of the body. Any improper step in

differentiation or proliferation of stem cells can lead to serious medical conditions such

13



as birth defects or cancer. Recently, stem cell topic has developed a great interest for
researchers and scientists. It can help in better understanding of several body functions
and mechanisms in both physiological and pathophysiological states [74-76]. Moreover,
stem cell research put a promising hope in medicine as it may bring new ways of treating
several chronic and incurable diseases. In fact, stem cells are characterized by
antifibrotic, pro-angiogenic and anti-apoptotic properties that may enhance treatment of
diseases for which pharmacological or surgical therapies are lacking. Currently, stem
cell-based therapies provide a therapeutic approach for spinal cord injury, heart failure
[77], retinal and macular degeneration [78], tendon ruptures, and T1DM [79]. However,
there are several challenges in the clinical development of stem cell therapy including
dosage and route of administration, risk of tumorigenesis, autologous and allogeneic
grafting, duration and degree of cell expansion, as well as their unclear underlying
mechanisms [80-84]. Therefore, further in-vivo and in-vitro applications are necessary in
order to provide a long-term, efficient, and safe stem cell therapy in human clinical trials.
Interestingly, emerging studies describe that the protective mechanisms underlying stem
cell therapy are most likely attributed to stem cells paracrine secretions rather than their
differentiation potential [85]. It is strongly proved that this stem cell secretome, also
termed as MSC-conditioned media (MSC-CM), can strictly regulate vital cellular
functions including proliferation, differentiation, communication and migration [86].
Fortunately, it was shown that stem cell secretome offers numerous advantages over stem
cell-based strategies with similar therapeutic effects [87]. Using stem cells and their

secretome, as a treatment tool, could be a turning point in modern medicine.

B. Types

14



Stem cells can be divided into embryonic, cord blood, and adult stem cells

which are further divided into several other types [75, 76].

i.  Embryonic Stem Cells

Stem cells that exist in developing embryos are found at different stages. Early
embryonic stem cells at the morula stage are the least differentiated cells and can give
rise to embryonic and extra embryonic structures. Embryonic stem cells at the blastocyst
stage are found in its inner cell mass and can differentiate into all specialized embryonic
tissues to develop into a human body. They are less specific than adult stem cells and can

differentiate into more cell types, thus called pluripotent [75, 76].

ii. CordBlood Stem Cells

The cord blood stem cells are harvested from the umbilical cord after childbirth.
These cells can be frozen in cell banks for later use in the future to treat children with

blood cancers or certain genetic blood disorder [75, 76].

iii.  Adults Stem Cells

Adult stem cells are found in different types of tissues and stay throughout life
so that the body can use them once needed. These cells remain unspecific and non-
dividing until they are required to do specific purposes. They act as a repair and
maintenance system for the body; dividing regularly, renewing its tissues constantly and
replenishing specialized cells definitely. Scientists have recently found how to genetically
reprogram adult stem cells to behave like embryonic stem cells, and they are termed as
induced pluripotent stem cells (iPSC). Adult stem cells can be further classified into 4

types; hematopoietic, neuronal, epithelial, and mesenchymal stem cells [75, 76].
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5. Mesenchymal stem cells

A. General overview

Mesenchymal stem cells (MSCs) are first described by Friedenstein in 1974 as a
unique subset of adult stem cells [88]. They possess a broad differentiation potential into
endodermal, mesodermal and ectodermal lineages, unlike tissue-specific adult stem cells
[89]. MSC:s are traditionally derived from the bone marrow stroma but have also been
isolated from other tissues including muscle, adipose, skin, cartilage, bone, fallopian
tissue, umbilical cord blood and menstrual blood [90]. The multilineage differentiation of
MSCs is comparable to those of embryonic stem cells; however, MSCs have overcome
the ethical restrictions as well as the risk of tumorigenesis and maldifferentiation.
Moreover, MSCs has avoided the issue of allograft rejection due to the fact that they can
be easily obtained from the bone marrow of each patient [91]. In the last few decades,
MSC'’s properties and mechanisms of action have highlighted its use in tissue engineering
and regenerative medicine. In fact, their therapeutic regenerative effects are not related
solely or directly to their differentiation ability. However, they are known to be exerted in
a paracrine manner through the secretion of soluble factors [21, 92, 93]. These findings
have highlighted the role of MSCs, their secretome, and their crucial role in clinical

interventions.

B. The use of MSCs as cell-based and cell-free therapeutic agents

In a growing body of studies, MSCs injections into diseased tissues like heart and
brain show functional enhancement with little differentiation of the surrounding cell
types [94, 95]. These studies have shown that MSCs enhance wound healing,

angiogenesis, and regeneration in the surrounding tissues. The regenerative benefits of
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MSCs have appeared through modulation of local inflammatory responses, attenuation of
fibrosis and apoptosis, and secretion of trophic factors for growth and survival [93, 96,
97]. Moreover, other studies revealed that MSCs are attracted and seem to migrate to
pathological regions in the brain and heart such as ischemic areas and facilitate repair
[98, 99]. However, MSCs-based therapies are limited by the risk of unwanted
differentiation and immune responses. This was bypassed by MSCs-derived secretome as
a cell-free therapeutic approach and considered to be an analog manner for conventional
pharmaceutical agents. Interestingly, MSCs-derived secretome has been immediately
available and massively produced from cell lines. In contrast, MSCs transportation
require an invasive collection procedure and cell culture expansion to reach an optimal
cell number [23]. Taken together, MSCs-secretome provides a safer, cheaper, and more
efficient therapeutic approach. It avoids the risk of tumorigenicity, immunoreactivity

and maldifferentiation associated with cell-based therapy as well as the expenses of
cellular expansion and maintenance [87]. It was found that MSCs-secretome is now used
as a treatment for fulminant hepatitis, cerebral ischemia, myocardial infarction, and other
inflammatory and degenerative diseases. Their protective role was observed through

attenuating fibrosis, inflammation, oxidative stress, and apoptosis [100-104].

