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Abstract

Ischemia/reperfusion injury (IRI) is a complex pathophysiological process characterized
by disturbances in blood circulation caused by various factors, such as traumatic shock,
surgery, organ transplantation and thrombus. Severe metabolic dysregulation and
destruction of tissue structure are observed after restoration of blood flow to ischemic
tissue. The heart and kidneys, being highly perfused organs, are very susceptible to
ischemic and subsequent reperfusion injury. The incidence of myocardial and renal IRI
has a high morbidity and mortality rate. Several studies have shown that among the
mechanisms involved in the pathophysiology of IRI are inflammation, apoptosis and
angiogenesis.

Recently, the involvement of prolyl endopepetidase (PREP) in inflammatory response and
angiogenesis has been demonstrated. Therefore, the aim of this PhD project is to
investigate the effects of a selective PREP inhibitor, KYP-2047, in the regulation of
inflammation, apoptosis and angiogenesis, in in vivo models of myocardial ischemia
reperfusion (MI/R) and kidney ischemia/reperfusion (KI/R).

Myocardial I/R was induced by coronary artery occlusion (15 minutes) followed by
reperfusion, whereas kidney I/R was induced by renal artery occlusion (30 minutes),
followed by reperfusion. The mice were pre-treated intraperitoneally with KYP-2047 at
doses of 2.5 and 5 mg/kg in cardiac ischemia and treated at doses of 0.5, 1, and 5 mg/kg
in renal ischemia. Hearts and kidneys were removed and processed for histological,
immunohistochemical and biomolecular analysis.

Inhibition of PREP, through KYP-2047, reduced histological damage, neutrophil
accumulation and inflammation in both models. In addition, KYP-2047 was able to

modulate angiogenesis and reduce apoptosis in renal and cardiac context. This protective



effect of KYP-2047 could be related to the modulation of NF-kB and MAPK pathways
in MI/R injury and to the activation of PP2A in KI7R injury.

Therefore, these results demonstrated the protective effect of KYP-2047, highlighting the
role of PREP inhibition in cardiac and renal ischemia, suggesting PREP as a therapeutic

target for MI/R and KI/R injury.



Introduction

Ischemia is a vascular disease characterized by a reduction in blood flow to a specific
organ or tissue, resulting in a lack of oxygen and nutrients in the affected organ or tissue
[1]. In some cases, restoring blood flow after a prolonged period of ischemia can cause
so-called reperfusion injury, which causes irreversible cellular and microvascular damage
that overlaps the initial ischemic insult, exacerbating tissue damage, initiating an
inflammatory cascade with excessive production of reactive oxygen species (ROS) [2].
The tissue damage caused by ischemia and that attributable to reperfusion are so
interconnected that they are called "ischemia-reperfusion" (IR) damage [3]. The
molecular mechanisms underlying I/R damage are complex and remain poorly
understood, therefore, the understanding of these mechanisms is fundamental for the
development of therapeutic strategies [4]. In the heart, I/R injury contributes to adverse
cardiovascular conditions, such as coronary artery disease (CAD), which is one of the
most common cardiovascular diseases, with a high mortality rate [5]. In the kidney, I/R
injury contributes to pathological conditions, called acute kidney injury (AKI), which is
a clinical syndrome with rapid kidney dysfunction and high mortality rates [6].

The pathophysiology of I/R damage is complex and involves several pathways, such as
the activation of inflammatory mediators (e.g. TNF-a and some interleukins) and the
release of neutrophils [7]. During I/R injury, alterations in angiogenic processes and
stimulation of apoptosis also occur, which significantly contributes to cardiac and renal
dysfunction [8, 9].

Recently, the involvement of new molecules in the inflammatory and angiogenic
processes of some diseases has been discovered and among these, a key role is played by
prolyl endopeptidase (PREP), a proteolytic enzyme belonging to the serine protease

family and involved in the release of pro-angiogenic and pro-inflammatory factors [10].



PREP is expressed in all tissues, but localized only in specific cell types, especially in the
heart, kidneys and brain [11]. Therefore, considering the role of PREP in inflammatory
and angiogenic processes, PREP inhibitors may represent a new therapeutic strategy [12].
In particular, KYP-2047 is the most selective inhibitor of PREP, having an excellent
ability to reach PREP even intracellularly [13]. Therefore, on the basis of these evidences,
the aim of this PhD project was to evaluate the effects of PREP inhibition by KYP-2047

in in vivo mouse models of myocardial I/R and kidney I/R.



Chapter 1: Ischemia Reperfusion Injury



1.1 Ischemia Reperfusion Injury: focus on Heart and Kidney

Ischemia is a vascular disease characterized by the reduction of blood flow, causing a
severe deficit of oxygen and nutrients in the affected organ and/or tissue; in case of
prolonged oxygen deficiency, an irreversible process is generated that leads to cell death
(or necrosis) of the organs and/or tissues involved [3]. In some cases, the restoration of
blood flow after a prolonged period of ischemia can cause what is known as reperfusion
injury, which causes irreversible cellular and microvascular damage that overlaps with
the original ischemic insult. The tissue damage caused by ischemia and that attributable
to reperfusion are so interconnected that they are called “ischemia-reperfusion” (IR)
damage [14].

Under ischemic conditions, reduced oxygen supply blocks the mitochondrial respiratory
chain, resulting in accumulation of respiratory chain intermediates and depletion of
adenosine triphosphate (ATP), thus leading to stimulation of anaerobic glycolysis [15]. A
reduction in ATP and pH levels then occurs, causing an imbalance in electrolyte exchange,
with increased intracellular concentrations of Ca?", Na® and K ions [16]. The
accumulation of Ca?"in the cytosol activates various enzymes such as phospholipases and
proteases involved in inflammation [17], while the accumulation of Na" and other
osmotically active particles such as lactate and inorganic phosphate, leads to intracellular
edema that further affects cytoplasmic organelles and cell membrane integrity, which can
eventually lead to cell death [18]. These factors induce mitochondrial dysfunction and
activation of pro-inflammatory cytokines, releasing mediators involved in the
inflammatory cascade [19].

With the next phase of reperfusion, through restoration of blood flow, there is an excessive
production of oxygen-derived free radicals (ROS) and nitrogen-derived free radicals

(RNS), which exceeds the antioxidant capacity of the cell, leading it to major oxidative



stress. ROS cause endothelial damage, with activation and aggregation of macrophages
and platelets and accumulation of neutrophils in the ischemic area [20]. They can also
activate transcription factors, including hypoxia-inducible factor 1 (HIF-1) [21] and
nuclear factor-kappa B (NF-xB) [22], leading to the synthesis of pro-inflammatory
cytokines (IL-6, TNFa, IL-1, IL-8) and adhesion molecules [23]. Activated inflammatory
cells in turn release free radicals, pro-inflammatory and chemotactic mediators at the
damaged site, supporting and amplifying tissue changes and cell death by necrosis and
apoptosis [24].

Ischemia-reperfusion injury is thus a two-stage pathological condition characterized by
an initial disruption of blood flow, resulting in oxygen deprivation, followed by
subsequent restoration of perfusion and oxygen and nutrient supply [25]. Although the
mechanisms of ischemia-reperfusion are complex and still not understood, changes in
vascular permeability and mucosal barrier integrity are deeply related [26, 27].
Situations in which IR damage can occur are, for example, myocardial infarction and
cerebral stroke [28]. Reperfusion injury is a primary concern in surgery and especially in
organ transplantation surgery [29]. Organs most susceptible to ischemia include heart,
kidneys and brain, as they require constant blood flow to carry out their vital functions
[30]. In each affected organ, ischemia can manifest itself with different symptoms and
lead to serious clinical complications, as organs respond in different ways [3]. The brain,
for example, may suffer a cerebral infarction (ischemic stroke) after only a few minutes
of ischemia, while skeletal muscle tissue may endure longer before suffering irreversible

damage [31, 32].



1.2 Myocardial ischemia

1.2.1 Definition

Cardiac ischemia, also known as myocardial ischemia, is defined as an imbalance
between myocardial oxygen supply and demand, meaning it occurs when blood flow to
the coronary arteries, which supply oxygen to the heart muscle, is reduced or blocked
(Figure 1) [33]. Unlike other tissues, the myocardium (muscle tissue of the heart) is highly
dependent on a constant supply of oxygen to maintain its contractile function and to
ensure proper blood flow throughout the body; consequently, even a brief reduction in

oxygen supply can severely impair cardiac function [34].
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Figure 1. Schematic illustrating of acute myocardial ischemia-reperfusion injury [35].



1.2.2 Epidemiology and risk factors

Myocardial ischemia, associated with coronary artery disease (CAD), which is one of the
most common cardiovascular diseases globally, is a major cause of morbidity and
mortality worldwide [36].

Myocardial ischemia has a higher incidence in Western countries (North America,
Europe) due to the high prevalence of risk factors such as obesity, smoking, and sedentary
lifestyles. In contrast, in countries such as sub-Saharan Africa the incidence is lower but
increasing due to urbanization and adoption of Western lifestyles [37-39].

Cardiac ischemia is a condition that increases in a correlated manner with advancing age;
in fact, it appears to be more common in adults. Studies have shown that the risk of
developing cardiac ischemia increases significantly after age 45 in men and age 55 in
women [40]. This age-related risk is due to the accumulation of atherosclerotic plaques
over time and the onset of other cardiovascular risk factors such as hypertension and
diabetes [41].

Men are generally more likely to develop myocardial ischemia at a younger age than
women, but after menopause, the risk in women increases and may approach or even
exceed that of men, probably due to the loss of the protective effects of estrogen on the

cardiovascular system [42].

The pathogenesis of cardiac ischemia is strongly influenced by several risk factors that
accelerate the process of atherosclerosis or impair the function of the coronary arteries
[43].

Non-modifiable risk factors:

- Age: the risk of myocardial ischemia increases with age.



- Gender: men are at greater risk early in life, while postmenopausal women increase
their risk.

- Family history: a positive family history for cardiovascular disease increases risk.

Modifiable risk factors:

- Hypertension.

- Hyperlipidemia: high levels of LDL cholesterol and low levels of HDL cholesterol
contribute significantly to atherosclerosis.

- Smoking.

- Diabetes mellitus.

- Obesity: increasing globally, especially in urban areas, contributes to a higher burden
of ischemic heart disease.

- Sedentary lifestyle: lack of physical activity is a growing problem in both developed

and developing countries.

1.2.3 Etiopathogenesis

The main mechanism behind cardiac ischemia is coronary artery disease, which is
characterized by the formation of atherosclerotic plaques in the coronary arteries [43]. In
fact, the endothelial wall of the coronary arteries can be damaged by factors such as
hypertension, smoking, and hypercholesterolemia, and this damage makes the
endothelium more permeable to lipids, especially low-density lipoprotein (LDL), which
infiltrate the arterial walls. Oxidized LDL activates a local inflammatory response, calling
up monocytes that turn into macrophages, which in turn phagocytize oxidized LDL [44].
As inflammation progresses, smooth muscle cells migrate from the tunica media to the

tunica intima of the arterial wall, where they proliferate and secrete extracellular matrix,

10



contributing to the formation of fibrous plaque (atheroma), consisting of a central lipid
core, inflammatory cells, fibrous tissue, and smooth muscle cells [45]. As the size of the
plaque increases, the lumen of the coronary arteries progressively narrows, reducing the
blood supply to the heart, especially under conditions of increased energy requirements,
such as during exercise or stress [46]. This causes episodes of ischemia, which manifest
clinically as stable angina pectoris.

In addition, the fibrous covering of the atherosclerotic plaque can rupture, exposing the
highly thrombogenic lipid core to the bloodstream, this triggers platelet aggregation and
thrombus formation. If the thrombus completely occludes the coronary artery, blood flow

is stopped, leading to acute myocardial infarction (AMI) (Figure 2) [47].
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Figure 2. Plaque formation and rupture [48]
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In some cases, cardiac ischemia may be caused or aggravated by coronary vasospasm, a
temporary narrowing of the coronary arteries due to contraction of vascular smooth
muscle. This phenomenon affects mostly medium- and small-caliber arteries, can occur
both in the presence and absence of atherosclerotic plaques, and can drastically reduce

the blood supply to the myocardium.

1.2.4 Classification

Clinical manifestations of myocardial ischemia include:

- Transient myocardial ischemia: blood spontaneously flows back to the myocardium
in a short period of time (usually 15 minutes), without permanent damage to cardiac
muscle tissue [49]. This reversible condition can lead to angina pectoris, a pain in the
retrosternal region and surrounding areas such as the arms and neck. Angina is defined
as stable when chest pain arises predictably following physical exertion and the patient
finds relief at rest; unstable when the manifestation is unpredictable, the pain occurs
even when the subject is at rest and is a more dangerous form that can quickly lead to
heart attack [50, 51].

- Acute myocardial ischemia: oxygen supply suddenly decreases in a severe and
prolonged manner, such that the myocardium goes into necrosis. Cardiac cells, in fact,
can withstand 20 to 360 minutes of oxygen and/or nutrient deprivation, after which it
dies and, in that case, can degenerate into myocardial infarction [52].

- Chronic cardiac ischemia: ischemia is due to persistent obstruction over time, causing
reduced blood flow even under resting conditions [53].

- Silent cardiac ischemia: a completely asymptomatic condition. Symptoms may occur

during diagnostic examinations after exertion especially in individuals who have
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already suffered a heart attack or have undergone transplants and revascularization

surgeries [54].

1.2.5 Diagnosis

The diagnosis of cardiac ischemia is made by a combination of clinical evaluation,
laboratory tests, imaging studies, and functional tests to confirm the presence of ischemia

and assess its severity [55, 56].

1.2.5.1 Clinical Evaluation

The first step for a correct diagnosis of myocardial ischemia is the patient's clinical history
and a thorough examination.

The classic symptom of cardiac ischemia is angina pectoris, often described by patients
as a feeling of pressure or compression in the chest; such pain may radiate to the arms,
neck, jaw, or back. Other symptoms, which arise depending on the type and severity of
ischemia, may be dyspnea, hyperhidrosis, asthenia, nausea, and dizziness [57].

The doctor should also, assess the patient's risk factors for coronary artery disease, such
as hypertension, diabetes, smoking, sedentary lifestyle, etc.

Physical examination may reveal signs of other cardiovascular diseases or complications,

such as abnormal heart sounds, jugular venous distension, or signs of heart failure [58].

1.2.5.2 Electrocardiogram (ECG)

The ECG allows the electrical activity of the heart to be recorded and is one of the most
important and widely used tools in the diagnosis of myocardial ischemia [59].

An ECG can show:

- ST-segment changes

13



- T-wave inversions

- Arrhythmias

1.2.5.3 Blood Tests

Some blood markers are useful in the diagnosis of myocardial ischemia, particularly if

myocardial infarction is suspected [60]:

- Cardiac troponins (troponin I and troponin T): elevated levels are a strong
indicator of myocardial damage, as they are proteins released into the bloodstream
when there is damage to the heart muscle [61].

- Creatine kinase-MB (CK-MB): another enzyme that increases in the blood when
heart muscle is damaged but is less specific than troponin [62].

- B-type natriuretic peptide (BNP) or NT-proBNP: prognostic markers useful in
cases of patients with congestive heart failure (CHF) that may accompany ischemia

[63].

1.2.5.4 Stress Testing

Stress tests are used to assess the performance of the heart under high workload conditions

and detect ischemia that may not be present at rest, as in the case of silent cardiac ischemia

[64].