C. Mechanism of action of MSCs
MSCs migrate from bone marrow to their target tissue through the circulatory
system by a gradient of cytokines. The process by which MSCs can localize to damaged
organs and/or injured tissues is defined as homing. It occurs in response to chemical

signals released by the injured cells and involves interaction between the chemokine
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ligand and chemokine receptor present on the surface of MSCs [105, 106]. MSCs are
found to express a set of surface markers such as C-C chemokine receptor type 1 (CCR1),
CCR7, C-X-C chemokine receptor type 4 (CXCR4), CXCR5, CXCR6, TGF-p receptor 2,
TNF receptor superfamily member 1A, PDGF receptor A and B. Also, a number of
cytokines has been discovered to control MSCs homing and migration including platelet-
derived growth factor (PDGF), transforming growth factor-B (TGFp), tumor necrosis
factor (TNF), and stromal-derived factor 1 (SDF1) [107, 108]. For example, SDF1 that is
also known as CXCL12 was shown to be expressed on endothelial cells in case of injury
and interact with MSCs via its surface receptor (CXCR4) [109]. After MSCs reach their
destination in the blood, they have to get into their target tissue. So, they must
transmigrate through endothelial cell layers in a process that will involve selectin and
integrin as adhesion molecules [108]. Once they reach their target, MSCs are assumed to
act through several mechanisms. They might transdifferentiate into different cell types or
engraft into the site of injury and eventually restore the function of the injured tissue
[110]. This hypothesis was reinforced by several studies showing that MSCs will take
residency in the injured tissues after the treatment [111]. Conversely, other studies
demonstrate that the therapeutic effects of the injected MSCs can be exerted even if the
MSCs are distant from their target organ or even after they disappear or become limited
in number. This second hypothesis suggests that MSCs can function through local or
systemic secretion of bioactive paracrine factors [21, 22]. This paracrine hypothesis is
strongly supported by investigations that study the therapeutic effect of MSCs secretome.
A study on a rat model receiving intravenous MSCs injections after 1 week of middle

cerebral artery occlusion reveals a neurological improvement and decreased fibrosis, with
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only a small number of MSCs present in the brain parenchyma [112]. Another study on
hamsters with congestive heart failure shows that the injected MSCs enhance cardiac
function and attenuate fibrosis. This study has reported that the MSCs did not travel
outside of the hamstring and the level of trophic factors secreted from MSCs was high in
circulation [21]. In addition, MSCs possess a powerful immunomodulatory effect by
which they can inhibit proliferation, activation, and function of T cells, B cells, and
natural Killer cells [113, 114]. Taken together, MSCs exert its therapeutic effects through
pro-angiogenic, immunosuppressive, antifibrotic, and anti-apoptotic benefits that, in turn,

favor the regeneration of injured tissues.

D. Secretome of MSCs

MSCs-derived secretome is defined as the complex array of all factors that are
derived from MSCs and secreted to the extracellular space, either as soluble bioactive
molecules or as MSC-derived encapsulated extracellular vesicle (EV). These soluble
components can consist of genetic materials (DNA, RNA fragments, microRNAs
(miRNAs), enzymes, signaling and signal transduction proteins, immunomodulatory and
growth factors, cytokines, hormones, and lipid mediators. This set of soluble molecules
creates a proper microenvironment for regeneration [23-25]. A number of studies show
that packaging the soluble molecules in EV allow better remote communication and
targeting [115, 116]. MSC—derived EV (MSC-EV) is enveloped by a lipid bilayer
enriched with proteins that promote adhesion, trafficking, and endocrine function. They
can be divided into three types including apoptotic bodies, microvesicles and exosomes

that are distinguished by size and origin. It is found that MSC-EV can travel distant sites
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via biological fluids to exert their biological effects in an endocrine manner [23]. They
interact with the target cell in various mechanisms. They can fuse with the plasma
membrane to deliver their content directly into the cytosol of the target cell.
Alternatively, they can bind to membrane-bound receptor, internalize their content, and
trigger an intracellular signaling pathway in the target cell. It is found that MSC-EV can
influence the function of immune cells, endothelial cells, pericytes and other tissue-
resident cells [25]. Importantly, MSC-derived conditioned medium (MSC-CM)
encompasses the whole set of soluble factors and vesicular component that are sourced
from MSCs. A number of experimental animals demonstrate several biological outcomes
upon administration of MSC-EV and MSC-CM. Collectively, MSC secretome mediates
angiogenesis, modulates inflammation and immunity, inhibits fibrosis and apoptosis, and
eventually enhances function and repair [102]. Interestingly, MSC secretome has
bypassed several limitations due to their biological and logistical advantages over MSC-
based therapy [23]. Thus, the administration of MSC-derived secretome has been
highlighted and emphasized as a powerful therapeutic approach in inflammatory and

degenerative diseases [87, 100, 117, 118].

i Immunosuppressive and anti-inflammatory properties

In certain pathological cases, our immune system can cause harm and damage
rather than defense and repair. In such situations, the immune system should be
suppressed to ensure survival. Importantly, MSC-secretome contain a set of
immunomodulatory factors that exert an immunosuppressive effect and regulate the
immune system [25]. These factors include transforming growth factor-p (TGF-p),

hepatic growth factor (HGF), indoleamine 2,3-dioxygenase-1 (IDO-1), interleukin (IL)-
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10, IL-1 receptor antagonist (IL-1Ra) and prostaglandin E2 (PGEZ2), and nitric oxide
(NO) [119, 120]. These factors lead to cascade of events that result in inhibiting the
activation of natural Killer cells as well as maturation and function of dendritic cells [121,
122]. They also have a role in switching the activated macrophages to an anti-
inflammatory type [120]. Moreover, these factors can create a balance between pro-
inflammatory T cells (T helper 1 (Tw1) cell and/or TH17 cell) and anti-inflammatory T
cells (Regulatory T (Tregs) cell and/or Th2 cell) [123]. For example, a balance between
Tregs and Tw17 cell was maintained by sphingosine 1-phosphate (S1P) contained in MSC
secretome. When SIP is delivered from MSC secretome to CD4+T cells, 1L-10-producing
Tregs were generated but IL-17-producing Th17 cell expansion was decreased in
peripheral blood of aplastic anemia patient [124]. Interestingly, several findings show
that MSCs can change their secretory profile and immunomodulatory properties
according to their local microenvironment. In the presence of high inflammatory milieu,
MSCs obtain anti-inflammatory phenotype and produce immunosuppressive factors. In
contrast, if MSCs are exposed to low concentration of inflammatory cytokines, MSCs
possess a pro-inflammatory phenotype and generate large amounts of inflammatory
factors [123, 125].

ii.  Anti-fibrotic properties

In general, human body responds to injuries by fibrosis (the process of scar
formation) rather than by regeneration to heal wounds and injured tissues. However,
some tissues such as liver, epidermis, or uterine may have the potential to regenerate in
case stem cells are residing in these tissues [126, 127]. It is thought that MSCs secretome
can possess regenerative potential instead of fibrotic role during tissue healing process
after an injury or surgery. Studies show that animals treated with MSC-conditioned
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media (MSC-CM) present an anti-fibrotic effect which could be the cause of a reduced
scar formation and an enhanced wound healing process [128]. Moreover, MSC-CM exert
their anti-fibrotic effect through trophic and anti-inflammatory cytokines which allow
keratinocyte and endothelial cells to migrate to injured sites [129]. In fact, some fibrotic
responses are induced by inflammation. For example, MSCs treatment for chronic kidney
disease (CKD) rat model results in attenuation of fibrosis and glomerulosclerosis. This is
attributed to a downregulation of pro-inflammatory genes encoding IL-6 and TNF, as
well as an upregulation of the expression of genes that encode anti-inflammatory
cytokines, such as haemoxygenase 1 (HO1) and hepatocyte growth factor (HGF) [130,
131].

iii.  Anti-apoptotic properties

Several findings describe the ability of MSC-secretome to regulate apoptosis in
pathological and physiological states. They demonstrate that MSC-derived bioactive
factors can inhibit apoptosis and induce cytoprotective effects, directly or indirectly.
They can either cause direct prevention of apoptosis or exert their anti-apoptotic effect
via their immunomodulatory and angiogenic actions. A number of detected cytokines in
the MSC-CM play a role in suppressing apoptosis such as PDGF and insulin-like growth
factor 1 (IGF1), as well as VEGF and IL-1p. Significantly, MSC-CM downregulate the
expression of pro-apoptotic BAX and caspase-3 but upregulate the expression of BCL-2
which is an anti-apoptotic protein in alveolar macrophage [23, 132]. Interestingly, a
complete opposite action was observed when tumor cells were treated with MSC-CM. It
attenuates cancerous cells growth and allows the survival of tumor bearing mice. This
powerful effect was noticed using MSC-CM derived from uterine cervix and not from
adipose tissue [133]. These findings indicate that the origin of MSCs can influence the
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content of MSC-CM and eventually its effects. Thus, a precise assessment of the
components of MSC-CM is necessary before clinical applications.

iv.  Pro-angiogenic properties

Angiogenesis is defined as the process of formation of new blood vessels from
already existing one, in order to provide oxygen and nutrients to injured tissues. It was
shown that a number of pro-angiogenic cytokines are found in MSC-CM including
vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF),
placental growth factor (PGF), platelet-derived growth factor (PDGF) and monocyte
chemoattractant protein 1 (MCP1; also known as CCL2). In in vitro studies, MSC-CM
can promote proliferation of endothelial cells through these angiogenic cytokines [22].
This was also replicated when MSC-CM was injected in a mouse model with ischemic
disease. The beneficial effects of MSC-CM can enhance blood flow and promote
collateral formation in paracrine mechanisms [134]. Moreover, a recovery of renal
function after acute kidney injury (AKI) was attributed to the vasculogenic characteristics
of MSC secretome [135]. It is important to mention that the concentration of pro-
angiogenic and anti-angiogenic cytokines are affected by the conditions in which MSCs
are cultured. In a hypoxic microenvironment, MSCs derived HIF-1a (hypoxia-inducible
factor 1 alpha) is mainly responsible to increase generation of VEGF [136]. However, an
inflammatory condition can promote the anti-angiogenic effect of MSCs secretome [137].
Unfortunately, cancer cells might harness the beneficial properties of MSCs secretome to
grow and proliferate [138]. Indeed, proper culture conditions of MSCs and their

secretome should be maintained to prevent any unexpected outcomes.
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6. MSCs applications in diabetes and diabetic complications
In diabetes mellitus, MSCs therapy was shown to help patients in reducing their

dependency on medications and in enhancing their quality of life. In some cases, MSC
therapy was described to reverse diabetic damages and symptoms [79, 139]. MSCs can
protect diabetic tissues from inflammation-induced injuries including oxidative stress and
pancreatic beta cells damage and apoptosis. This was proved by a study revealing that IL-
1Ra (Interleukin-1Ra) expressed by MSCs can effectively binds to IL-1 receptor, which
is responsible for various pro-inflammatory events leading to its inhibition. These data
suggest that MSC may provide a potential therapeutic approach for TIDM and T2DM
and their complications [140]. In STZ rodent model with diabetic retinopathy, 1V
injection of adipose-derived MSCs significantly decreased blood glucose levels and
preserved the integrity of blood-retinal barrier [141]. In another study using the same
model, intravitreal injection of placental derived MSCs significantly reduced retinal
apoptosis and increased the concentrations of neuroprotective growth factors in the retina
and vitreous chamber [142]. Furthermore, MSCs transplantation in preclinical studies
was shown to be a promising potential therapy to treat diabetic kidney disease [143].
Enhancement in renal and pancreatic function was observed in diabetic mice upon
transplantation with MSCs. This was detected by reduction in mesangial thickening and
macrophage infiltration, increase in pancreatic islets and beta cells producing mouse
insulin, as well as enhanced repairing of renal glomeruli [144]. Both proteinuria and
podocyte damage were prevented upon intra-arterial administration of MSCs in Type 1
diabetic rat models with nephropathy. This approach attenuates the loss of podocytes,

foot process effacement and widening, as well as the loss of nephrin and podocin [145-
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147]. In addition, MSCs and their secretome can offer a novel therapy to treat diabetic
neuropathy. In diabetic rodent model, intramuscular injections of MSCs ameliorate
symptoms of diabetic neuropathy in paracrine manner [148]. It was also found that bone
marrow MSCs (BM-MSCs) transplantation in diabetic mice models decrease sciatic
nerve blood flow, improves conduction velocity in the motor nerve, and switches pro-

inflammatory macrophages to anti-inflammatory macrophages [149].

7. MSCs applications in cardiovascular diseases

An emerging body of evidence assessed the role of MSCs and their secretome in
cardiovascular diseases including diabetic cardiomyopathy describing their
cardioprotective effects. In vivo and in vitro studies demonstrate the beneficial effects of
MSC secretome particularly MSC-Exosomes (Exos) in Rodent model with regional
myocardial ischemia/infarction. MSC-Exos significantly restore cardiac contractile
function and reduce the infarct size. It also contributes to a reduction in cardiomyocyte
apoptosis and an increase in their survival [104]. Similarly, in an ischemic/reperfused
heart, MSC-EXxos reduce infarct size and enhance the myocardial viability. This occurs
through activation of PI3K/Akt signaling pathway by which it also reduces oxidative
stress and improves cardiac structure and function [20]. More experimental studies
resulted in same cardioprotective outcomes via other signaling pathways such as
AMPK/mTOR and Akt/mTOR [150]. Moreover, MSC secretome can rely on their anti-
inflammatory effects to attenuate cardiac dilation and reduce cardiomyocyte apoptosis in
cardiomyopathy heart [151]. In addition, the beneficial effects of MSC-secretome may be

observed on cardiac stem cells (CSC). Administration of MSC-Exos significantly
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improves survival, regenerative potency, and angiogenic ability of CSC. This function
improvement is attributed to specific microRNAs (miR-15, miR-21, miR-22, miR-126,
miR-146a, miR-210) that are delivered from MSC-Exos to CSC [152, 153]. Furthermore,
endothelial cells of the heart blood vessels can benefit from MSC secretome via delivery
of (SDF-1) and (miR-132) resulting in neo-angiogenesis and neovascularization
respectively [154, 155]. Based on preclinical studies, the effect of MSC transplantation
was assessed in clinical trials on myocardial infarction and ischemic cardiomyopathy.
Three months after intravenous administration of autologous BM-MSCs to 34 patients,
LV ejection fraction was improved, and ventricular tachycardia was reduced. This study

provides a safe administration procedure of MSCs to human population [156].