- Stress test: the patient walks on a treadmill or pedals on an exercise bike while cardiac
activity (ECG) is monitored. If there is myocardial ischemia, symptoms such as chest
pain, ECG changes (such as ST-segment depression) or arrhythmias may appear

during the test.
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- Pharmacological stress test: if a patient cannot exercise, drugs such as dobutamine
or adenosine, which stimulate the effects of exercise on the heart, are administered
having a good safety profile [65].

- Exercise Stress Echocardiography (ESE): combines a stress test with an
echocardiogram to visualize the movement of the heart during stress; abnormalities in
wall movement may indicate the presence of ischemia [66].

- Nuclear stress test: involves the injection of a radioactive tracer (such as thallium or
technetium) and the use of a gamma chamber to assess blood flow to the heart both at

rest and during stress. Reduced tracer uptake in some areas suggests ischemia [67].

1.2.5.5 Coronary Angiography and Computed Tomography Coronary Angiography
(CTCA)

In coronary angiography (or cardiac catheterization), a catheter is inserted into a blood
vessel and then guided to the coronary arteries, into which a contrast dye is injected so
that the arteries can be visualized by X-ray. This test allows the location and severity of
any obstruction in the coronary arteries to be shown and is useful in guiding therapeutic
decisions, such as angioplasty or coronary artery bypass surgery.

CTCA is a noninvasive alternative to traditional coronary angiography. It uses computed
tomography to create detailed images of the coronary arteries and detect atherosclerotic

plaques or obstructions [67].

1.2.5.6 Echocardiogram

An echocardiogram (ultrasound of the heart) is often used to assess heart function and

structure [68]. It can detect:
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- Wall motion abnormalities: areas of the heart that are not contracting properly due to
ischemia.

- Ejection fraction: a measure of how well the heart is pumping blood, which can be
reduced in cases of significant ischemia or heart damage.

- Valvular heart disease or other structural issues: can contribute to ischemia and

complicate treatment.

1.2.5.7 Cardiac magnetic resonance imaging (CMR)

A cardiac magnetic resonance imaging scan provides highly detailed images of the heart's
structure and function. It can identify ischemic areas (areas with reduced blood flow) and
also can differentiate between reversible and irreversible ischemic damage (such as

scarring from a previous infarction) [69].

1.2.5.8 Holter Monitor
For patients with intermittent symptoms, a Holter monitor can be used. It continuously
records the heart's electrical activity over 24-48 hours or longer, detecting episodes of

ischemia-related arrhythmias or silent ischemia (ischemia without symptoms) [70].

1.2.5.9 Positron Emission Tomography (PET) Scan
A PET scan can evaluate myocardial perfusion and metabolism, offering high sensitivity

for detecting ischemia, especially in cases where other tests may be inconclusive [71].

1.2.5.10 Intravascular Ultrasound (IVUS) and Fractional Flow Reserve (FFR)
The Intravascular ultrasound provides detailed images of the inside of the coronary

arteries, helping to assess the severity and composition of atherosclerotic plaques. Instead,
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the Fractional flow reserve measures the pressure differences across a coronary artery

stenosis to assess whether it is causing significant ischemia [72].

1.2.6 Therapeutic approaches

Treatment approaches for myocardial ischemia serve to restore adequate blood flow to
the heart muscle, relieve symptoms, prevent progression to myocardial infarction, and
reduce mortality. Treatment may vary according to the type and severity of ischemia, but
also according to the patient's overall health. In fact, for one patient it may be enough just

to change lifestyle, for another it will require medication, etc.

1.2.6.1 Lifestyle changes
Lifestyle changes are critical for both prevention and management of myocardial

ischemia [73].

Diet: a healthy diet rich in fruits, vegetables, whole grains, lean protein and healthy

fats helps control blood pressure, cholesterol levels and body weight.

- Physical activity: regular aerobic exercise (walking, biking, or swimming) helps
improve cardiovascular fitness, control weight, and reduce risk factors such as
hypertension and hyperlipidemia.

- Quitting smoking: one of the most effective ways to reduce the risk of myocardial
ischemia and coronary artery disease.

- Weight management: maintaining a healthy weight reduces the risk of developing
hypertension, diabetes and high cholesterol, which contribute to ischemia.

- Stress reduction: meditation and relaxation exercises can help reduce the negative

impact of chronic stress on heart health.
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1.2.6.2 Pharmacological Therapy

In pharmacological therapy, drugs are used to relieve symptoms, prevent further ischemic
episodes, and reduce the risk of complications such as myocardial infarction or heart
failure. Specifically, the most used drugs are nitrates, beta-blockers, calcium channel
blockers, antithrombotic and statins [74].

Nitrates, such as Nitroglycerin, are used for acute symptoms relief and long-term
management. They increase the distribution of nitric oxide and dilate blood vessels,
improving blood flow to the heart and reducing chest pain [75].

Beta-blockers (BB) or Beta-adrenergic antagonists, such as Metoprolol and Atenolol,
reduce heart rate and contractility by blocking the PB1 adrenergic receptor, thereby
decreasing the heart's oxygen demand. They are commonly prescribed after a heart attack
to prevent further ischemia.

Calcium channel blockers (CAs), such as Amlodipine and Diltiazem, block the L-type
calcium receptor, relaxing coronary arteries, improving blood flow to the heart and
reducing cardiac workload by lowering blood pressure.

Anti-thrombotic, such as Aspirin and Heparin, reduce the risk of blood clot formation.
Statins (Atorvastatin, Simvastatin) reduce LDL cholesterol levels and intervene in the

progression of atherosclerosis by stabilizing atherosclerotic plaques.

1.2.6.3 Revascularization Procedures

In cases where medication and lifestyle changes are insufficient, revascularization
procedures are used to restore blood flow to the heart muscle.

Percutaneous transluminal coronary angioplasty (PTCA) is a minimally invasive
technique that involves the use of a balloon catheter that is inflated at lesions to dilate the

arteries and the subsequent placement of a stent (a small wire mesh tube) to keep the
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artery open. The stents may or may not be coated with useful drugs to prevent narrowing
of the artery [76].

Coronary Artery Bypass Grafting (CABG) is a surgical procedure that allows arteries or
veins taken from the patient, to be used to restore adequate blood flow, thereby reducing
the risk of myocardial infarction and death. It involves taking a healthy artery or vein
from another part of the body and then grafting it to bypass the blocked coronary artery,
thereby improving blood flow to the heart. It is a recommended procedure in patients with
severe obstruction, left main coronary artery disease, or in cases where PTCA is not

feasible [77].

1.2.6.4 Experimental Therapies
New therapeutic treatments are currently being developed, such as the use of stem cells
to regenerate damaged heart tissue or gene therapy to promote the growth of new blood

vessels in the heart muscle so as to improve blood flow [78].

1.3 Renal Ischemia

1.3.1 Definition

Ischemic renal disease, or ischemic nephropathy, is a pathological condition characterized
by a reduction or blockage of blood flow to the kidneys, resulting in tissue damage [79].
This impairs the kidneys' ability to effectively filter blood, leading to a buildup of toxins
and potentially fatal electrolyte imbalances. The common outcome of ischemic
nephropathy is renal fibrosis followed by atrophy and chronic renal failure [80]. Ischemic
nephropathy is characterized also, by a reduction of kidney size [81] and a significant

decrease in glomerular filtration rate (GFR) (Figure 3) [82].
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Renal I/R injury is a common cause of acute kidney injury, a disorder characterized by
damage to tubular epithelial cells and associated with renal dysfunction, prolonged
hospitalization, possible development of chronic kidney disease, and high rates of
morbidity and mortality in patients [83].

Renal I/R injury can often occur after a kidney transplant, major vascular surgery, or
sepsis [84, 85]. I/R renal injury represents an incurable perioperative complication;
Therefore, there is an urgent need to develop new strategies to preserve renal function
after renal ischemia [86]. In addition, since the kidneys are vital organs for the
maintenance of body homeostasis, timely diagnosis and treatment of renal ischemia are

essential to prevent serious complications.
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Figure 3. Mechanism of renal ischemia-reperfusion injury [87]
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Renal ischemia can be divided according to duration and severity into acute and chronic,
and each has a distinct pathogenetic mechanism.

1. Acute renal ischemia:

It occurs when blood flow to the kidneys is abruptly reduced or stopped, as happens in
cases of thrombosis, embolism, or hypovolemic shock. Rapid intervention is crucial to
avoid permanent damage to kidney tissues, such as the development of acute tubular

necrosis (ATN) [88] and ischemic renal failure (ARF) [89].

2. Chronic renal ischemia:

A form commonly associated with renal artery stenosis (RAS) or vascular disease [90].
There is a gradual narrowing of the renal arteries that leads to a reduction in blood flow
and oxygen supply to the kidney, causing progressive damage to tubular and glomerular
cells. It involves progressive and irreversible damage such as interstitial fibrosis, renal
atrophy, chronic renal failure (CRF) leading to end-stage renal failure (ESRF) [87]. In
addition, chronic ischemia is associated with increased intraglomerular pressure, which

causes further damage and worsens kidney function [91].

1.3.2 Epidemiology and risk factors

Renal ischemia, especially in the acute form, is associated with AKI, a condition that
affects a large proportion of hospitalized patients. In fact, a study has shown that AKI of
ischemic origin affects 5-7% of hospitalized patients [92]. AKI is estimated to affect about
500 individuals out of 100,000 [93]. The ischemic nephropathy represents the cause of
5% to 22% of advanced renal disease in patients older than 50 years [90]. Renal ischemia
is responsible for 7% of end-stage renal disease and in the United States it is among the

main causes of renal failure leading to dialysis [94].
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The pathogenesis of renal ischemia is influenced by several risk factors [95], such as:

- Age: the risk of renal ischemia increases with age, increasing the prevalence of
cardiovascular disease such as atherosclerosis, which is the principal cause of
ischemia. In fact, a prevalence of 18% in patients aged 64 to 75 years and 42% in
patients over 75 years of age is found [82]. After age 50, or in general older patients,
are particularly susceptible to chronic ischemia.

- Gender: the risk is higher in women than men.

- Family history: a positive family history for cardiovascular disease increases risk.

- Smoking.

- Hypertension: chronic hypertension damages the renal arteries promoting the
development of ischemia.

- Hyperlipidemia: high levels of LDL cholesterol and low levels of HDL cholesterol
contribute significantly to atherosclerosis.

- Diabetes mellitus: represents an important risk factor as it promotes atherosclerosis in
both large and small vessels (microangiopathy).

- Cardiovascular disease: patients with cardiovascular disease such as angina or
congestive heart failure present a higher risk.

- Nephrotoxic drugs: the prolonged use of drugs such as NSAID (non-steroidal anti-
inflammatory drugs) or ACE-inhibitors can impair renal blood flow in particular in

patients with bilateral stenosis or pre-existing renal failure.

1.3.3 Diagnosis

The renal ischemia is difficult to estimate, it is often asymptomatic and in addition, there

are no precise diagnostic criteria of ischemic nephropathy [96]. The diagnosis of renal
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ischemia required a combination of clinical evaluation, laboratory and imaging tests, and

functional tests to confirm the presence of ischemia and assess its severity [97].

Urine tests: the presence of proteinuria or granulated casts is indicative of tubular

damage. In addition, microscopic urinalysis may reveal signs of tubular necrosis.

Blood tests: increased serum creatinine is a sign of reduced kidney function.
Electrolytes can also be altered, with potassium and phosphate levels often elevated

due to reduced renal filtration [98].

Duplex Doppler ultrasound (DDS): used to evaluate the blood flow of the kidney or

kidney system and can detect signs of arterial stenosis [99].

Magnetic resonance angiography (MRA): the procedure involves the injection of a
bolus of a gadolinium chelate and the subsequent three-dimensional volumetric data
collection sensitized to the T1 shortening effects of gadolinium. It is used to assess the
stenosis or occlusion of the renal arteries, accurately identifying the degree of vascular

compromise [100].

Computed Tomography (CT) and Magnetic Resonance Imaging (MRI): used to
visualize the anatomy of the kidneys and identify vascular obstructions, can provide

detailed images of renal blood flow and parenchyma [82].

1.3.4 Therapeutic approaches

Treatments approaches for renal ischemia serve to restore adequate blood flow to relieve

symptoms and prevent development of acute or chronic renal dysfunction. Lifestyle

changes are critical for both prevention and management of ischemia, for example

quitting smoke is very useful. It is essential to maintain adequate hydration to improve
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renal perfusion. In addition, a balanced diet rich in fruits, vegetables, whole grains, lean
protein and healthy fats helps control blood pressure, cholesterol levels and, if necessary,
restricting sodium and protein intake can help prevent overload of work on the kidneys

[81].

1.3.4.1 Pharmacological Therapy

In pharmacological therapy, drugs are used to relieve symptoms, prevent further ischemic

episodes, and reduce the risk of complication [101]. Specifically, the most used drugs are:

- Vasodilators: reduce intra-renal pressure and help prevent further damage to kidney
tissues. ACE inhibitors (such as Enalapril and Lisinopril) and angiotensin receptor
blockers (ARBs, such as Losartan and Valsartan) are used to lower blood pressure and
improve blood flow to the kidneys.

- Anti-thrombotic: prevent the formation of new clots and facilitate the dissolution of

existing ones. The most used are Aspirin and Heparin.

1.3.4.2 Revascularization Procedures

Revascularization procedures are indicated in patients with a decrease in renal artery
diameter greater than 75%, progressive deterioration of renal function with renovascular
disease and renal failure caused by aortic, unilateral, or bilateral renal artery thrombosis
[102]. Revascularization procedures are also used to restore blood flow to the heart
muscle, when medication and lifestyle changes are insufficient.

Percutaneous transluminal renal angioplasty (PTRA) is a minimally invasive technique
used to dilate the narrowed renal artery using a balloon in case of hemodynamic relevant

renal artery stenosis. Often, a stent is inserted to keep the artery open and ensure adequate

blood flow [103].
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2. KYP-2047

KYP- 2047 (4-phenylbutanoyl-L-prolyl-2(S)-cyanopyrrolidine) (Figure 4) is a prolyl
endopeptidase (PREP) inhibitor, synthesized at the University of Kuopio, Finland as
described above [104]. Structurally, is based on the structure of another inhibitor, SUAM-
1221, but differs from it by for an additional electrophilic nitrile group in the 2S-position

of the pyrrolidine ring. KYP-2047 has a MW 339.4 g/mol and possess a Ki of 0.023 nM.

Figure 4. Chemical structure of KYP-2047

[PubChem, https://pubchem.ncbi.nlm.nih.gov/compound/kyp-2047]
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2.1 Prolyl endopeptidase (PREP)

PREP, also known as prolyl oligopeptidase (POP) or post-proline cleavage enzyme, is an
enzyme encoded in humans by the PREP gene. It is an intracellular enzyme (molecular
mass 80kDa) belonging to the serine protease family, specifically the S9 subfamily that
differs from the others, trypsin and subtilisin, in their specificity to recognize the peptide
substrate and in their different catalytic triad [105]. PREP hydrolyzes the peptide bond at
the C-terminal end of a proline residue. In addition to its enzymatic activity, PREP can
cleave short proline-containing peptides (less than 3 kDa) that are involved in the
activation of the inflammatory response, the development of neurodegenerative diseases,
and the outcome of autoimmune diseases [106].

PREP is expressed in different organs and tissues (such as brain, heart, liver, kidney, lung,
intestine) [107, 108] and is involved in the hydrolysis of bioactive peptides containing
proline, such as angiotensin, arginine-vasopressin, substance P and neurotensin [109,
110]. It has also been shown to be involved in several other physiological and pathological
functions such as inflammation [111].