8. MSC applications in diabetic cardiomyopathy

In diabetic cardiomyopathy, MSC treatment has attracted widespread attention in
preclinical and clinical studies. Cardioprotection and cardioregeneration was shown in
experimental studies using type 1 diabetic rats. IV administration of BM-MSCs resulted
in cardiomyocyte differentiation, angiogenesis improvement, as well we reduction in
collagen deposition in the myocardium [157]. Similarly, intramyocardial administration
of MSCs into diabetic rat lead to increased secretion of angiogenic and anti-apoptotic
factors and reduction in myocardial fibrosis. Also, the injected MSCs were differentiated
into cardiomyocytes, vascular endothelial cells, and smooth muscle cells [158].
Interestingly, it was found that anoxic pre-conditioning of MSCs enhances their
protective effect resulting in an increased fractional shortening and attenuation of fibrosis

and apoptosis [19]. Moreover, beneficial cardiac effects were seen in STZ-induced type 1
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diabetic mice. However, in mice with obesity-induced diabetic cardiomyopathy, no
cardio-protective effects were observed following MSC administration. The contradiction
in these two studies could be attributed to the difference in the route, time, dose, and
culture conditions of the administrated MSCs [159, 160]. In another study, adipose-
derived MSC were administered intravenously to T2DM rat model with cardiomyopathy.
This resulted in attenuation of myocardial fibrosis and cardiac dysfunction through
secretion of prostaglandin E2 cytokine [161]. Importantly, MSCs cardioprotective effects
were seen in doxorubicin (DOX)-induced cardiomyopathy animal model, not through
direct differentiation but more likely via paracrine secretions, anti-inflammatory and anti-

oxidative actions [162].

Taken all together, MSC and their secretome could possess a promising potential
therapy to treat diabetic cardiomyopathy, but challenges remain in terms of all factors

that can influence their outcome.
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CHAPTER Il
AIM OF THE STUDY

Despite the availability of several tools to tackle diabetes including effective drug
therapies, advanced technologies, and preventive strategies, the struggle to protect people
from diabetes and diabetic cardiomyopathy remains a challenge. In pharmacological
therapy, several drugs have been recommended for patients with diabetic cardiomyopathy
including anti-diabetic, vasoactive, and lipid lowering medications. However, tight
glycemic control remains hard to achieve and is always burdened with complications.
Therefore, scientists nowadays aim to investigate new therapeutic strategies based on
regenerative medicine for diabetic cardiomyopathy. In this context, stem cells-based
therapy has attracted widespread attention in recent years, particularly the use of
mesenchymal stem cells. Several studies have demonstrated the beneficial
cardioprotective effect of MSC and MSC-derived secretome through attenuating

diabetes-induced cardiac damage.

In our study, we aim to assess the therapeutic effect of MSCs-conditioned media
(MSC-CM) and to investigate the molecular mechanisms by which MSC-CM exert this
protective role. We also aim to determine the effect of MSC-CM on cardiac function in
Streptozotocin (STZ)-induced type 1 diabetic rats, particularly ejection fraction and
fractional shortening. We intend to investigate the molecular changes in cardiac markers
of injury including a-SMA and fibronectin and assess the histological alterations mainly

fibrosis. Furthermore, we aim to assess the effect of MSC-CM on diabetic
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cardiomyopathy-associated oxidative stress, studying the activity of NADPH oxidase 4

(Nox4).

In that spirit, we hypothesized that MSC-CM may enhance cardiac function
through restoration of fractional shortening and ejection fraction. We suggest that MSC-
CM could ameliorate myocardial fibrosis by decreasing collagen deposition and
glycosylated proteins in the left ventricle tissue. We also hypothesized that MSC-CM can
decrease ROS production and promote molecular changes by downregulating the
expression of a-SMA, fibronectin and Nox4, thus attenuating cardiac hypertrophy,

fibrosis, oxidative stress, and other diabetes-induced cardiac injuries.
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CHAPTER Il
MATERIALS AND METHODS

1. Treatment preparation

The treatment given to our rat models is conditioned media (CM) derived from
rat bone-marrow mesenchymal stem cells (MSCs) that is prepared in the cell culture
under the hood. The cells are incubated in a T75 flask in Dulbecco's modified Eagle's
medium (DMEM)-low glucose under standard conditions at 37°C in a 5% CO2 incubator.
Once the cells reach 80% confluency, the media is removed and 6ml serum starved
DMEM-low glucose media is added to the T75 flask. The cells are then incubated for 48
hours under standard conditions at 37°C in a 5% CO2 incubator so that the cells secrete
its secretome in the flask. The media is then collected as MSC-conditioned media (MSC-
CM). MSC-CM is transferred to a 15 ml conical and centrifuged at 1200g for 5 minutes.
The supernatant is transferred into another conical. At this step, the treatment is either
injected intravenously in the rat or stored at -80°C for further use. The dose of injection is

2 ml of CM per rat.

2. Experimental animal

Male Sprague-Dawley rats were kept in a temperature-controlled room and on a
12/12 dark/light cycle and had free food and water access. Body weight and blood

glucose level of all rats were measured every week throughout the whole project using a
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glucometer (Contour Plus). All protocols were approved by the Institutional Animal Care
and Use Committee of the American University of Beirut.

At 12 weeks of age; rats were injected intravenously via the tail vein with one single high
dose of 60 mg/kg of Streptozotocin (STZ) dissolved in sodium citrate buffer (0.01 M, pH
4.5) to induce T1DM. Aged-matched control rats were injected with an equivalent
amount of sodium citrate buffer alone. After 2 days, rats with blood glucose levels greater

than 250mg/dL were considered as diabetic.

At 18 weeks old; control and diabetic rats were injected intravenously with 2 ml
of CM (prepared as previously mentioned) once every week. At the same time, other

control and diabetic rats were injected weekly with 2 ml serum starved media.

As such, we have 4 groups of rats: (1) Control with weekly injection of serum
starved media; (2) Control with weekly injections of MSCs-conditioned media, (3)
Diabetic with weekly injection of serum starved media; (4) Diabetic treated with weekly

injections of MSCs-conditioned media.

-
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Figure 2: Experimental design and treatment plan. After 6 weeks of STZ-induced
diabetes. Rats were injected intravenously via tail with 2 ml MSC-CM for 12 weeks.
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Echocardiography measurements were done after 8 and 12 weeks of treatment. Then rats
are sacrificed and other histological and molecular tests are performed.

3. Echocardiography

Rats underwent echocardiography at 8" week of treatment and 12" week of
treatment before sacrifice using 2D electrocardiography. The rats were weighed and
anesthetized intraperitoneal using ketamine 250 mg/5ml (40-80 mg/Kg) and xylazine
20mg/ml (5-10mg/Kg). Initially, 70% of the dose is administered. If after few minutes the
rats weren’t anesthetized, the remaining 30% of the dose is given. The anesthesia should
be maintained throughout the echocardiographic examination. After shaving the animals
from the anterior chest, rats were placed in supine position and transducer was placed
directly on the shaved area. M mode and two-dimensional echocardiography images were
obtained and analyzed. Echocardiographic parameters are measured including LV end
diastolic diameter (LVEDD), LV end systolic diameter (LVESD), LV end diastolic
volume (LVEDV), and LV end systolic volume (LVESV). Other parameters such as
percentage of LV fractional shortening and LV ejection fraction are derived by using the
following equations: FS= (LVEDD-LVESD) *100/LVEDD and EF= (LVEDV-LVESV)

*100/LVEDV.

4. Histological Staining
Rats were euthanized, and the heart was removed and weighed. Cuts of the left and
the right ventricle tissues were flash frozen. A cut of the left ventricle was fixed in 4%

formaldehyde and then tissues were embedded in paraffin blocks. Blood was collected into
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EDTA tubes for HbAlc test. Functional, histological, biochemical, and molecular
parameters of the heart were assessed. From the left ventricle of each animal, two cross

sectional slices of 4-5um thickness each were cut and mounted on a glass slide.

Tissues were stained with Masson’s trichrome stain to detect collagen deposition
with green color, and periodic acid Schiff (PAS) that stains glycosylated depositions in
blue. Tissues were examined under a light microscope and several pictures were taken per
section at 20X, 40X, and 100X. Analysis was performed on 40X images using Image J

software. Figures are represented at 100X.

5. Western Blot Analysis

Cuts from the left ventricle tissue were homogenized in 200 pL RIPA lysis buffer
(0.1% sodium dodecyl sulfate (SDS), 0.5% sodium deoxylate, 300mM sodium chloride
(NaCl), 100 mM EDTA, 100mM Tris-HCI pH 8, 1% Tergitol (NP-40), 1mM phenyl-
methane-sulfonyl-fluoride (PMSF), protease inhibitor cocktail, and phosphatase inhibitor
cocktail). Homogenates were placed in TissueLyser machine with P8 memory, frequency
30 1/sec, and for 3 minutes. Then, the homogenates were incubated overnight on the rotator
at 4°C and centrifuged the next day at 13,500 rpm for 30 minutes at 4°C. The supernatant
containing the proteins was collected and stored at -20°C. Protein concentration was

measured using Lowry Protein Assay.

For immunoblotting, 40 pg of proteins of left ventricular homogenates were
separated on 8-12% polyacrylamide gel electrophoresis according to their molecular

weights (BioRad Laboratory, CA, USA). The gel was then transferred to a PVDF
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membrane (BioRad Laboratory, CA, USA) that was activated in methanol for 30 seconds
and then placed in transfer buffer for 2 to 3 minutes. The membranes were then blocked
with 5% Bovine Serum Albumin (BSA) for one hour. Afterwards, membranes were
incubated with one of the following primary antibodies overnight: rabbit polyclonal anti-
aSMA (1:1000, Abcam 5694), rabbit polyclonal anti-Fibronectin (1:1000, Abcam 2413),

rabbit polyclonal anti-NOX4 (1:000, Abcam 133303).

The primary antibodies were detected using the appropriate horseradish peroxidase
conjugated 1gG (1:10,000 for mouse, BioRad). Bands were visualized by enhanced chemi-
luminescence ECL (BioRad), and they were semi-quantified by densitometric analysis

using Image J software.

6. Detection of intracellular superoxide in LV tissue using HPLC
Cellular superoxide production in podocytes was assessed by High-performance

liquid chromatography (HPLC) analysis of Dihydroethidium (DHE)-derived oxidation
products, as described previously (S. Eid et al., 2016). The HPLC-based assay allows
separation of superoxide-specific 2-hydroxyethidium (EOH) from the nonspecific
ethidium, as previously described. Briefly, The LV homogenate was dried under vacuum
and analyzed by HPLC with fluorescence detectors. Quantification of DHE, EOH, and
ethidium concentrations was performed by comparison of integrated peak areas between
the obtained and standard curves of each product under chromatographic conditions
identical to those described above. EOH and ethidium were monitored by fluorescence

detection with excitation at 510 nm and emission at 595 nm, whereas DHE was
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monitored by ultraviolet absorption at 370 nm. The results are expressed as the amount of
EOH produced (nmol) normalized for the amount of DHE consumed (i.e., initial minus

remaining DHE in the sample; pmol).

7. Statistical Analysis
Results are represented as Mean + Standard Error of Mean (SE) for n=3. Statistical
significance is determined using one-way ANOVA, followed by Fisher’s LSD test.
Statistical Significance was determined as a probability (P value) of less than 0.05. All

statistical analyses were performed with Prism 8 Software (GraphPad Software).
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CHAPTER IV
RESULTS

1. Metabolic parameters

The therapeutic effect of MSCs-conditioned media was assessed in STZ induced
type 1 diabetic rat model. Blood collection at the end of the study was performed for
HbAlc analysis. High HbAlc levels was observed in both diabetic (8.833 + 0.5487) and
diabetic treated with MSC-CM (8.667 = 0.2603) when compared to controls (5.4 +
0.2646) and control with MSC-CM (4.633 £ 0.1764). Our finding indicates that treatment
with MSC-CM didn’t restore glycated hemoglobin levels to normal. This indicate that

our results weren’t based on changes in glucose levels. (Figure 3) (Table 1).