Being involved in the release of pro-angiogenic and anti-fibrogenic molecules [112, 113],
prolyl endopeptidase inhibitors may represent a novel approach to the treatment of many
inflammatory diseases. The chemical structures of PREP inhibitors can be divided into
P1 (usually contains a proline like moiety), P2 (may contains aliphatic chain or a ring)

and P3 (usually contains an aromatic ring) [114] (Figure 5).
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Figure 5. Structure of PREP inhibitors [114]

Specifically, the inhibitor KYP-2047 possesses a good ability to reach and inhibit prolyl
endopeptidase at the intracellular level [115], showing the ability to inhibit this enzyme
more effectively than other inhibitors [116]. Klimaviciusa et al. demonstrated greater
potency of KYP-2047 than ZPP (Z-pro-prolinal) inhibitor in primary cortical neurons of
rats and neuroblastoma cells [117]; indeed, it inhibits about 85% of prolyl-endopeptidase

activity, showing a half-life of about 4-8 hours.
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2.2 Mechanism of action of KYP-2047

KYP-2047 works by blocking the enzyme activity of PREP, inducing conformational
changes. In fact, KYP-2047 is able to bind to Ser554 in the active site of the PREP
enzyme, stabilizing the inactive "closed" conformation of the enzyme and therefore,

preventing its proteolytic activity [118] (Figure 6).
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Figure 6. Mechanism of inhibition of PREP by KYP-2047 [Created with BioRender]
KYP-2047 has been shown to penetrate the blood-brain barrier, distribute equally between
the cortex, hippocampus and striatum, and penetrate the brain parenchyma and exhibits,

likewise, high lipophilicity, allowing it greater penetration through biological membranes

in vivo. In addition to exerting a neuroprotective role, KYP-2047 has been shown to have
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significant effects on inflammatory and angiogenic processes, thus making it a possible

therapeutic strategy for different diseases.

2.3 Role of KYP-2047 in Inflammation

Recent studies have demonstrated an involvement of PREP in important disease
processes, such as a-synuclein aggregation and neutrophil-linked inflammation [115].
The inflammation is a response of the body to damage related to chemical, physical or
microorganism insults, to inactivate or destroy the pathogen involved, remove irritants
and lay the foundations for tissue repair [119]. As demonstrated by several studies PREP
inhibition by KYP-2047 reduces the production of pro-inflammatory cytokines, such as
TNF-a IL-6 [120-122]. This anti-inflammatory effect could be crucial in the management

of diseases in which chronic inflammation plays a key role.

2.4 Role of KYP-2047 in Angiogenesis

Some studies demonstrated the ability of KYP-2047 to modulate angiogenesis, a process
of forming of new blood vessels, often associated with tumor progression [123, 124]. It
is a complex process, consisting of a cascade of events regulated by pro- and anti-
angiogenic factors, such as the vascular endothelial growth factor (VEGF) or the
transforming growth factor  (TGFp). Angiogenesis plays a fundamental role in
embryonic development and tissue growth; in adults, however, angiogenesis is found
mainly in pathological states such as tumor growth and states of chronic inflammation

(rheumatoid arthritis [125], pulmonary fibrosis [126], etc).
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3. Aim of the thesis

Based on the important role of PREP in inflammatory and angiogenic processes, PREP
inhibitors, such as KYP-2047, may represent a new therapeutic strategy for
ischemia/reperfusion injury. Therefore, this PhD project aims to evaluate the protective
effect of KYP-2047 to counteract the inflammatory and angiogenic process involved in
the pathophysiology of I/R. In particular, the evaluation was carried out on the preventive
effects of KYP-2047 in a mouse model of myocardial I/R and on the protective effect of
KYP-2047 in a mouse model of renal I/R as post-treatment, emphasizing the ability of
KYP-2047 to modulate angiogenesis, inflammation, fibrosis, apoptosis and nitrosative

stress.
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4. Materials and methods

4.1 Materials

KYP-2047 (Sigma, CAS No.: SML020) was purchased by Sigma-Aldrich (Milan, Italy).
All other chemicals used in this study were of the highest commercial grade available.
All the stock solutions were prepared in non-pyrogenic saline (0.9% NaCl, B. Braun

Melsungen AG, Berlin, Germany).

4.2 Animals

The study was conducted on adult male CD1 mice (25-30 g, 6-8 weeks of age, Envigo,
Milan, Italy). The animals were housed in a controlled environment and placed in steel
cages in a room maintained at 22 + 1 °C with a 12-h light/12-h dark cycle. Mice were
supplied with water and standard rodent food. Animal study was approved by the
University of Messina Review Board following Italian regulations on the use of animals

(DM116192) and Directive legislation (EU) (2010/63/EU).

4.3 Myocardial Ischemia/Reperfusion (MI/R)

A mouse model of MI was performed by occlusion of the left anterior descending
coronary artery (LAD) as previously described [127]. Specifically, mice were
anesthetized with a mixture of ketamine and xylazine and then, placed on a heating pad
to maintain core body temperature at 37 °C during surgery. Briefly, animals underwent
thoracotomy at the fifth left intercostal space, the pericardium was opened, and a 6-0 silk
thread was placed around the LAD approximately 1-2 mm below its origin. LAD was

kept occluded for 15 minutes and ligation was subsequently released so as to allow
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reperfusion of the previously ischemic myocardium. The duration of reperfusion was
predetermined at 2 hrs. Following the surgical procedure, the mice were left to recover
under a heat lamp and under observation for 6 hours. Timings were chosen based on the
literature to maximize the reproducibility of functional myocardial damage while
minimizing mortality in these animals [127]. KYP-2047 was administrated to mice at
doses of 2.5 and 5 mg/kg 24 hours before the surgical procedures. The dose and route of
administration of KYP-2047 were chosen based on previous studies [121]. Hearts were

collected for analysis, determining the size of ischemic injury.

4.3.1 Experimental Group

Mice were randomly divided into the following groups:

Sham: mice were subjected to surgical procedures, except for MI/R and were kept

under anesthesia for the duration of the experiment. (N=8).

- Sham + KYP-2047 2.5 mg/kg group: mice were subjected to surgical procedures,
except for MI/R and were kept under anesthesia for the duration of the experiment.
KYP-2047 (2.5 mg/kg 0.001% DMSO i.p) was administered 24hours before the
surgical procedures (N=8).

- Sham + KYP-2047 5 mg/kg group: mice were subjected to surgical procedures, except
for MI/R and were kept under anesthesia for the duration of the experiment. KYP-
2047 (5 mg/kg 0.001% DMSO i.p) was administered 24hours before the surgical
procedures (N=8).

- MI/R: mice were subjected to coronary artery occlusion (15 min), followed by

reperfusion (2h) (N=8):
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- MI/R + KYP-2047 2.5 mg/kg group: mice were subjected to coronary artery occlusion
(15 min), followed by reperfusion (2h). KYP-2047 (2.5 mg/kg 0.001% DMSO i.p) was
administered 24hours before the surgical procedures (N=8);

- MI/R + KYP-2047 5 mg/kg group: mice were subjected to coronary artery occlusion
(15 min), followed by reperfusion (2h). KYP-2047 (5 mg/kg 0.001% DMSO i.p) was

administered 24hours before the surgical procedures (N=8).

Results for the KYP-2047-treated Sham groups were not shown because neither toxicity

nor improvement were seen compared to the Sham group.

4.3.2 Histological evaluation

Heart tissues were collected and processed for histological analysis, as previously
described [128]. Briefly, the whole heart was removed and was fixed in formaldehyde
buffered solution (10% phosphate buffered saline) for 24h at room temperature,
dehydrated by graded ethanol and included in paraffin. Subsequently heart tissue sections
(7 um) were deparaffinized with xylene, stained with hematoxylin/eosin, and studied with
light microscope (Zeiss Milan, Italy). Every piece was viewed at a magnification of 2,5x
and 20x (200 um and 50um scale bar). For the quantitative estimation of I/R lesions,
histological studies were performed by two blinded investigators and the score scale-point

was chosen based on previous studies [127].

4.3.3 Masson’s trichrome

The degree of fibrosis collagen accumulation in the heart tissues was assessed using
Masson’s trichrome stain, following the manufacturer’s instructions (Bio-Optica, Milan,
Italy), as previously described [121]. Images were shown at 2,5x and 20x magnification

(respectively, 200pum and 50pum scale bar), using a Nikon Eclipse Ci-L microscope.
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4.3.4 Toluidine Blue Staining

Heart tissues were stained with toluidine blue (Bio-Optica, Milan, Italy) to assess the
quantity of mast cells and their degranulation, as previously described [129]. Briefly,
sections were deparaffinized in xylene and dehydrated using ethanol graded sequences
and then stained for 5 min. Sections were placed in absolute alcohol, cleared in xylene,
and fixed using Eukitt (Bio-Optica, Milan, Italy). Images were shown at 40x
magnification (20 um scale bar). The number of metachromatic stained mast cells was
obtained by counting in five high-power fields (40x) per section using a Nikon Eclipse

Ci-L microscope.

4.3.5 Immunohistochemistry

Immunohistochemical analysis was performed as previously described [130]. The heart
sections (7 um) were incubated overnight with the primary antibody at room temperature.
The used antibodies were anti-mast cell tryptase (1:100, Santa Cruz Biotechnology, sc-
59587), anti-nitrotyirosine (1:100, Merck-Millipore, 06-284), anti-VEGF (1:100, Santa
Cruz Biotechnology, sc-7269) and anti-CD34 (1:100, Santa Cruz Biotechnology, sc-
74499). The following day the sections were washed with PBS and incubated with a
secondary antibody for 1h at room temperature. A chromogenic substrate (brown DAB)
detected the reaction, and the images were taken using a microscope and AxioVision
software. Sections were then observed with a Nikon Eclipse Ci-L microscope. The
percentage area of immunoreactivity (determined by the number of positive pixels) was
expressed as percentage (%) of total tissue area (red staining) at 20x magnification (50pum

scale bar).
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4.3.6 Terminal deoxynucleotidyl transferase-mediated UTP end labeling (TUNEL)
assay

The TUNEL staining was performed using a cell death detection kit following the
manufacturer’s instructions (Roche), as previously described [131]. The sections, after
being deparaffinized and hydrated, were permeabilized with 0.1 M citrate buffer and then
incubated in the TUNEL reaction at 37° C for 60 minutes in the dark. For TUNEL
staining, 2,5x and 20x magnification (respectively, 200um and 50um scale bar) were

showed.

4.3.7 Western blot

The heart tissues were collected and then processed for western blot analysis as previously
described [132]. Lysates were used for the detection of inhibitor kappa B-alpha (IkB-a),
interleukine-18 (IL-18), p-p38 MAPK and p-ERK in cytosolic fraction. At the same way,
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) was quantified in
nuclear fraction. Membranes were incubated overnight at 4° C with the following primary
antibodies: anti-IkB-a (1:500; Santa Cruz Biotechnology sc-1643), anti-IL-18 (1:500;
Santa Cruz Biotechnology sc-7954, Dallas, TX, USA), anti- p-p38 MAPK
(Thr180/Tyr182) (1:500; Cell Signaling, 9211S), anti-p-ERK (1:500; Santa Cruz
Biotechnology sc-7383), anti ERK 1/2 (1:500, ; Santa Cruz Biotechnology sc-514302)
and anti-NF-kB (1:500; Santa Cruz Biotechnology sc-8008). Then, membranes were
incubated with peroxidase-conjugated bovine anti-mouse secondary antibody (1:1000,
Jackson ImmunoResearch, USA) for 1 h at room temperature. Signals were detected
through an enhanced chemiluminescence (ECL) detection system reagent and
standardized to B-actin (1:500; Santa Cruz Biotechnology sc-47778) or lamin A (1:500;

Santa Cruz Biotechnology sc-518013) levels. The relative expression of the protein bands
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was quantified by densitometry with Bio-Rad ChemiDoc™ XRS software (Bio-Rad,

Milan, Italy).

4.3.8 Statistical analysis

Data are expressed as mean =+ standard deviation (SD) of N observations, in which N
represents the number of animals. Data are representative of at least three independent
experiments. The results were examined by one-way ANOVA analysis of variance
followed by a Bonferroni post hoc test for multiple comparisons. Only a p-value less than

0.05 was considered significant.

4.4 Kidney Ischemia/Reperfusion (KI/R)

A mouse model of KI/R was performed as previously described [133]. Specifically, mice
were anesthetized with a mixture of ketamine and xylazine and then, placed on a heating
pad to maintain core body temperature at 37 °C during surgery. Briefly, animals were
subjected to a midline laparotomy and then underwent to a bilateral renal ischemia. KI/R
was induced by occluding renal arteries and veins for 30 minutes. Renal clamps were
subsequently removed, and the kidney were observed for the next 5 minutes to confirm
complete reperfusion. Timings were chosen based on the literature to maximize the
reproducibility of functional renal damage while minimizing mortality in these animals.
KYP-2047 was administrated to animal at doses of 0,5, 1 and 5 mg/kg 5 minutes before
the reperfusion. Following the surgical procedure, the mice were left to recover under a
heat lamp and under observation for 6 hours. The dose and route of administration of
KYP-2047 were chosen based on previous studies [134]. Kidneys were collected for

analysis.
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4.4.1 Experimental Group

Mice were randomly divided into the following groups:

Sham: mice were subjected to surgical procedures, except for KI/R (N=8);

KI/R: mice were subjected to renal ischemia (30 min), followed by reperfusion (6 hrs)
plus administration of saline (N=10);

KI/R + KYP-2047 0.5 mg/kg group: mice were subjected to mice were subjected to
renal ischemia (30 min), followed by reperfusion (6 hrs) and administration of KYP-
2047 (0.5 mg/kg 0.001% DMSO i.p) 5 minutes before the reperfusion (N=10);

KI/R + KYP-2047 1 mg/kg group: mice were subjected to mice were subjected to renal
ischemia (30 min), followed by reperfusion (6 hrs) and administration of KYP-2047
(2 mg/kg 0.001% DMSO i.p) 5 minutes before the reperfusion (N=10);

KI/R + KYP-2047 5 mg/kg group: mice were subjected to mice were subjected to renal
ischemia (30 min), followed by reperfusion (6 hrs) and administration of KYP-2047

(5 mg/kg 0.001% DMSO i.p) 5 minutes before the reperfusion (N=10).

4.4.2. Histological evaluation

Kidney tissues were collected and processed for histological analysis, as previously

described [128]. Briefly, renal samples were fixed in formaldehyde-buffered solution

(10% phosphate-buffered saline) at room temperature for 24h, dehydrated with ethanol,

and included in paraffin. Subsequently, renal tissue sections (7 um) were deparaftinized

with xylene, stained with hematoxylin/eosin and studied with light microscope (Zeiss

Milan, Italy). Every piece was viewed at a magnification of 10x and 40x (respectively,

100 um and 20 pum scale bar). For the quantitative estimation of I/R lesions, histological

studies were performed by two blinded investigators and the score scale-point was chosen

based on previous studies [135].
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4.4.3. PAS Staining
Glycogen stores were assessed using PAS staining, as previously described [136]. Renal
sections were scored from 0, no staining of glycogen granules, to 3 in case of more intense

staining. The images are shown at 20x magnification (50 um scale bar).

4.4.4 Assessment of Renal Function
Blood urea nitrogen (BUN) and serum creatinine levels were assessed from blood samples

as previous described [137].

4.4.5 Blue Toluidine Staining

Renal tissues were stained with toluidine blue (Bio-Optica, Milan, Italy) to assess the
quantity of mast cells and their degranulation, as previously described [129]. Briefly,
sections were deparaffinized in xylene and dehydrated using ethanol graded sequences
and then stained for 5 min. Sections were placed in absolute alcohol, cleared in xylene,
and fixed using Eukitt (Bio-Optica, Milan, Italy). Images were shown at 40x%
magnification (20 um scale bar). The number of metachromatic stained mast cells was
obtained by counting in five high-power fields (40x) per section by using a Nikon Eclipse

Ci-L microscope.

4.4.6 Masson’s Trichrome Staining

The degree of fibrosis collagen accumulation in the kidney tissues was assessed using
Masson’s trichrome stain, following the manufacturer’s instructions (Bio-Optica, Milan,
Italy), as previously described [121]. Images were shown at 20x magnification (50um

scale bar), using a Nikon Eclipse Ci-L microscope.
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4.4.7. ELISA Kit for Pro-Collagen 1 (Collal) Evaluation

The collagen content was evaluated using the mouse Pro-Collagen I alpha 1 ELISA Kit
(Abcam, #ab210579), as previous described [138]. Briefly, samples were homogenized
in 300 pL lysis buffer (750 pL, Pierce #87787, Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with a protease inhibitor cocktail (Sigma-Aldrich, Rehovot, Israel).
Samples were subsequently centrifuged at 14,000x g for 10 min at 4 °C and supernatants

were collected, aliquoted, and subjected to analysis.

4.4.8 Western Blot Analysis

The kidney tissues were collected and then processed for western blot analysis as
previously described [132]. Lysates were used for the detection of IxB-a, inducible nitric
oxide synthase (iNOS), cyclooxygenase 2 (COX-2), NF-kB-inducing kinase (NIK), B-
cell lymphoma 2 (Bcl-2), Bcl-2 associated agonist of cell death (BAD), tumor necrosis
factor (TNF-a), interleukine-6 (IL-6), protein phosphatase 2 (PP2A), and p-PP2A in
cytosolic fraction. At the same way, NF-kB was quantified in nuclear fraction.
Membranes were incubated overnight at 4° C with the following primary antibodies: IxB-
a (1:500; Santa Cruz Biotechnology sc-1643), anti-COX-2 (1:500; Cayman 160106),
iINOS (1:500, Abcam ab3523), anti-Bcl-2 polyclonal antibody (1:500 Santa Cruz
Biotechnology sc-7382), anti-Bad (1:500, Santa Cruz Biotechnology sc-8044), anti TNF-
a (1:500, Santa Cruz Biotechnology sc-52746), anti-IL-6 (1:500, Santa Cruz
Biotechnology sc-57315) PP2A (1:500; Merck 05—421), p-PP2A (1:500; Thermo Fisher
Scientific PA5-36874) and anti-NF-kB (1:500; Santa Cruz Biotechnology sc-8008). Then,
membranes were incubated with peroxidase-conjugated bovine anti-mouse secondary
antibody (1:1000, Jackson ImmunoResearch, USA) for 1 h at room temperature. Signals

were detected through an enhanced chemiluminescence (ECL) detection system reagent
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and standardized to B-actin or lamin levels. The relative expression of the protein bands
was quantified by densitometry with Bio-Rad ChemiDoc™ XRS software (Bio-Rad,

Milan, Italy).

4.4.9. TUNEL Staining

The TUNEL staining was performed using a cell death detection kit following the
manufacturer’s instructions (Roche), as previously described [131]. The kidney sections,
after being deparaffinized and hydrated, were permeabilized with 0.1 M citrate buffer and
then incubated in the TUNEL reaction at 37° C in the dark for 60 minutes. For TUNEL

staining 40x magnification (20um scale bar) were showed.

4.4.10 Immunohistochemical Localization of TGF-§ and VEGF

Immunohistochemical analysis was performed as previously described [130]. The kidney
sections (7 um) were incubated overnight with the primary antibody at room temperature.
The used antibodies were anti-TGFf (1:100, Santa Cruz Biotechnology, sc-130348) and
anti-VEGF (1:100, Santa Cruz Biotechnology, sc-7269). The following day the sections
were washed with PBS and incubated with a secondary antibody for lh at room
temperature. A chromogenic substrate (brown DAB) detected the reaction, and the images
were taken using a microscope and AxioVision software. Sections were observed using a
Nikon Eclipse Ci-L microscope. The percentage area of immunoreactivity (determined
by the number of positive pixels) was expressed as percentage (%) of total tissue area (red

staining) and images were shown at 20x magnification (50um scale bar).
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4.4.11 Real-Time PCR

Total RNA of kidney was isolated following the manufacturer’s instructions (RNeasy
Mini Kit; Qiagen). RNA concentration was determined by a NanoDrop™ 1000 (Thermo
Scientific, Waltham, MA, USA) and 4pg of total RNA was reverse transcribed into
cDNA, following the manufacturer’s instructions (PrimeScript RT Master Mix, Takara,
Japan). Real-time PCR amplifications were performed with the use of the ABI 7500
system (Applied Biosystems, Waltham, MA, USA), as previous described [139]. The
analysis was performed to evaluate the expression of TNF-a and IL-6 mRNA in the

kidney samples.

PCR primers for all analyzed genes were:
TNF-a gene: GTGATCGGTCCCAACAAGGATGGTGGTTTGCTACGACGTG

IL-6 gene: AAGTCCGGAGAGGAGACTTCAGCCATTGCACAACTCTTTTCTCATT

4.4.12 Statistical Analysis

Data are expressed as mean + standard error of the mean (SEM) of N observations, in
which N represents the number of animals. Data are representative of at least three
independent experiments. Results were examined by one-way ANOVA analysis of
variance followed by a Bonferroni post hoc test for multiple comparisons. Only a p-value

less than 0.05 was considered significant.
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Chapter 5: Results
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5.1 Results of MI/R

5.1.1 Preventive effects of KYP-2047 on histological assessment

The histological examination showed the presence of tissue damage, necrosis and
neutrophilic infiltration in the heart undergoing ischemia-reperfusion (Fig. 1B, B1, see
histological score in Fig. 1E) compared to the sham group, in which the structure of the
myocardial tissue assumed the typical normal architecture (Fig. 1A, A1, see histological
score in Fig. 1E). In fact, myocardial tissue in the I/R group showed significant infiltration
of inflammatory cells and disordered arrangement of myocardial fibers [140]. On the
contrary, the I/R+KYP-2047 group showed reduced necrosis and a more orderly
arrangement of cardiomyocytes; moreover, the degree and severity of cell necrosis were
found to be significantly lower after pretreatment with KYP-2047 at the highest dose of

5 mg/kg (Fig. 1C, C1 and 1D, D1, see histological score in Fig. 1E).
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Figure 1. Effect of KYP-2047 on histological assessment. Sham (A, A1), MI/R (B, B1),
MI/R + KYP-2047 2.5 mg/kg (C, Cl), MI/R + KYP-2047 5 mg/kg (D, D1); see
histological score (E). Images were shown at 2,5x and 20x magnification (respectively

200um and 50um scale bar). Data are expressed as mean + SD of N = 8 mice/group. “"p

<0.001 vs sham; # p <0.05 vs MI/R. #p <0.01 vs MI/R.

5.1.2 Role of KYP-2047 treatment to reduce fibrosis

Masson’s trichrome staining was used to evaluate the heart tissue of mice, specifically,
red staining indicates healthy tissue, while blue staining indicates the fibrotic scar area.
Masson’s trichrome showed an increase in the level of collagen deposition in MI/R group

(Fig. 2B, B1) compared to the sham group (Fig. 2A, Al) due to the formation of a
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thrombus in the tissue [141]. The treatment with KYP-2047 at both doses of 2.5 and 5

mg/kg was not found to be able to reduce the collagen deposition (respectively, Fig. 2C,

C1 and Fig. 2D, -D1).

MYOCARDIAL I/R + KYP-2047 5 mg/kg

N o R B -~

Figure 2. Effect of KYP-2047 on collagen content. Sham (A, A1), MI/R (B, B1), MI/R
+ KYP-2047 2.5 mg/kg (C, C1), MI/R + KYP-2047 5 mg/kg (D, D1). Images were shown

at 2,5x (A-D) and 20x (A1-D1) magnification (respectively 200pum and 50pm scale bar).

5.1.3 Preventive effect of KYP-2047 on myocardial injury by mast cells staining and
tryptase evaluation

Blu toluidine was performed to evaluate the presence of mast cells in myocardial tissue
[142]. Data showed an increase of mast cells (MCs) infiltration in the heart tissues of
MI/R group (Fig. 3B, see mast cells density Fig. 3E), compared to sham group (Fig. 3A,
see mast cells density Fig. 3E). Whereas treatment with KYP-2047 at both doses of 2.5
mg/kg and 5 mg/kg reduced MC infiltration in heart tissues (respectively, Fig. 3C and
Fig. 3D, see mast cells density Fig. 3E). Tryptase can be used as a marker of mast cell
activity [143], so its expression was evaluated by immunohistochemistry. Data showed

an increase of tryptase positive staining in MI/R group (Fig. 3G, see percentage of total
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tissue area Fig. 3L) compared to sham group (Fig. 3F, see percentage of total tissue area
Fig. 3L). On the other hand, tryptase positive staining increased following the treatments

with KYP-2047 (Fig. 3H-1, see percentage of total tissue area Fig. 3L).
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Figure 3. Effect of KYP-2047 on myocardial injury. Blue toluidine staining for mast
cells degranulation in Sham group (A), MI/R group (B), MI/R + KYP-2047 2.5 mg/kg
group (C), MI/R + KYP-2047 5 mg/kg group (D). Mast cells graph (number/mm?) (E).
Tryptase evaluation by immunohistochemical. Sham group (F), MI/R group (G), MI/R +
KYP-2047 2.5 mg/kg group (H), MI/R + KYP-2047 5 mg/kg group (I). See percentage
of total tissue area (L). Images were shown at 40x (A-D) and 20x (F-I) magnification
(respectively 20um and 50pum scale bar). Data are expressed as mean = SD of N = 8

mice/group. “**p <0.001 vs sham; ##p <0.001 vs MI/R.
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5.1.4 Effect of KYP2047 on angiogenesis

Vascular endothelial growth factor (VEGF) plays an important role in myocardial
angiogenesis and its expression is regulated by hypoxia and cytokines [144]. Therefore,
to evaluate the effect of KYP-2047 on angiogenesis, VEGF was evaluated by
immunohistochemistry. Data showed an increased positive staining for VEGF in MI/R
group (Fig 4B, see percentage of total tissue area Fig. 4E), compared to sham group (Fig.
4A, see percentage of total tissue area Fig. 4E). Furthermore, the expression of CD34, a
marker of angiogenesis [145], was evaluated and data showed an increase of positive cells
for CD34 in MI/R group (Fig 4G, see percentage of total tissue area Fig. 4L), compared
to the sham group (Fig 4F, see percentage of total tissue area Fig. 4L), index of the ability
to stimulate angiogenesis after injury. Data also, suggest that KYP-2047 treatments, at
both doses of 2.5 mg/kg and 5 mg/kg was able to reduce both VEGF and C34 positive
cells, as shown respectively in Fig. 4C-D (see percentage of total tissue area Fig. 4E) and

Fig. 4H-I (see percentage of total tissue area Fig. 4L).
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Figure 4. Effect of KYP-2047 on angiogenesis. Inmunohistochemistry of VEGF. Sham
group (A), MI/R group (B), MI/R + KYP-2047 2.5 mg/kg group (C), MI/R + KYP-2047
5 mg/kg group (D), see percentage of total tissue area (E). Immunohistochemistry of
CD34. Sham group (F), MI/R group (G), MI/R + KYP-2047 2.5 mg/kg group (H),
Myocardial I/R + KYP-2047 5 mg/kg group (I). See percentage of total tissue area (L).
Images were shown at 20x magnification (50um scale bar). Data are expressed as mean

+ SD of N = 8 mice/group. ***p <0.001 vs sham; ###p <0.001 vs MI/R.

5.1.5 Effect of KYP 2047 on nitrosative stress and DNA damage

Nitrosative stress results associated with cardiovascular disease [146] and protein tyrosine
nitration increases after myocardial ischemia-reperfusion injury [147]. Therefore, nitro
tyrosine content was evaluated by immunohistochemistry and data showed an increased

nitrotyrosine content (Fig. 5B, see percentage of total tissue area Fig. SE) compared with
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sham group (Fig. 5A, see percentage of total tissue area Fig. SE). On the contrary, the pre-
treatment with KYP 2047 reduced the nitrotyrosine positive staining (Fig. 5C-D, see
percentage of total tissue area Fig. SE).

Furthermore, western blot analysis showed a basal expression of IkBa in sham group,
while in MI/R group the expression was decreased significantly, due to the increased IkBa
cytosolic degradation (Fig. SF, F2). At the same time, nuclear NF-kB levels increased
significantly in MI/R group compared to sham group (Fig. 5G). The treatment with KYP
2047, at both doses, significantly restored IkBa and NF-xB expression (respectively Fig
SF, F2 and 5G). The inhibition of nuclear translocation of NF-xB by IkBa
phosphorylation blockade could attenuate I/R injury [148]. Considering IL-18 and NF-
kB-responsive proinflammatory cytokine, its expression was evaluated by western blot
analysis and data showed increased IL-18 levels in MI/R group compared to sham group;

treatment with KYP-2047 at both doses significantly reduced IL-18 levels (Fig SF, F1).
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Figure 5. Effect of KYP-2047 on nitrosative stress and DNA damage.
Immunohistochemistry for nitrotyrosine. Sham group (A), MI/R group (B), MI/R + KYP-
2047 2.5 mg/kg group (C), MI/R + KYP-2047 5 mg/kg group (D), see percentage of total
tissue area (E). Images were shown at 20x magnification (50um scale bar). Western blot
and relative densitometric analysis of IL-18 (F, F1) IkB-a (F, F2), and NF-xB (G). Data
are expressed as mean = SD of N = 8 mice/group. *“p <0.001 vs sham; *p <0.001 vs

MI/R.

5.1.6 Effect of KYP 2047 on apoptosis
Apoptosis represents a pathologic feature in myocardial ischemia [149], for these reason
TUNEL assay was performed to evaluate the effect of KYP-2047 on apoptosis. Data

showed an intense upregulation in apoptotic cells in MI/R group (Fig. 6B,B1, see positive
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cells Fig. 6E), as compared to sham group (Fig. 6A,Al, see positive cells Fig. 6E),
whereas KYP-2047, at both doses of 2.5 mg/kg and 5 mg/kg, showed a reduction in

apoptosis process (respectively Fig. 6C, C1 and Fig. 6D, D1, see positive cells Fig. 6E).
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Figure 6. Effect of KYP 2047 on apoptosis. Sham (A, Al), MI/R (B, B1), MI/R + KYP-
2047 2.5 mg/kg (C, C1), MI/R + KYP-2047 5 mg/kg (D, D1). See TUNEL positive cells
(E). Images were shown at 2,5x (A-D) and 20x (A1-D1) magnification (respectively
200pm and 50um scale bar). Data are expressed as mean = SD of N = 8 mice/group. ~'p

<0.001 vs sham; *#p <0.001 vs MI/R.