Also, heart weight was assessed. It shows a significant decrease in diabetic
groups (1.39 £ 0.15) compared to controls (2.03 = 0.10), which may suggest a heart
atrophy in diabetic rats. Moreover, heart weight showed a trend to increase in diabetic
treated groups (1.617 = 0.04) compare to diabetic, but wasn’t restored to normal. This
may suggest a little enhancement in the heart weight upon treatment with MC-CM

(Table 1).
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HbA1C (%)

Figure 3: Glycated hemoglobin levels in (%) by HbAlc tests. HbAlc done by HPLC
using the variant 11 Hemoglobin Testing System (BIORAD) on blood samples collected
at sacrifice. Measurements were performed for the following groups: Control, Control +

MSC-CM, Diabetic, and Diabetic + MSC-CM. Results were expressed for n=3 and

values are mean+ SE

*is used for p<0.05 vs control

Control

Control +

MSC-CM

Diabetic

Diabetic +

MSC-CM

HbAlc (%)

Heart Weight (Q)

Table 1: Metabolic parameters: HbAlc (%) and Heart weight (g) of the following

5.4 +£0.2646

2.03 £0.1054

4.633 £0.1764

1.77 £ 0.2364

8.833 + 0.5487*

1.39 £0.1562 *

groups: Control, Control + MSC-CM, Diabetic, Diabetic + MSC-CM.
Results were expressed for n=3 and values are mean+ SE
* is used for p<0.05 vs control
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2. Treatment with MSC-CM enhances cardiac function

In both echocardiography assessments (after 8 and 12 weeks of treatment), EF%
and FS% decreased significantly in the untreated diabetic rats when compared to their
control littermates (Figure 5-6). At 8" week of treatment, EF% and FS% didn’t show a
significant increase, yet, a tendency to be corrected in diabetic rats treated with MSC-CM
was observed (Figure 5). Importantly, after 12 weeks of treatment with MSC-CM, the
EF% and FS% significantly increased in diabetic group treated with MSC-CM to values

similar to that of the control group (Figure 6).

Our echocardiography results suggest that MSC-CM significantly enhances the
cardiac function in STZ-induced type 1 diabetic rats after 12 weeks of treatment. This

enhancement was manifested in the left ventricle function mainly by EF% and FS%.
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Figure 4: Left Ventricular Ejection Fraction and Left Ventricular Fractional
Shortening Indicators of Cardiac Function. Rats were anesthetized at 8" week of
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treatment and 2D echocardiography was performed on the following groups: Control,
Control + MSC-CM, Diabetic, Diabetic + MSC-CM.

Results were expressed for n=3 and values are mean+ SE

*is used for p<0.05 vs control
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Figure 5: Left Ventricular Ejection Fraction and Left Ventricular Fractional
Shortening Indicators of Cardiac Function. Rats were anesthetized at 12" week of
treatment and 2D echocardiography was performed on the following groups: Control,
Control + MSC-CM, Diabetic, Diabetic + MSC-CM.

Results were expressed for n=3 and values are mean = SE

*is used for p<0.05 vs control

# is used for P<0.05 vs diabetic

3. Treatment with MSC-CM significantly decreases collagen deposition and

glycosylation

Masson’s Trichrome is a stain that detects collagen deposition which is
considered a major contributor to myocardial fibrosis. Our results show that

hyperglycemia induces collagen deposition in the left ventricle tissues of untreated
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diabetic rats when compared to that of the control group. Interestingly, rats treated with
MSC-CM show a significant decrease in collagen deposition compared to the untreated

diabetic group (Figure 7-A, 7-B).

PAS is a stain used to detect glycosylated proteins within the tissue which is a
marker of fibrosis. Our results show that in the left ventricular tissue of the untreated
diabetic rats, there was a significant increase in protein glycosylation when compared to
control group. This glycosylation was significantly decreased in diabetic rats treated with

MSCs-CM (Figure 8-A, 8-B).

Taken together, our immuno-histological results indicate that MSC-CM
attenuates myocardial fibrosis in STZ-induced type 1 diabetic rats as it decreases collagen

accumulation and protein glycosylation in diabetic myocardial tissue.
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Figure 6: Masson Trichrome staining of the collagen fibers in the left ventricle. At
the end of the study rats were euthanized, and a cut of the left ventricle was fixed in 4%
formaldehyde and then tissues were embedded in paraffin blocks. Masson Trichrome
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staining was used to stain collagen fibers in the LV. It was performed for the following
groups Control, Control + MSC-CM, Diabetic, Diabetic + MSC-CM. A) Representative
Immuno-Histological stains at 100x magnification. B) Histogram reflecting the
quantification of trichrome staining at 40x magnification using ImageJ software.
Results were expressed for n=3 and values are mean+ SE

*is used for p<0.05 vs control

# is used for P<0.05 vs diabetic
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Figure 7: Periodic Acid-Schiff (PAS) staining of the glycosylated proteins in the left
ventricle. At the end of the study rats were euthanized, and a cut of the left ventricle was
fixed in 4% formaldehyde and then tissues were embedded in paraffin blocks. PAS
staining was used to stain glycosylated proteins in the LV. It was performed for the
following groups Control, Control + MSC-CM, Diabetic, Diabetic + MSC-CM. A)
Representative Immuno-Histological stains at 100x magnification. B) Histogram
reflecting the quantification of PAS staining at 40x magnification using ImageJ software.
Results were expressed for n=3 and values are mean = SE

* is used for p<0.05 vs control

# is used for P<0.05 vs diabetic

4. Treatment with MSC-CM decreases a-SMA protein expression

Cardiac changes in hypertrophy and fibrogenesis are assessed by measuring the
levels of alpha smooth muscle actin (a-SMA) protein; a marker for
cardiac myofibroblasts in a hypertrophic and fibrotic heart. Levels of a-SMA protein

were analyzed by western blot at first between two groups: control and control + MSC-
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CM. The results show no difference in expression of a-SMA between the two conditions
(Figure 9). Thus, the subsequent western blot assessments exclude the control + MSC-
CM group and include only the three following groups: control, diabetic, diabetic +

MSC-CM.
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Figure 8: Molecular studies: Expression of a-SMA protein in the left ventricle was
assessed using western blot analysis for the two following groups: Control and Control
+MSC-CM. A) Western blot representing the expression of a-SMA and HSC-70. B)
Histogram showing a-SMA protein level relative to HSC-70 protein level for Control and
Control +MSC-CM groups.