5.1.7 Role of MAPK in MI/R
Myocardial ischemia activates numerous families of protein kinases, including MAP

kinases, ERK 1/2, JNK 1/2 and p38 MAPKao/B [150]. The activity of p38 is regulated by
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phosphorylation at the end of the cascade composed of MAPK kinases (MKK) and MKK
kinases (MEKK) [151]. Western blot analysis showed that pre-treatment with KYP-2047
was able to reduce p-38-MAPK expression compared to I/R damage (Fig. 7A). ERK 1/2
belongs to the family of serine-threonine kinases known as mitogen-activated protein
kinases (MAPKs). 30-31 Western blot analysis showed that p-ERK levels appeared to be
reduced in the I/R group compared to sham group, while pre-treatment with KYP-2047
increased its expression (Fig. 7B), suggesting its cardioprotective role, however in the

literature the role of ERK1/2 in the I/R injury is controversial [152].
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Figure 7. Role of MAPK in MI/R. Western blot and relative densitometric analysis of
p38-MAPK (A) and p-ERK (B). Data are expressed as mean + SD of N = § mice/group.

**%<0.001 vs sham; ##p <0.001 vs MI/R.

5.2 Results of renal ischemia

5.2.1 The effect of KYP-207 on histological damage
AKI is characterized histologically by major reductions in glomerular filtration rate,
tubular cell necrosis, glomerular injury and signs of tubular obstruction [153]. H&E

staining showed a significant histological alteration in KI/R group (Fig. 1B, B1, see
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tubular injury score Fig. 1F), see tubular injury score 1F) compared to sham (Fig. 1A, A1,
see tubular injury score Fig. 1F). Treatments with KYP-2047 at doses of 1 and 5 mg/kg
restored kidney dysfunction observed during the reperfusion (respectively Fig. 1D, D1
and E, E1, see tubular injury score Fig. 1F). On the contrary, the treatment with KYP-
2047, at the lowest dose of 0.5 mg/kg, did not significantly improve the histological
tubular alteration (Fig. 1C, C1, see tubular injury score Fig. 1F) and for this reason, the

study was continued only with the higher doses that appeared protective.

. KR
B KUR + KYP2047 0.5 mgkg
B KIR + KYP2047 1 mgkg
B KUR + KYP2047 5 mgkg

-

Scores of tubule injury

Figure 1. Role of KYP-2047 treatment on histological damage induced by KI/R.
H&E staining. Sham (A, A1), KI/R (B, B1), KI/R + KYP-2047 0.5 mg/kg (C, C1), KI/R
+ KYP-2047 1 mg/kg (D, D1), KI/R + KYP-2047 5 mg/kg (E, El), tubular injury score
F. Images were shown at 10x (A-E) and 40x (A1-E1) magnification (respectively 100pum
and 20um scale bar). Data represent the means of at least three independent experiments.

One-way ANOVA followed by Bonferroni post-hoc. *** p < 0.001 vs Sham; ### p <
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0.001 vs KI/R; §§§ p <0.001 vs KI/R+ KYP2047 0.5 mg/kg; ° p <0.05 vs KI/R+ KYP-

2047 1 mg/kg.

5.2.2 The effects of KYP2047 on KI/R dysfunction and renal markers

KI/R causes a loss of brush border, degeneration of tubular epithelial cells from the
basement membrane and necrosis of tubular cell. PAS staining was performed to
emphasize renal injury consisting of tubular atrophy, blebbing tubular structures and
irregular tubular cytoplasm [154]. Results showed the results a significant tubular atrophy
in KI/R group (Fig. 2B, see PAS-positive area Fig. 2E) compared to sham group (Fig. 2A,
see PAS-positive area Fig. 2E). KYP-2047, at both doses of 1 and 5 mg/kg, significantly
lowered the percentage (%) of PAS-positive area (respectively Fig. 2C and D, see PAS-
positive area Fig. 2E).

Traditional markers of AKI, such as creatinine (Cr) and blood urea nitrogen (BUN) can
be evaluated for a possible altered balance [155]. Data showed that levels of Cr and BUN
were increased in KI/R group compared to sham group, while KYP-2047, at both doses

of 1 and 5 mg/kg, significantly reduced both levels (respectively Fig. 2F and G).
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Figure 2. The Effects of KYP-2047 on KI/R dysfunction and renal markers. PAS
staining of Sham (A), KI/R (B), KI/R + KYP-2047 1 mg/kg (C), KI/R + KYP-2047 5
mg/kg (D), % PAS-positive area (F). Images were shown at 20x magnification (50pum
scale bar). Serum evaluation of creatinine (Cr) and blood urea nitrogen (BUN) expressed
as mg/dl (respectively F and G). Data represent the means of at least three independent
experiments. One-way ANOVA followed by Bonferroni post-hoc. *** p < 0.001 vs

Sham; ### p < 0.001 and ## p < 0.01 vs KI/R.

5.2.3 The effects of KYP2047 on fibrosis

KI/R is characterized by a constantly declining of GFR, associated to a progressive renal
fibrosis [156]. The proliferation of fibroblasts promotes the production and secretion of
pro-collagen I, a fundamental precursor of collagen [157]. Masson’s trichrome staining
was performed to evaluate fibrosis grade and in addition, an ELISA kit for the pro-
collagen I content was used to confirm the results. Data showed a significant increase in
collagen content in KI/R group (Fig. 3B see fibrosis score Fig. 3E) compared to sham
group (Fig. 3A see fibrosis score Fig. 3E). Treatments with KYP-2047, at both doses of 1
and 5 mg/kg, significantly reduced fibrosis state and the amount of collagen (respectively,
Fig. 3C and D, see fibrosis score Fig. 3E). ELISA kit confirmed the results, showing an
important increase of pro-collagen I quantity in KI/R group compared to sham group and
a significant decrease after treatments with KYP-2047 at both doses of 1 and 5 mg/kg

(Fig. 3F).
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Figure 3. Effect of KYP-2047 on fibrosis. Masson’s trichrome staining of Sham group
(A), KI/R group (B), KI/R + KYP-2047 1 mg/kg group (C), KI/R + KYP-2047 5 mg/kg
group (D), see fibrosis score (E). Images were shown at 20x magnification (50um scale
bar). Pro-collagen quantity expressed as pg/mL (F). Data represent the means of at least
three independent experiments. One-way ANOVA followed by Bonferroni post-hoc.

**% p <0.001 vs Sham; ### p < 0.001 vs KI/R.

5.2.4 Effect of KYP-2047 on inflammatory state

Several kidney diseases caused by ischemia are characterized by an inflammatory state
due to the damage released by damaged necrotic cells [158]. It has been shown that in
renal damage, the inflammatory state is mediated by crosstalk between the canonical and
non-canonical pathways of NF-kB [159]. The canonical NF-«B pathway, mediated by the
kinase complex containing IKKa, IKKP and IKKYy, which phosphorylates kB bound to
NF-kB dimers, leading to the degradation of IxB. In addition, the NIK kinase, which
induces NF-«B, plays a role in phosphorylation through the activation of the IKKa [160].

Western blot analysis highlighted the anti-inflammatory activity of KYP-2047 through
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the reduction of NF-kB and NIK expressions, compared to KI/R group (respectively Fig.4
B and C). Instead, treatments with KYP-2047 significantly prevented IkBa cytosolic
degradation (Fig. 4A). Ischemia is associated with the induction of the pro-inflammatory
enzymes, cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS) [161].
As expected, showed an important increase of COX-2 and iNOS expression in KI/R
group, compared to sham group, while the treatment with KYP-2047 significantly
reduced the inflammatory enzyme protein levels at both doses of 1 and 5 mg/kg

(respectively Fig. 4D and E).
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Figure 4. Effect of KYP-2047 on inflammatory state. Western blot and relative
densitometric analysis of [kB-a (A) NF-kB (B), NIK (C), COX-2 (D) and iNOS (F). Data
represent the means of at least three independent experiments. One-way ANOVA
followed by Bonferroni post-hoc. *** p < 0.001, ** p < 0.01 vs Sham; ### p < 0.001,

## p <0.01 vs KI/R.
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5.2.5 The Effects of KYP-2047 on Inflammatory Mediators

Ischemia-reperfusion injury leads to an acute inflammatory state characterized by the
deleterious role of mast cells and in case of persistent inflammation increases the risk of
developing chronic kidney disease [162].

Blu toluidine staining showed a significant increase of mast cells degranulation in KI/R
group (Fig. 5B, see mast cell density Fig. 5E) compared to sham group (Fig. SA, see mast
cell density Fig. SE). KYP-2047, at both doses of 1 and 5 mg/kg, significantly reduced
mast cell activation (respectively Fig. 5C and D, see mast cell density Fig. SE).
Pro-inflammatory cytokines, such as tumor necrosis factor a (TNF- o) and IL-6 result
increase after ischemia-reperfusion injury [163]. The Real Time-PCR showed a
significant increase in renal TNF-a and IL-6 mRNA expression in KI/R group compared
to sham group, while treatment with KYP-2047 considerably decreased their expression
(respectively Fig. 5F and G). Western blot analysis confirmed the modulation of pro-
inflammatory cytokines observed with RT-PCR; indeed, KYP-2047 significantly
decreased TNF-a and I1-6 protein levels compared to KI/R group (respectively, Fig. SH

and I).
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Figure 5.The Effects of KYP-2047 on Inflammatory Mediators. Mast cells
degranulation by toluidine blue staining: Sham group (A), KI/R group (B), KI/R + KYP-
2047 1 mg/kg group (C), KI/R + KYP-2047 5 mg/kg group (D), mast cell graph
(number/mm?) (E). Images were shown at 40x magnification (20um scale bar) and the
yellow stars represented the mast cells. RT-PCR for the evaluation of mast cell-derived
TNF-a (F) and IL-6 (G). Western blot and relative densitometric analysis of TNF-a (H)
and IL-6 (I). Data represent the means of at least three independent experiments. One-
way ANOVA followed by Bonferroni post-hoc. *** p < 0.001 vs Sham, ## p < 0.01 and

### p <0.001 vs KI/R.

5.2.6 Effects of KYP-2047 on angiogenesis
Early stages of I/R injury appear to be associated with an antiangiogenic response, while

the consequent hypoxia may activate angiogenic factors, such as TGF- and VEGF; in
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particular, angiogenesis seems to be involved in the restoration of ischemic damage [9].
Immunohistochemical analysis demonstrated a positive staining for both TGF-f and
VEGF markers in KI/R group (respectively, Fig. 6B and 6G, see percentage (%) of total
tissue area Fig. 6E and 6J), compared to sham group (respectively, Fig. 6A and 6F, see
percentage (%) of total tissue area Fig. 6E and 6J). Treatment with KYP-2047, at both
doses of 1 and 5 mg/kg, significantly reduced the positive staining for TGF-
(respectively, Fig. 6C-D, see percentage (%) of total tissue area Fig. 6E). Instead, a minor
significant difference in VEGF reduction was observed with KYP-2047 at the higher dose
(Fig. 61, see percentage (%) of total tissue area Fig. 6J), compared to the effect of the

lowest dose of 1 mg/kg (Fig. 61, see percentage (%) of total tissue area Figure 6J).

I/R+ KYP 2047 1 mg/Kg |lu KYP 2047 5 m(/Kl

TGF-B

VEGF
TR0

Figure 6. Effects of KYP-2047 on angiogenesis. Immunohistochemical evaluation of
TGF-B: Sham group (A), KI/R group (B), KI/R + KYP-2047 1 mg/kg group (C), KI/R +
KYP-2047 5 mg/kg group (D), % total tissue area (E). Immunohistochemical evaluation
of VEGF: Sham group (A), KI/R group (B), KI/R + KYP-2047 1 mg/kg group (C), KI/R
+ KYP-2047 5 mg/kg group (D), % total tissue area (E). Images were shown at 20x
magnification (50pm scale bar). Data represent the means of at least three independent
experiments. One-way ANOVA followed by Bonferroni post-hoc. *** p < 0.001 vs

Sham; ## p < 0.01 # p < 0.05 vs KI/R.
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5.2.7 Effect of KYP-2047 on apoptosis

One of the mechanisms associated to KI/R is the tubular cell death by apoptosis occurs
predominantly as a result of reperfusion [164]. TUNEL staining showed an increase in
apoptotic cells in KI/R group (Fig. 7B, see graph of percentage (%) apoptosis Fig. 7E),
compared to sham group (Fig. 7A, see graph of percentage (%) apoptosis Fig. 7E); while,
the treatment with KYP2047, at both doses of 1 and 5 mg/kg, reduced the apoptotic
process (respectively, Fig. 7C and D, see graph of percentage (%) apoptosis Fig. 7E).
Western blot analysis confirmed this result, demonstrated a modulation in the expression
of apoptotic markers, like BAD and Bcl-2 [165]. Data showed an increase of the
expression of the pro-apoptotic marker Bad in KI/R group, compared to sham group, and
a restore of its expression after treatment with KYP-2047 at both doses of 1 and 5 mg/kg
(Fig. 7F). On the contrary, the expression of the anti-apoptotic Bcl-2 was decreased in

KI/R group compared to sham group, while KYP-2047 was able to restore its expression

(Fig. 7G).

Sham KI/R KI/R + KYP 2047 1 mg/Kg KI/R + KYP 2047 S mg/Kg

Apoptosis (%)

Figure 7. Effects of KYP-2047 on apoptosis. TUNEL staining: Sham group (A), KI/R

group (B), KI/R + KYP-2047 1 mg/kg group (C), KI/R + KYP-2047 5 mg/kg group (D),
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apoptosis (%) score (E). Images were shown at 40x magnification (20um scale bar) and
the yellow arrows represented the cells in apoptosis. Western blot and relative
densitometric analysis of BAD (F) and Bcl-2 (G). Data represent the means of at least
three independent experiments. One-way ANOVA followed by Bonferroni post-hoc.

*#% p <0.001 vs Sham; ### p < 0.001 and # p <0.05 vs KI/R.

5.2.8 Effect of KYP-2047 on the modulation of PP2A activity

Several studies demonstrated that the physiological role of PREP is to regulate PP2A and
that the inhibition of PREP increases PP2A activity [166, 167]. Furthermore, PP2A acts
an important role in protection against kidney inflammation [168]. To investigate whether
PP2A is activated (i.e., dephosphorylated) by KYP-2047 during KI/R, the activated form
of PP2A, and the inactivated form (pPP2A) were evaluated by western blot analysis. Data
showed a significant increase of PP2A expression (Fig. 8A) and a significant decrease of
pPP2A expression (Fig. 8B) after the treatment with KYP-2047 at both doses of 1 and 5
mg/kg. Furthermore, data showed that KYP-2047 significantly decreased the ratio of

pPP2A to total PP2A compared to KI/R group (Fig. 8C).
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Figure 8. Effect of KYP-2047 on the modulation of PP2A activity. Western blot and

pPP2A/Total PP2A ratio
0D (% from control)

relative densitometric analysis of PP2A (A), pPP2A (B) and pPP2A/PP2A ratio expressed
as percentage of control (C). Data represent the means of at least three independent

experiments. One-way ANOVA followed by Bonferroni post-hoc. ** p < 0.01, *** p <

0.001 vs Sham; ### p < 0.001, ## p < 0.01, and # p< 0.05 vs KI/R.
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6. Discussion

Ischemia is a vascular disease characterized by a reduction in blood flow resulting in a
lack of oxygen and nutrients in the affected organ or tissue [169]. The subsequent
reperfusion phase, characterized by the restoration of blood flow, causes irreversible
cellular and microvascular damage which, in addition to the initial ischemic damage,
exacerbates tissue damage, initiating an inflammatory cascade with excessive production
of reactive oxygen species [170]. The molecular mechanisms underlying I/R injury are
complex and poorly understood, therefore, understanding these mechanisms is crucial for
the development of new and effective therapeutic strategies [171].

In the heart, I/R damage is characterized by the death of cardiomyocytes due to excessive
ROS production, resulting in damage to myocardial tissue [172]. MI/R can contribute to
the development of adverse cardiovascular conditions, such as coronary artery disease,
one of the most common cardiovascular diseases with a high mortality rate [173].

In the kidney, I/R damage involves several pathways, such as the release of neutrophils,
the activation of inflammatory mediators, alterations in angiogenic processes, and
stimulation of apoptosis, which contributes significantly to renal dysfunction [81]. KI/R
can contribute to pathological conditions, such as acute kidney injury, a clinical syndrome
with rapid kidney dysfunction and high rates of morbidity and mortality [174].

Several studies have demonstrated the involvement of PREP in the processes of
inflammation and angiogenesis, obtaining pharmaceutical interest for various diseases
[121, 175]. The aim of this PhD project is to investigate the effects of the most selective
PREP inhibitor, KYP-2047, in the regulation of inflammation, apoptosis and
angiogenesis, in in vivo models of myocardial ischemia/reperfusion and kidney

ischemia/reperfusion. In particular, this project evaluated the preventive effects of KYP-
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2047 in a mouse model of MI/R and the protective effect with KYP-2047 in a mouse
model of KI/R as post-treatment.

Unfortunately, there is no effective treatment for reperfusion injury and efforts to find an
efficient preventive approach are still ongoing. In the past 3 decades, there have been
many successful animal studies on how to prevent reperfusion injury; nonetheless,
translation to the clinical setting has been not always satisfactory. In this study,
pretreatment with KYP-2047 in the context of MI/R significantly reduced the severity
and degree of cell necrosis, improving the architectural state of the myocardial tissue
which is more compact and better organized than damaged myocardial tissue rich in
neutrophilic infiltration [176]. Similarly, treatment with KYP-2047 restored renal
function and reduced histological alteration after KI/R, such as endothelial injury, local
edema and arteriolar vasoconstriction. AKI is in fact characterized by rapid renal
dysfunction [177] as confirmed by the results that showed an increase in serum creatinine
and urea levels, diagnostic markers of AKI, following KI/R damage and these levels were
then restored by treatment with KYP-2047.

At the basis of the disease process of I/R injury there are several signaling pathways in
addition to an obvious cellular lesion, such as fibrosis [27]. Masson's trichrome and pro-
collagen type I deposition have shown a greater presence of fibrotic tissue and increased
collagen content following I/R damage, both in myocardial and renal tissue. Pretreatment
with KYP-2047 did not exert any protective effect on myocardial tissue, on the contrary,
treatment with KYP-2047 reduced renal fibrosis, bringing collagen production back to a
physiological level, highlighting a possible involvement of PREP in the fibrotic process.
Several studies demonstrated the involvement of MCs in the pathophysiology of I/R
injury, in particular in the heart and kidney [178-180], highlighting how MC depletion

leads to an improvement in cardiac or renal function. In fact, MCs exert a deleterious
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effect by acting already in the early stages of I/R injury, through the release of chymase
and tryptase and degranulation which, causes the release of inflammatory cytokines such
as IL-6, TNF-a [181, 182]. The inhibition of PREP, by KYP-2047, significantly reduced
the degranulation of MCs both in the cardiac and renal tissue and in KI/R it also reduced
the production of the pro-inflammatory cytokines; however, pre-treatment with KYP-
2047 was unable to reduce tryptase release into myocardial tissue.

In response to ischemic damage, start a process of neoangiogenesis, a formation of new
blood vessels to re-establish microcirculation and preserve tissue perfusion, which is
essential for organ function [183, 184]. Among the various angiogenic factors, VEGF
plays a key role in promoting the growth of blood vessels [185], as confirmed by
immunohistochemistry which showed an increase in VEGF levels after MI/R and KI/R
injury. KYP-2047 reduced VEGF levels in both cardiac and renal tissue and was also able
to decrease the levels of two other factors involved in angiogenesis [186, 187]: CD34 in
myocardial tissue and TGFB-1 in renal tissue. As a result, treatment with KYP-2047 may
be able to reduce cascade events associated with high expression of these mediators.
Another consequence of I/R damage is nitrosative and oxidative stress and high levels of
ROS and RNS can damage DNA, leading to cell death [188-191]. One of the main
features of nitrosative stress is tyrosine nitration, which causes cell membrane damage,
DNA strand breaks, and activation of cascade signal responses that lead to cell death
[192]. Interestingly, recent work revealed a possible mechanism by which comorbidities
such as prediabetes, hyperglycemia, and metabolic syndrome may abrogate
cardioprotective interventions due to increased NADPH oxidase-induced ROS and
increased iNOS-induced NO [193]. Therefore, decreasing nitration through inhibition of
iINOS or NOX activity may help to restore the cardiac intrinsic pathways of protection.

In this study, in MI/R, pre-treatment with KYP-2047 reduced nitrotyrosine levels, which
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plays a role in the tyrosine nitration process, demonstrating the preventive effect of KYP-
2047 against nitrosative stress and therefore consequent cell death, suggesting a
translating preclinical cardio-protection

Necrosis induced by oxidative stress is promoted by NF-kB which also regulates the
expression of several genes involved in the inflammatory response during I/R damage
[194]; therefore, its inhibition could exert a protective effect [195]. In this thesis, the
ability of KYP-2047 to counteract the inflammatory process in both MI/R and KI/R was
demonstrated through the modulation of the canonical NF-kB pathway mediated by IkBa.
In KI/R, the ability of KYP-2047 to modulate the non-canonical NF-xB pathway through
a reduction of NIK has also been demonstrated [196]. The anti-inflammatory action of
KYP-2047 was confirmed by the reduction of inflammatory mediators, such as IL-18 in
MI/R and the two inflammatory enzymes, iNOS and COX2 in KI/R [197, 198].

NF-kB in addition to releasing pro-inflammatory factors, also promotes apoptosis [199]
and, although programmed cell death is necessary, its dysregulation can cause kidney and
cardiac atrophy and dysfunction [200, 201]. These results confirmed a high presence of
apoptotic cells in MI/R and KI/R injury and also demonstrated the ability of KYP-2047
to reduce the apoptotic process as showed in TUNEL assay, decreasing markers, such as
BAD and Bcl2.

The apoptotic process is associated with the activation of p38 MAPK, a pro-apoptotic
mediator in cardiac myocytes, and with the activation of phosphorylated substrates of
ERK1/2 [202, 203]. Pretreatment with KYP-2047 inhibited the activation of p38 MAPK
and activated ERK1/2, exerting a protective effect towards cardiac cells. Therefore,
modulation of the MAPK pathway could represent a possible mechanism of action of

KYP-2047 in exerting a preventive protective effect in MI/R.
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Several studies have shown that PREP regulates the action of PP2A and that the inhibition
of PREP increases PP2A activity [106]. PP2A has been shown to play a key role in
protecting against kidney inflammation [204, 205]. This thesis demonstrates the
involvement of PP2A, highlighting the ability of KYP-2047 to modulate PP2A activity
through PREP inhibition. Modulation of PP2A could represent a possible mechanism of

action of the anti-inflammatory effect of KYP-2047 in KI/R.
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7. Conclusions

These results demonstrated the protective effects of KYP-2047 in I/R injury. In particular,
the protective effects of the pretreatment in MI/R injury could be related to the modulation
of NF-kB and MAPK pathways; although this research primarily sought to explain the
mechanism by which PREP is inhibited in IRI, it paves the way for future
pharmacological-based approaches to MI/R prevention.

Instead, in KI/R context, the protective effects of the treatment could be associated to the
activation of PP2A, mediated by PREP inhibition. Additionally, this study, focused on
KYP-2047, as a novel compound for which the on-target IR mechanisms are clearly
defined to prevent the IR-induced nitrosative stress.

In conclusion, the results of this PhD project suggest that PREP inhibition by KYP-2047

may represent a therapeutic strategy for I/R damage.

74



Chapter 8: References

75



8. References

1. Hilbert, T.; Klaschik, S., The angiopoietin/TIE receptor system: Focusing its role
for ischemia-reperfusion injury. Cytokine & Growth Factor Reviews 2015, 26,

(3), 281-291.

2. Gross, G. J.; Auchampach, J. A., Reperfusion injury: Does it exist? Journal of

Molecular and Cellular Cardiology 2007, 42, (1), 12-18.

3. Kalogeris, T.; Baines, C. P.; Krenz, M.; Korthuis, R. J., Ischemia/Reperfusion.

Compr Physiol 2016, 7, (1), 113-170.

4, Naito, H.; Nojima, T.; Fujisaki, N.; Tsukahara, K.; Yamamoto, H.; Yamada, T.;
Aokage, T.; Yumoto, T.; Osako, T.; Nakao, A., Therapeutic strategies for

ischemia reperfusion injury in emergency medicine. Acute Med Surg 2020, 7,

(1), e501.

5. Marzilli, M.; Crea, F.; Morrone, D.; Bonow, R. O.; Brown, D. L.; Camici, P. G.;
Chilian, W. M.; DeMaria, A.; Guarini, G.; Huqi, A.; Merz, C. N. B.; Pepine, C.;
Scali, M. C.; Weintraub, W. S.; Boden, W. E., Myocardial ischemia: From

disease to syndrome. Int J Cardiol 2020, 314, 32-35.

6. Sharfuddin, A. A.; Molitoris, B. A., Pathophysiology of ischemic acute kidney

injury. Nat Rev Nephrol 2011, 7, (4), 189-200.

7. Bonventre, J. V.; Yang, L., Cellular pathophysiology of ischemic acute kidney

injury. The Journal of Clinical Investigation 2011, 121, (11), 4210-4221.

8. Lopez-Neblina, F.; Toledo, A. H.; Toledo-Pereyra, L. H., Molecular biology of

apoptosis in ischemia and reperfusion. J Invest Surg 2005, 18, (6), 335-50.

76



10.

I1.

12.

13.

14.

15.

16.

Pallet, N.; Thervet, E.; Timsit, M. O., Angiogenic response following renal

ischemia reperfusion injury: new players. Prog Urol 2014, 24 Suppl 1, S20-5.

Polgar, L., The prolyl oligopeptidase family. Cell Mol Life Sci 2002, 59, (2),

349-62.

Lindhout, I. A.; Murray, T. E.; Richards, C. M.; Klegeris, A., Potential
neurotoxic activity of diverse molecules released by microglia. Neurochemistry

International 2021, 148, 105117.

Svarcbahs, R.; Julku, U.; Kilpeldinen, T.; Kyyro, M.; Jantti, M.; Mydhénen, T.
T., New tricks of prolyl oligopeptidase inhibitors - A common drug therapy for

several neurodegenerative diseases. Biochem Pharmacol 2019, 161, 113-120.

Guardiola, S.; Prades, R.; Mendieta, L.; Brouwer, A. J.; Streefkerk, J.; Nevola,
L.; Tarrag6, T.; Liskamp, R. M. J.; Giralt, E., Targeted Covalent Inhibition of

Prolyl Oligopeptidase (POP): Discovery of Sulfonylfluoride Peptidomimetics.

Cell Chemical Biology 2018, 25, (8), 1031-1037.¢4.

Carden, D. L.; Granger, D. N., Pathophysiology of ischaemia-reperfusion injury.

J Pathol 2000, 190, (3), 255-66.

Kalogeris, T.; Baines, C. P.; Krenz, M.; Korthuis, R. J., Cell biology of

ischemia/reperfusion injury. Int Rev Cell Mol Biol 2012, 298, 229-317.

Costa, M. R.; Garcia, J. L.; Silva, C. C. V. d. A.; Ferraz, A. P. C. R;
Francisqueti-Ferron, F. V.; Ferron, A. J. T.; Corréa, C. R., Chapter 4 -
Pathological bases of oxidative stress in the development of cardiovascular

diseases. In Pathology, Preedy, V. R., Ed. Academic Press: 2020; pp 39-48.

77



17.

18.

19.

20.

21.

22.

23.

Petersen, C. E.; Sun, J.; Silva, K.; Kosmach, A.; Balaban, R. S.; Murphy, E.,
Increased mitochondrial free Ca(2+) during ischemia is suppressed, but not
eliminated by, germline deletion of the mitochondrial Ca(2+) uniporter. Cell Rep

2023, 42, (7), 112735.

Iwai, T.; Tanonaka, K.; Inoue, R.; Kasahara, S.; Motegi, K.; Nagaya, S.; Takeo,
S., Sodium accumulation during ischemia induces mitochondrial damage in

perfused rat hearts. Cardiovasc Res 2002, 55, (1), 141-9.

Szeto, H. H.; Liu, S.; Soong, Y.; Seshan, S. V.; Cohen-Gould, L.; Manichev, V.;
Feldman, L. C.; Gustafsson, T., Mitochondria Protection after Acute Ischemia
Prevents Prolonged Upregulation of IL-1p and IL-18 and Arrests CKD. J Am

Soc Nephrol 2017, 28, (5), 1437-1449.

Granger, D. N.; Kvietys, P. R., Reperfusion injury and reactive oxygen species:

The evolution of a concept. Redox Biol 2015, 6, 524-551.

Heck-Swain, K. L.; Koeppen, M., The Intriguing Role of Hypoxia-Inducible
Factor in Myocardial Ischemia and Reperfusion: A Comprehensive Review. J

Cardiovasc Dev Dis 2023, 10, (5).

Hashmi, S. F.; Rathore, H. A.; Sattar, M. A.; Johns, E. J.; Gan, C. Y.; Chia, T. Y.;
Ahmad, A., Hydrogen Sulphide Treatment Prevents Renal Ischemia-Reperfusion
Injury by Inhibiting the Expression of [CAM-1 and NF-kB Concentration in

Normotensive and Hypertensive Rats. Biomolecules 2021, 11, (10).

Krishnadasan, B.; Naidu, B. V.; Byrne, K.; Fraga, C.; Verrier, E. D.; Mulligan,
M. S., The role of proinflammatory cytokines in lung ischemia-reperfusion

injury. J Thorac Cardiovasc Surg 2003, 125, (2), 261-72.

78



24.

25.

26.

27.

28.

29.

30.

Eefting, F.; Rensing, B.; Wigman, J.; Pannekoek, W. J.; Liu, W. M.; Cramer, M.
J.; Lips, D. J.; Doevendans, P. A., Role of apoptosis in reperfusion injury.

Cardiovasc Res 2004, 61, (3), 414-26.

Sanchez, E. C., Pathophysiology of ischemia-reperfusion injury and its
management with hyperbaric oxygen (HBO): a review. Journal of Emergency

and Critical Care Medicine 2019, 3.

Eltzschig, H. K.; Eckle, T., Ischemia and reperfusion--from mechanism to

translation. Nat Med 2011, 17, (11), 1391-401.

Zhang, M.; Liu, Q.; Meng, H.; Duan, H.; Liu, X.; Wu, J.; Gao, F.; Wang, S.; Tan,
R.; Yuan, J., Ischemia-reperfusion injury: molecular mechanisms and therapeutic

targets. Signal Transduct Target Ther 2024, 9, (1), 12.

Gelosa, P.; Castiglioni, L.; Rzemieniec, J.; Muluhie, M.; Camera, M.; Sironi, L.,
Cerebral derailment after myocardial infarct: mechanisms and effects of the
signaling from the ischemic heart to brain. J Mol Med (Berl) 2022, 100, (1), 23-

41.

Fernandez, A. R.; Sanchez-Tarjuelo, R.; Cravedi, P.; Ochando, J.; Lopez-Hoyos,
M., Review: Ischemia Reperfusion Injury—A Translational Perspective in Organ
Transplantation. International Journal of Molecular Sciences 2020, 21, (22),

8549.