Values are mean + SE

Protein expression levels of a-SMA increased in untreated diabetic rats compared
to controls. Interestingly, treatment with MSC-CM significantly decreased the levels of
a-SMA in diabetic treated rats compared to the untreated diabetic rats (Figure 10). These
results imply that treatment with MSC-CM may reduce fibrosis in the left ventricle of

diabetic heart.
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Figure 9: Expression of a-SMA protein levels in the left ventricle by western blot
analysis. A) Representative Western blot of a-SMA and HSC-70. B) Histogram showing
the quantification of a-SMA protein level relative to HSC-70 protein level for the
following groups: Control, Diabetic, Diabetic + MSC-CM.

Results were expressed for n=3 and values are mean + SE

# is used for P<0.05 vs diabetic

5. Treatment with MSC-CM downregulates levels of fibronectin

Levels of fibronectin, which is a marker of cardiac injury, were assessed by
western blot on homogenates extracted from the left ventricular tissue. Our results show
that fibronectin protein expression levels increased in untreated diabetic rats when
compared to the controls and treatment with MSC-CM slightly decreased the levels to
values similar to controls. However, these results show only a trend with no significance
which might be due to a small sample size (Figure 11). These findings further suggest

that the treatment with MSC-CM tends to attenuate cardiac injury in diabetic rats.
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Figure 10: Expression of fibronectin protein levels in the left ventricle using western
blot analysis. A) Representative Western blot of fibronectin and HSC-70. B) Histogram
showing the quantification of fibronectin protein level relative to HSC-70 protein level
for the following groups: Control, Diabetic, Diabetic + MSC-CM.

Results were expressed for n=3 and values are mean + SE

6. Treatment with MSC-CM attenuates oxidative stress

Our HPLC results show that ROS production was significantly increased in the
diabetic non-treated rats when compared to the control rats. Of interest, MSC-CM
treatment significantly reduces ROS production in STZ-induced type 1 diabetic rats
(Figure 12). These results indicate that MSC-CM can attenuate hyperglycemia-induced

oxidative stress through a decrease in ROS production.

Expression of Nox4 protein levels showed a trend to increase in untreated

diabetic rats compared to their control littermates. Also Nox4 expression is slightly
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decreased upon treatment with MSC-CM compared to untreated diabetic group (Figure
13). Atrend is clear; yet more animals are required to get significant results. This could

also suggest that other ROS sources might be involved.

1500

1000

500

EOH/DHE (nmol/umol)

Figure 11: Measurement of superoxide production in the left ventricle using HPLC.
Measurements were expressed as amount of 2-hydroxyethidium (EOH) over the amount
of Dihydroethidium (DHE) in nmol/ymol. Test was performed for the following groups:
Control, Diabetic, Diabetic + MSC-CM. Results are expressed for n=3 and values are mean
+ SE.

*is used for p<0.05 vs control

# is used for p<0.05 vs diabetic.
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Figure 12: Expression of Nox4 protein levels in the left ventricle using western blot
analysis. A) Representative Western blot of NOX4 and HSC-70. B) Histogram showing
the quantification of NOX4 protein level relative to HSC-70 protein level for the
following groups: Control, Diabetic, Diabetic + MSC-CM.

Results were expressed for n=3 and values are mean + SE
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CHAPTER V
DISCUSSION

Several experimental studies have reported the favorable outcomes of MSCs and
MSCs-derived secretome on diabetic-induced cardiomyopathy. They demonstrate that
MSCs and their secretome improved several parameters in diabetic cardiomyopathy [157,
158]. However, there were conflicting results about the extent of how much MSCs and
the derived secretome may reduce blood glucose levels. The contradictory results might
be due to the variability in the administration route, the time points, the frequency and the
amount of injections, as well as the model used. In previous studies, multiple MSCs
transplantations maintain glucose homeostasis and correct hyperglycemia in STZ-induced
diabetic mice [163]. Other studies show that a single injection of MSCs into obesity-
induced diabetic mice lowers blood glucose and increases glucose tolerance [164]. In
contrast, other investigations show that the action of MSCs had no effect on the high
levels of blood glucose. MSCs were shown to ameliorate hyperglycemia-induced
damage, yet, they do not correct hyperglycemia itself [104, 165]. Consistently, our results
show increased levels of HbAlc in diabetic group as well as in MSC-CM treated group.

This implies that our results were not based on changes on glucose levels.

Moreover, the heart weight was significantly decreased in diabetic rats compared
to the controls, indicating heart atrophy. This is compatible with previous studies in the
literature that correlate STZ-induced diabetes with myocardial atrophy as opposed to
hypertrophy [166]. This could be associated with the loss of contractile proteins and

cardiomyocyte dropout. It is also consistent with the substrate shift that is caused by
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diabetes-induced metabolic disturbance and may lead to atrophic changes myocardium
[167, 168]. Other investigations have associated insulin deficiency with myocardial
protein degradation, mitochondrial dysfunction and defective lysosomal enzyme activity
which reduce the quantity of actin, ultimately, resulting in cellular remodeling [169, 170].
In our study, MSC-CM tend to increase heart weight in treated groups compared to

untreated, yet didn’t return values to normal

In addition, hemodynamic parameters were measured by echocardiography,
particularly %EF and %FS, after 8 and 12 weeks of MSC-CM injections. Diabetic rats
show a significant decrease in %FS and %EF in both measurements indicating a systolic
dysfunction when compared to controls. %EF levels are decreased to 59% and 63% at 8%
and 12" week of treatment respectively, indicating a heart failure with preserved ejection
fraction (>50%). Although determination of cardiac dysfunction in type 1 diabetes is still
controversial, it may be explained as follows: Patients having heart failure with reduced
ejection fraction (HFPEF) often show dilatation ventricular dysfunction. Their heart fails
to develop into a hypertrophied pump to compensate for its dysfunction [171]. Similar
results have been shown in type 1 diabetic animal models where no indications of
hypertrophy at the histological and molecular level of the LV are reported [168, 172]. In
our study, we see a significant decrease in EF%, yet the values are still >50% indicating
heart failure with preserved ejection fraction. This can be explained by the fact that LV
hypertrophy is a compensatory mechanism in the diabetic heart in response to insulin
deficiency-induced injuries. Accordingly, the heart increases its wall thickness to exert
more force to pump blood which support the interpretation of a preserved ejection

fraction. This was also convenient with our FS% and EF% measurements that were
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significantly reduced in diabetic rats compared to controls indicating a systolic
dysfunction. Our treatment with MSC-CM was able to significantly increase EF% and
FS%. This indicates that MSC-CM ameliorates the decrease in cardiac function through
reversing systolic dysfunction, which is compatible with the reported literature [19, 156].
Masson's trichrome is used to stain collagen fibers, and Periodic Acid-Schiff
(PAS) is used to stain polysaccharides; the glycosylated proteins, that are found in
connective tissues and basal laminae. These stains are used to evaluate fibrotic changes in
the tissue reflecting a histological cardiac dysfunction in diabetes. In a diabetic
environment, AGE formation is increased as a result of hyperglycemia-mediated cellular
injury. The increased production of AGE can alter structural proteins producing
crosslinks that involve collagen and elastin. This will affect the ability of collagen to be
degraded and thus being accumulated resulting in fibrosis [62, 173]. In our study, both
glycated proteins and collagen deposition are significantly increased in the basement of
left ventricle of diabetic rats which is also consistent with the literature [174]. MSC-CM
was able to decrease the composition of collagen and glycosylated proteins in the left
ventricle of diabetic treated rats. Consistent with previous studies, MSC-CM can

ameliorate myocardial fibrosis in diabetic cardiomyopathy [158, 161].