Kim, J.; Perales Villarroel, J. P.; Zhang, W.; Yin, T.; Shinozaki, K.; Hong, A.;
Lampe, J. W.; Becker, L. B., The Responses of Tissues from the Brain, Heart,

Kidney, and Liver to Resuscitation following Prolonged Cardiac Arrest by

79



31.

32.

33.

34.

35.

36.

37.

Examining Mitochondrial Respiration in Rats. Oxidative Medicine and Cellular

Longevity 2016, 2016, (1), 7463407.

DeSai, C.; Hays Shapshak, A., Cerebral Ischemia. In StatPearls, Treasure Island
(FL) ineligible companies. Disclosure: Angela Hays Shapshak declares no

relevant financial relationships with ineligible companies., 2024.

Blaisdell, F. W., The pathophysiology of skeletal muscle ischemia and the

reperfusion syndrome: a review. Cardiovasc Surg 2002, 10, (6), 620-30.

Heusch, G., Myocardial Ischemia. Circulation Research 2016, 119, (2), 194-196.

Heusch, G., Myocardial ischemia: lack of coronary blood flow, myocardial
oxygen supply-demand imbalance, or what? 4m J Physiol Heart Circ Physiol

2019, 316, (6), H1439-H1446.

Hausenloy, D. J.; Yellon, D. M., Myocardial ischemia-reperfusion injury: a

neglected therapeutic target. J Clin Invest 2013, 123, (1), 92-100.

Gibbons, R. J., Myocardial Ischemia in the Management of Chronic Coronary
Artery Disease: Past and Present. Circ Cardiovasc Imaging 2021, 14, (1),

e011615.

Salari, N.; Morddarvanjoghi, F.; Abdolmaleki, A.; Rasoulpoor, S.; Khaleghi, A.
A.; Hezarkhani, L. A.; Shohaimi, S.; Mohammadi, M., The global prevalence of

myocardial infarction: a systematic review and meta-analysis. BMC Cardiovasc

Disord 2023, 23, (1), 206.

80



38.

39.

40.

41.

42.

43.

Hertz, J. T.; Reardon, J. M.; Rodrigues, C. G.; de Andrade, L.; Limkakeng, A. T.;
Bloomfield, G. S.; Lynch, C. A., Acute myocardial infarction in sub-Saharan

Africa: the need for data. PLoS One 2014, 9, (5), €96688.

Pagliaro, B. R.; Cannata, F.; Stefanini, G. G.; Bolognese, L., Myocardial
ischemia and coronary disease in heart failure. Heart Fail Rev 2020, 25, (1), 53-

65.

Lima Dos Santos, C. C.; Matharoo, A. S.; Pinzén Cueva, E.; Amin, U.; Perez
Ramos, A. A.; Mann, N. K.; Maheen, S.; Butchireddy, J.; Falki, V. B.; Itrat, A.;
Rajkumar, N.; Zia Ul Haq, M., The Influence of Sex, Age, and Race on

Coronary Artery Disease: A Narrative Review. Cureus 2023, 15, (10), e47799.

Wang, J. C.; Bennett, M., Aging and Atherosclerosis. Circulation Research

2012, 111, (2), 245-259.

McSweeney, J. C.; Rosenfeld, A. G.; Abel, W. M.; Braun, L. T.; Burke, L. E.;
Daugherty, S. L.; Fletcher, G. F.; Gulati, M.; Mehta, L. S.; Pettey, C.;
Reckelhoff, J. F.; American Heart Association Council on, C.; Stroke Nursing,
C.o0.C.C.C.o.E.; Prevention, C. o. H. C. o. L.; Cardiometabolic, H.; Council
on Quality of, C.; Outcomes, R., Preventing and Experiencing Ischemic Heart
Disease as a Woman: State of the Science: A Scientific Statement From the

American Heart Association. Circulation 2016, 133, (13), 1302-31.

Severino, P.; D'Amato, A.; Pucci, M.; Infusino, F.; Adamo, F.; Birtolo, L. I.;
Netti, L.; Montefusco, G.; Chimenti, C.; Lavalle, C.; Maestrini, V.; Mancone,

M.; Chilian, W. M.; Fedele, F., Ischemic Heart Disease Pathophysiology

81



44.

45.

46.

47.

48.

49.

50.

Paradigms Overview: From Plaque Activation to Microvascular Dysfunction. /nt

J Mol Sci 2020, 21, (21).

Medina-Leyte, D. J.; Zepeda-Garcia, O.; Dominguez-Perez, M.; Gonzalez-
Garrido, A.; Villarreal-Molina, T.; Jacobo-Albavera, L., Endothelial
Dysfunction, Inflammation and Coronary Artery Disease: Potential Biomarkers

and Promising Therapeutical Approaches. Int J Mol Sci 2021, 22, (8).

Milutinovic, A.; Suput, D.; Zorc-Pleskovic, R., Pathogenesis of atherosclerosis
in the tunica intima, media, and adventitia of coronary arteries: An updated

review. Bosn J Basic Med Sci 2020, 20, (1), 21-30.

He, Z.; Luo, J.; Lv, M.; Li, Q.; Ke, W.; Niu, X.; Zhang, Z., Characteristics and
evaluation of atherosclerotic plaques: an overview of state-of-the-art techniques.

Front Neurol 2023, 14, 1159288.

Joshi, P. H.; de Lemos, J. A., Diagnosis and Management of Stable Angina: A

Review. JAMA 2021, 325, (17), 1765-1778.

Millar, B.; de Gaetano, M., Posing the rationale for synthetic lipoxin mimetics as
an adjuvant treatment to gold standard atherosclerosis therapies. Front

Pharmacol 2023, 14, 1125858.

Plumlee, K. H., Chapter 6 - Cardiovascular System. In Clinical Veterinary

Toxicology, Plumlee, K. H., Ed. Mosby: Saint Louis, 2004; pp 48-54.

Currie, P.; Ashby, D.; Saltissi, S., Prognostic significance of transient myocardial
ischemia on ambulatory monitoring after acute myocardial infarction. The

American Journal of Cardiology 1993, 71, (10), 773-777.

82



51.

52.

53.

54.

55.

56.

57.

58.

Fox, K. M.; Mulcahy, D.; Purcell, H., Unstable and stable angina. European

Heart Journal 1993, 14, (suppl F), 15-17.

Sisakova, M., Chapter 50 - Acute myocardial infarction and cardiogenic shock
arrhythmias. In Sex and Cardiac Electrophysiology, Malik, M., Ed. Academic

Press: 2020; pp 561-569.

Sagastagoitia, J. D.; Saez, Y.; Vacas, M.; Narvaez, 1.; de Lafuente, J. P.;
Molinero, E.; Escobar, A.; Lafita, M.; Iriarte, J. A., Acute versus chronic
myocardial ischemia: a differential biological profile study. Pathophysiol

Haemost Thromb 2008, 36, (2), 91-7.

Mfeukeu-Kuate, L.; Meyanui, V. A.; Jingi, A. M.; Ndobo-Koe, V.; Mballa, F.;
Ntep-Gweth, M.; Etoga, M. E.; Noubiap, J. J.; Sobngwi, E.; Menanga, A.,
Prevalence and determinants of silent myocardial ischemia in patients with type

2 diabetes in Cameroon: a cross-sectional study. Pan Afr Med J 2022, 42, 41.

Li, D. L.; Kronenberg, M. W., Myocardial Perfusion and Viability Imaging in
Coronary Artery Disease: Clinical Value in Diagnosis, Prognosis, and

Therapeutic Guidance. Am J Med 2021, 134, (8), 968-975.

Shimokawa, H.; Yasuda, S., Myocardial ischemia: current concepts and future

perspectives. J Cardiol 2008, 52, (2), 67-78.

Kloner, R. A.; Chaitman, B., Angina and Its Management. J Cardiovasc

Pharmacol Ther 2017, 22, (3), 199-209.

Thibodeau, J. T.; Drazner, M. H., The Role of the Clinical Examination

in Patients With Heart Failure. JACC: Heart Failure 2018, 6, (7), 543-551.

&3



59.

60.

61.

62.

63.

64.

65.

66.

Bigler, M. R.; Seiler, C., Detection of myocardial ischemia by intracoronary

ECG using convolutional neural networks. PLoS One 2021, 16, (6), €0253200.

Basit, H.; Huecker, M. R., Myocardial Infarction Serum Markers. In StatPearls,
Treasure Island (FL) ineligible companies. Disclosure: Martin Huecker declares

no relevant financial relationships with ineligible companies., 2024.

Babuin, L.; Jaffe, A. S., Troponin: the biomarker of choice for the detection of

cardiac injury. Cmaj 2005, 173, (10), 1191-202.

Aydin, S.; Ugur, K.; Aydin, S.; Sahin, I.; Yardim, M., Biomarkers in acute
myocardial infarction: current perspectives. Vasc Health Risk Manag 2019, 15,

1-10.

Tsai, S. H.; Lin, Y. Y.; Chu, S. J.; Hsu, C. W.; Cheng, S. M., Interpretation and
use of natriuretic peptides in non-congestive heart failure settings. Yonsei Med J

2010, 51, (2), 151-63.

Hamdan, M.; Kossaify, A., Silent Myocardial Ischemia Revisited, Another Silent
Killer, Emphasis on the Diagnostic Value of Stress Echocardiography with

Focused Update and Review. Adv Biomed Res 2023, 12, 245.

Polad, J. E.; Wilson, L. M., Myocardial infarction during adenosine stress test.

Heart 2002, 87, (2), E2.

Martins-Santos, C. B.; Duarte, L. T. A.; Ferreira-Junior, C. R.; Feitosa, A. G. T.;
Oliveira, E. V. G.; Campos, I.; Melo, E. V.; Andrade, S. M.; Sousa, A. C. S.;

Oliveira, J. L. M., Exaggerated Systolic Blood Pressure Increase with Exercise

84



67.

68.

69.

70.

71.

72.

and Myocardial Ischemia on Exercise Stress Echocardiography. Arg Bras

Cardiol 2023, 120, (11), €20230047.

Chaikriangkrai, K.; Chebrolu, L.; Bhatti, S.; Chang, S. M., Diagnosis of
ischemia in hypertrophic cardiomyopathy: role of computed tomography and

nuclear stress testing. Curr Opin Cardiol 2015, 30, (5), 483-92.

Leischik, R.; Dworrak, B.; Sanchis-Gomar, F.; Lucia, A.; Buck, T.; Erbel, R.,
Echocardiographic assessment of myocardial ischemia. Ann Trans! Med 2016, 4,

(13), 259.

Daly, C.; Kwong, R. Y., Cardiac MRI for myocardial ischemia. Methodist

Debakey Cardiovasc J 2013, 9, (3), 123-31.

Deedwania, P. C.; Stone, P. H., Ambulatory electrocardiographic monitoring for

myocardial ischemia. Current Problems in Cardiology 2001, 26, (11), 673-728.

Nayfeh, M.; Ahmed, A. 1.; Saad, J. M.; Alahdab, F.; Al-Mallah, M., The Role of
Cardiac PET in Diagnosis and Prognosis of Ischemic Heart Disease: Optimal
Modality Across Different Patient Populations. Curr Atheroscler Rep 2023, 25,

(7), 351-357.

Budrys, P.; Petrylaite, M.; Baranauskas, A.; Davidavicius, G., Evaluation of the
residual myocardial ischemia after PCI to long diffuse left anterior descending
artery lesions: comparison of IVUS vs FFR. European Heart Journal 2023, 44,

(Supplement 2).

85



73.

74.

75.

76.

77.

78.

79.

80.

Rippe, J. M., Lifestyle Strategies for Risk Factor Reduction, Prevention, and
Treatment of Cardiovascular Disease. Am J Lifestyle Med 2019, 13, (2), 204-

212.

Santucci, A.; Riccini, C.; Cavallini, C., Treatment of stable ischaemic heart
disease: the old and the new. European Heart Journal Supplements 2020, 22,

(Supplement_E), E54-E59.

Nossaman, V. E.; Nossaman, B. D.; Kadowitz, P. J., Nitrates and nitrites in the

treatment of ischemic cardiac disease. Cardiol Rev 2010, 18, (4), 190-7.

Malik, T. F.; Tivakaran, V. S., Percutaneous Transluminal Coronary Angioplasty.
In StatPearls, Treasure Island (FL) ineligible companies. Disclosure: Vijai
Tivakaran declares no relevant financial relationships with ineligible

companies., 2024.

Robinson, N. B.; Sef, D.; Gaudino, M.; Taggart, D. P., Postcardiac surgery
myocardial ischemia: Why, when, and how to intervene. J Thorac Cardiovasc

Surg 2023, 165, (2), 687-695.

du Pre, B. C.; Doevendans, P. A.; van Laake, L. W., Stem cells for cardiac repair:

an introduction. J Geriatr Cardiol 2013, 10, (2), 186-97.

Cianci, R.; Simeoni, M.; Cianci, E.; De Marco, O.; Pisani, A.; Ferri, C.; Gigante,
A., Stem Cells in Kidney Ischemia: From Inflammation and Fibrosis to Renal

Tissue Regeneration. Int J Mol Sci 2023, 24, (5).

Khan, K. N. M.; Hard, G. C.; Alden, C. L., Chapter 47 - Kidney. In Haschek and

Rousseaux's Handbook of Toxicologic Pathology (Third Edition), Haschek, W.

86



81.

82.

83.

84.

85.

86.

87.

88.

M.; Rousseaux, C. G.; Wallig, M. A., Eds. Academic Press: Boston, 2013; pp

1667-1773.

Adamczak, M.; Wiecek, A., Ischemic nephropathy - pathogenesis and treatment.

Nefrologia 2012, 32, (4), 432-8.

Garcia-Donaire, J. A.; Alcazar, J. M., Ischemic nephropathy: detection and

therapeutic intervention. Kidney Int Suppl 2005, (99), S131-6.

Malek, M.; Nematbakhsh, M., Renal ischemia/reperfusion injury; from

pathophysiology to treatment. J Renal Inj Prev 2015, 4, (2), 20-7.

Wang, Q.; Ju, F.; Li, J.; Liu, T.; Zuo, Y.; Abbott, G. W.; Hu, Z., Empagliflozin
protects against renal ischemia/reperfusion injury in mice. Scientific Reports

2022, 12, (1), 19323.

Akalay, S.; Hosgood, S. A., How to Best Protect Kidneys for Transplantation—

Mechanistic Target. Journal of Clinical Medicine 2023, 12, (5), 1787.

Meyrier, A.; Hill, G. S.; Simon, P., Ischemic renal diseases: new insights into old

entities. Kidney Int 1998, 54, (1), 2-13.

Chatterjee, P. K., Novel pharmacological approaches to the treatment of renal
ischemia-reperfusion injury: a comprehensive review. Naunyn Schmiedebergs

Arch Pharmacol 2007, 376, (1-2), 1-43.

LAMEIRE, N.; VANHOLDER, R., Pathophysiologic Features and Prevention of
Human and Experimental Acute Tubular Necrosis. Journal of the American

Society of Nephrology 2001, 12, (suppl 1), S20-S32.

87



89.

90.

91.

92.

93.

94.

95.

96.

Lameire, N.; Van Biesen, W.; Vanholder, R., Acute renal failure. Lancet 2005,

365, (9457), 417-30.

Bokhari, M. R.; Bokhari, S. R. A., Renal Artery Stenosis. In StatPearls, Treasure
Island (FL) ineligible companies. Disclosure: Syed Rizwan Bokhari declares no

relevant financial relationships with ineligible companies., 2024.