Cardiomyocyte injury is characterized by activation of different intracellular
signaling pathways and transcriptional mediators including extracellular matrix (ECM)
remodeling. Markers of cardiac injury were studied including a-SMA, revealing an
upregulation in expression in response to injury [175]. a-SMA is found in fetal life where
it is responsible for cardiomyocyte differentiation. Its presence in an adult heart is a sign

of hypertrophied myocytes and fibrosis. It is considered as an early marker of myopathy
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[176, 177]. In this study, an increase in a-SMA levels was observed in diabetic groups
compared to controls, which is consistent with previous reports, yet not significant. This
could be due to the small number of animals used (n=3), especially that a significant
increase in fibrosis was observed in diabetic groups at the histological level. Interestingly,
our treatment with MSC-CM has significantly lower the level of a-SMA in the LV when
compared to diabetic rats. This was also compatible with previous experiments that

assess the effect of MSC and MSC-CM [97, 178].

Another marker of cardiac injury is fibronectin. During an embryonic heart
development, fibronectin is a required ECM component for the cardiomyocyte to shape
the heart [179]. Following a cardiac damage in adults, epicardium generates fibronectin
organ-wide and then localized at site of injury [180]. Fibronectin deposition was reported
to be associated with adverse effects like fibrosis [181, 182]. In this study, our results
were consistent with literature as they show a general tendency to increase fibronectin in
diabetic group and decrease its levels in MSC-CM treated groups. The lack of
significance may be due to the small size of samples used (n=3). It was also found that
fibronectin expression is mainly mediated by the increased level of ROS and oxidative
stress [18]. We didn’t elucidate concrete evidence that the increased expression of
fibronectin is a result of increased levels of ROS. However, this fact could be used to add
further consistency to our results as we also show an increased trend in NADPH oxidase

4 in diabetic groups, but also limited by the small number of animals (n=3).

In the same spirit, diabetes is associated with an increase in ROS levels, and
oxidative stress has been implicated in the development of diabetic cardiomyopathy

[183]. Although hyperglycemia has been strongly associated with generation of reactive
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oxygen species (ROS), precise sources of ROS in the diabetic myocardium are still
unknown. There is evidence that nicotinamide adenine dinucleotide phosphate (NADPH)
oxidases of the NOX family are increased in cardiovascular disease and diabetes[184]. In
this family, Nox4 is expressed in both the heart and cultured cardiac myocytes, and its
effect on cardiomyocyte is still controversial. It was reported that Nox4 is an important
source of ROS in the left ventricle and can contribute to cardiomyopathy at early stages
of type 1 diabetes [185]. In transgenic mice, overexpression of Nox4 by hypertrophic
stimuli and aging induces oxidative stress, apoptosis, and LV dysfunction [186]. In
contrary, other studies investigate a cardiovascular protective role as well as a
metabolism-regulating role of Nox4 in case of injury [187, 188]. In our study, a
significant increase in ROS production was observed in diabetic rats. ROS production
was significantly decreased in MSC-CM treated group. Thus, decreasing ROS production
by MSC-CM could be a factor in attenuating diabetes-induced cardiac injuries, as
hypothesized in our study. In western blot analysis, Nox4 expression was increased in the
LV of the diabetic rats compared to control rats. Nox4 levels were decreased in the LV of
rats treated with MSC-CM. This general tendency suggests a role of Nox4 in the
pathogenesis of diabetic cardiomyopathy, but an increased sample size would draw better
interpretation. In this context, other sources of ROS may also be involved including

Nox1, Nox2, and cytochromes P450 enzymes.

Taken together, our data demonstrate that MSC-CM exert beneficial effects on
cardiac injuries, major macrovascular complications of diabetes. MSC-CM enhance
cardiac function through reversing systolic dysfunction in rats. This was observed

through a significant increase in fractional shortening and ejection fraction. MSC-CM
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also demonstrates a significant attenuation of myocardial fibrosis in the LV tissue
through lowering collagen and glycosylated protein content. Moreover, it also shows a
significant reduction in fibrosis via downregulating a-SMA; marker of hypertrophy and
fibrosis. We also show that MSC-CM had a tendency to decrease markers of injury
(fibronectin) and Nox4-derived ROS, yet it was not significant. However, a significant
decrease of ROS production was reported upon treatment with MSC-CM. This indicates
that the treatment attenuates hyperglycemia-induced oxidative stress through a decrease
in ROS production, and nox4 as well as other sources of ROS might be involved.
Importantly, further markers of cardiac injury, inflammation, apoptosis, and angiogenesis
are worth to be evaluated in future directions. Definitely, increasing number of sample is
a necessary step to do later. It is worth noting that a novel therapeutic strategy using
MSC-CM could be a safe and efficient treatment for diabetic cardiomyopathy and other
diabetic complications. Indeed, further in-vivo and in-vitro applications are required for a
better mechanistic understanding of MSC-CM to open the door for more clinical

approaches.
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CHAPTER VI
LIMITATIONS AND FUTURE PERSPECTIVES

In our study, the small number of animals was a limiting factor for the molecular
experiments. Each group consisted of three rats only. In the future, we will increase the
number of animals which might add more accuracy and reliability to our results.
Moreover, we need to study other NOX isoforms such as NOX1 and NOX2 as well as
other sources of ROS including cytochromes P450 enzymes to better understand sources
of ROS in the pathogenies of diabetic cardiomyopathy. In the future perspectives, it is
important to study the array of factors present in MSC-CM and assess signaling pathway
crosstalk. Also further markers of inflammation and apoptosis are worth to be
investigated including IL-1B, IL-6, BAX, TNF, and caspase-3, which are known to be
altered in diabetic cardiomyopathy. Last but not least, it would be interesting to perform
the study on T2DM and examine the effect of MSC-CM on other tissues such as the

kidney, liver and pancreas.
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