Murphy, T. P.; Rundback, J. H.; Cooper, C.; Kiernan, M. S., Chronic renal
ischemia: implications for cardiovascular disease risk. J Vasc Interv Radiol

2002, 13, (12), 1187-98.

Kerr, M.; Bedford, M.; Matthews, B.; O'Donoghue, D., The economic impact of

acute kidney injury in England. Nephrol Dial Transplant 2014, 29, (7), 1362-8.

Hsu, C. Y.; McCulloch, C. E.; Fan, D.; Ordonez, J. D.; Chertow, G. M.; Go, A.
S., Community-based incidence of acute renal failure. Kidney Int 2007, 72, (2),

208-12.

Appel, R. G.; Bleyer, A. J.; Reavis, S.; Hansen, K. J., Renovascular disease in
older patients beginning renal replacement therapy. Kidney Int 1995, 48, (1),

171-6.

Mohammed-Ali, Z.; Carlisle, R. E.; Nademi, S.; Dickhout, J. G., Chapter 16 -
Animal Models of Kidney Disease. In Animal Models for the Study of Human

Disease (Second Edition), Conn, P. M., Ed. Academic Press: 2017; pp 379-417.

Adamczak, M.; Wiecek, A., Ischemic nephropathy: pathogenesis and treatment.

Nefrologia (Madrid) 2012, 32, 432-438.

88



97.

98.

99.

100.

101.

102.

103.

Chonchol, M.; Linas, S., Diagnosis and management of ischemic nephropathy.

Clin J Am Soc Nephrol 2006, 1, (2), 172-81.

Mussap, M.; Noto, A.; Fanos, V.; Van Den Anker, J. N., Emerging biomarkers
and metabolomics for assessing toxic nephropathy and acute kidney injury

(AKI) in neonatology. Biomed Res Int 2014, 2014, 602526.

Radermacher, J.; Chavan, A.; Bleck, J.; Vitzthum, A.; Stoess, B.; Gebel, M. J;
Galanski, M.; Koch, K. M.; Haller, H., Use of Doppler ultrasonography to

predict the outcome of therapy for renal-artery stenosis. N Engl J Med 2001,

344, (6), 410-7.

Marcos, H. B.; Choyke, P. L., Magnetic resonance angiography of the kidney.

Semin Nephrol 2000, 20, (5), 450-5.

Alcazar, J. M.; Rodicio, J. L., Ischemic nephropathy: clinical characteristics and

treatment. Am J Kidney Dis 2000, 36, (5), 883-93.

Bhalla, V.; Textor, S. C.; Beckman, J. A.; Casanegra, A. 1.; Cooper, C. J.; Kim, E.
S. H.; Luther, J. M.; Misra, S.; Oderich, G. S.; Disease, 0. b. 0. t. A. H.A. C. o. t.
K. 1. C.; Hypertension, C. o.; Disease, C. o. P. V.; Radiology, C. o. C.;
Intervention, Revascularization for Renovascular Disease: A Scientific
Statement From the American Heart Association. Hypertension 2022, 79, (8),

el28-e143.

Abboud, J.; Romer, A.; Kasper, W.; Kaess, B. M.; Haack, S.; Mettang, T.;
Vonend, O.; Ehrlich, J. R., Percutaneous transluminal renal angioplasty of global
kidney ischemia improves renal function and blood pressure. Int J Cardiol Heart

Vasc 2020, 27, 100475.

89



104.

105.

106.

107.

108.

109.

110.

Jarho, E. M.; Venéldinen, J. I.; Huuskonen, J.; Christiaans, J. A.; Garcia-
Horsman, J. A.; Forsberg, M. M.; Jarvinen, T.; Gynther, J.; Mannisto, P. T.;
Wallén, E. A., A cyclopent-2-enecarbonyl group mimics proline at the P2

position of prolyl oligopeptidase inhibitors. J Med Chem 2004, 47, (23), 5605-7.

Cunningham, D. F.; O'Connor, B., Proline specific peptidases. Biochim Biophys

Acta 1997, 1343, (2), 160-86.

Svarcbahs, R.; Jantti, M.; Kilpelainen, T.; Julku, U. H.; Urvas, L.; Kivioja, S.;
Norrbacka, S.; Myohanen, T. T., Prolyl oligopeptidase inhibition activates

autophagy via protein phosphatase 2A. Pharmacol Res 2020, 151, 104558.

Agirregoitia, N.; Laiz-Carrion, R.; Varona, A.; Rio, M. P.; Mancera, J. M.;
Irazusta, J., Distribution of peptidase activity in teleost and rat tissues. J Comp

Physiol B 2005, 175, (6), 433-44.

Venalainen, J. I.; Juvonen, R. O.; Mannisto, P. T., Evolutionary relationships of
the prolyl oligopeptidase family enzymes. Eur J Biochem 2004, 271, (13), 2705-

15.

Myohénen, T. T.; Tenorio-Laranga, J.; Jokinen, B.; Vazquez-Sanchez, R.;
Moreno-Baylach, M. J.; Garcia-Horsman, J. A.; Ménnisto, P. T., Prolyl
oligopeptidase induces angiogenesis both in vitro and in vivo in a novel

regulatory manner. Br J Pharmacol 2011, 163, (8), 1666-78.

Zhou, D.; Wang, J.; He, L. N.; Li, B. H.; Ding, Y. N.; Chen, Y. W.; Fan, J. G,
Prolyl oligopeptidase attenuates hepatic stellate cell activation through induction

of Smad7 and PPAR-y. Exp Ther Med 2017, 13, (2), 780-786.

90



111.

112.

113.

114.

115.

116.

117.

118.

Brandt, I.; Scharpé, S.; Lambeir, A. M., Suggested functions for prolyl

oligopeptidase: a puzzling paradox. Clin Chim Acta 2007, 377, (1-2), 50-61.

Pardridge, W. M., The blood-brain barrier: bottleneck in brain drug

development. NeuroRx 2005, 2, (1), 3-14.

Pajouhesh, H.; Lenz, G. R., Medicinal chemical properties of successful central

nervous system drugs. NeuroRx 20085, 2, (4), 541-53.

Shrivastava, A.; Srivastava, S.; Malik, R.; Alam, M. M.; Shaqiquzamman, M.;
Akhter, M., Identification of novel small molecule non-peptidomimetic inhibitor
for prolyl oligopeptidase through in silico and in vitro approaches. Journal of

Biomolecular Structure and Dynamics 2020, 38, (5), 1292-1305.

Jalkanen, A. J.; Leikas, J. V.; Forsberg, M. M., KYP-2047 penetrates mouse
brain and effectively inhibits mouse prolyl oligopeptidase. Basic Clin

Pharmacol Toxicol 2014, 114, (6), 460-3.

Venildinen, J. I.; Garcia-Horsman, J. A.; Forsberg, M. M.; Jalkanen, A.; Wallén,
E. A.; Jarho, E. M.; Christiaans, J. A.; Gynther, J.; Ménnisto, P. T., Binding
kinetics and duration of in vivo action of novel prolyl oligopeptidase inhibitors.

Biochem Pharmacol 2006, 71, (5), 683-92.

Klimaviciusa, L.; Jain, R. K.; Jaako, K.; Van Elzen, R.; Gerard, M.; van Der
Veken, P.; Lambeir, A. M.; Zharkovsky, A., In situ prolyl oligopeptidase activity

assay in neural cell cultures. J Neurosci Methods 2012, 204, (1), 104-110.

Svarcbahs, R.; Julku, U.; Kilpeldinen, T.; Kyyr6, M.; Jantti, M.; Myohénen, T.

T., New tricks of prolyl oligopeptidase inhibitors — A common drug therapy for

91



119.

120.

121.

122.

123.

several neurodegenerative diseases. Biochemical Pharmacology 2019, 161, 113-

120.

Chen, L.; Deng, H.; Cui, H.; Fang, J.; Zuo, Z.; Deng, J.; Li, Y.; Wang, X.; Zhao,
L., Inflammatory responses and inflammation-associated diseases in organs.

Oncotarget 2018, 9, (6), 7204-7218.

Toppila, M.; Hytti, M.; Korhonen, E.; Ranta-aho, S.; Harju, N.; Forsberg, M. M.;
Kaarniranta, K.; Jalkanen, A.; Kauppinen, A., The Prolyl Oligopeptidase
Inhibitor KYP-2047 Is Cytoprotective and Anti-Inflammatory in Human Retinal
Pigment Epithelial Cells with Defective Proteasomal Clearance. Antioxidants

2023, 12, (6), 1279.

Cucinotta, L.; Mannino, D.; Casili, G.; Repici, A.; Crupi, L.; Paterniti, L.;
Esposito, E.; Campolo, M., Prolyl oligopeptidase inhibition ameliorates
experimental pulmonary fibrosis both in vivo and in vitro. Respiratory Research

2023, 24, (1), 211.

Casili, G.; Lanza, M.; Scuderi, S. A.; Messina, S.; Paterniti, I.; Campolo, M.;
Esposito, E., The Inhibition of Prolyl Oligopeptidase as New Target to
Counteract Chronic Venous Insufficiency: Findings in a Mouse Model.

Biomedicines 2020, 8, (12).

Scuderi, S. A.; Casili, G.; Ardizzone, A.; Forte, S.; Colarossi, L.; Sava, S.;
Paterniti, I.; Esposito, E.; Cuzzocrea, S.; Campolo, M., KYP-2047, an Inhibitor
of Prolyl-Oligopeptidase, Reduces GlioBlastoma Proliferation through

Angiogenesis and Apoptosis Modulation. Cancers 2021, 13, (14), 3444.

92



124.

125.

126.

127.

128.

129.

130.

Scuderi, S. A.; Casili, G.; Filippone, A.; Lanza, M.; Basilotta, R.; Giuffrida, R.;
Munao, S.; Colarossi, L.; Capra, A. P.; Esposito, E.; Paterniti, I., Beneficial
effect of KYP-2047, a propyl-oligopeptidase inhibitor, on oral squamous cell

carcinoma. Oncotarget 2021, 12, (25).

Elshabrawy, H. A.; Chen, Z.; Volin, M. V.; Ravella, S.; Virupannavar, S.;
Shahrara, S., The pathogenic role of angiogenesis in rtheumatoid arthritis.

Angiogenesis 2015, 18, (4), 433-48.

Wilson, M. S.; Wynn, T. A., Pulmonary fibrosis: pathogenesis, etiology and

regulation. Mucosal Immunol 2009, 2, (2), 103-21.

Impellizzeri, D.; Cordaro, M.; Siracusa, R.; Fusco, R.; Peritore, A. F.;
Gugliandolo, E.; Genovese, T.; Crupi, R.; Interdonato, L.; Evangelista, M.; Di
Paola, R.; Cuzzocrea, S.; D'Amico, R., Molecular targets for anti-oxidative
protection of acai berry against diabetes myocardial ischemia/reperfusion injury.

Free Radic Res 2023, 57, (5), 339-352.

Filippone, A.; Mannino, D.; Cucinotta, L.; Paterniti, I.; Esposito, E.; Campolo,
M., LRRK2 Inhibition by PF06447475 Antagonist Modulates Early Neuronal

Damage after Spinal Cord Trauma. Antioxidants (Basel) 2022, 11, (9).

Casili, G.; Lanza, M.; Filippone, A.; Cucinotta, L.; Paterniti, 1.; Repici, A.;
Capra, A. P.; Cuzzocrea, S.; Esposito, E.; Campolo, M., Dimethyl Fumarate
(DMF) Alleviated Post-Operative (PO) Pain through the N-Methyl-d-Aspartate

(NMDA) Receptors. Antioxidants (Basel) 2022, 11, (9).

Filippone, A.; Cucinotta, L.; Bova, V.; Lanza, M.; Casili, G.; Paterniti, I.;

Campolo, M.; Cuzzocrea, S.; Esposito, E., Inhibition of LRRK?2 Attenuates

93



131.

132.

133.

134.

135.

Depression-Related Symptoms in Mice with Moderate Traumatic Brain Injury.

Cells 2023, 12, (7).

Campolo, M.; Casili, G.; Lanza, M.; Filippone, A.; Cordaro, M.; Ardizzone, A.;
Scuderi, S. A.; Cuzzocrea, S.; Esposito, E.; Paterniti, ., The inhibition of
mammalian target of rapamycin (mTOR) in improving inflammatory response

after traumatic brain injury. J Cell Mol Med 2021, 25, (16), 7855-7866.

Lanza, M.; Cucinotta, L.; Casili, G.; Filippone, A.; Basilotta, R.; Capra, A. P.;
Campolo, M.; Paterniti, I.; Cuzzocrea, S.; Esposito, E., The Transcription Factor
Nrf2 Mediates the Effects of Antrodia camphorata Extract on Neuropathological

Changes in a Mouse Model of Parkinson's Disease. Int J Mol Sci 2023, 24, (11).

Di Paola, R.; Genovese, T.; Impellizzeri, D.; Ahmad, A.; Cuzzocrea, S.;
Esposito, E., The renal injury and inflammation caused by ischemia-reperfusion
are reduced by genetic inhibition of TNF-alphaR1: a comparison with infliximab

treatment. Eur J Pharmacol 2013, 700, (1-3), 134-46.

Filippone, A.; Casili, G.; Ardizzone, A.; Lanza, M.; Mannino, D.; Paterniti, L.;
Esposito, E.; Campolo, M., Inhibition of Prolyl Oligopeptidase Prevents
Consequences of Reperfusion following Intestinal Ischemia. Biomedicines 2021,

9, (10).

Patel, N. S.; Cuzzocrea, S.; Chatterjee, P. K.; Di Paola, R.; Sautebin, L.; Britti,
D.; Thiemermann, C., Reduction of renal ischemia-reperfusion injury in 5-

lipoxygenase knockout mice and by the 5-lipoxygenase inhibitor zileuton. Mo/

Pharmacol 2004, 66, (2), 220-7.

94



136.

137.

138.

139.

140.

Matsumoto, A.; Matsui, I.; Katsuma, Y.; Yasuda, S.; Shimada, K.; Namba-
Hamano, T.; Sakaguchi, Y.; Kaimori, J. Y.; Takabatake, Y.; Inoue, K.; Isaka, Y.,
Quantitative Analyses of Foot Processes, Mitochondria, and Basement
Membranes by Structured Illumination Microscopy Using Elastica-Masson- and
Periodic-Acid-Schiff-Stained Kidney Sections. Kidney Int Rep 2021, 6, (7),

1923-1938.

Shokeir, A. A.; Hussein, A. M.; Awadalla, A.; Samy, A.; Abdelaziz, A.; Khater,
S.; Barakat, N., Protection against renal ischaemia/reperfusion injury: A
comparative experimental study of the effect of ischaemic preconditioning vs.

postconditioning. Arab J Urol 2012, 10, (4), 418-24.

Jin, B.; Zhu, J.; Zhou, Y.; Liang, L.; Yang, Y.; Xu, L.; Zhang, T.; Li, P.; Pan, T.;
Guo, B.; Chen, T.; Li, H., Loss of MENI1 leads to renal fibrosis and decreases

HGF-Adamts5 pathway activity via an epigenetic mechanism. Clin Trans! Med

2022, 12, (8), €982.

Ranjbaran, M.; Kadkhodaee, M.; Seifi, B., Renal tissue pro-inflammatory gene
expression is reduced by erythropoietin in rats subjected to hemorrhagic shock. J

Nephropathol 2017, 6, (2), 69-73.

D'Amico, R.; Fusco, R.; Gugliandolo, E.; Cordaro, M.; Siracusa, R.;
Impellizzeri, D.; Peritore, A. F.; Crupi, R.; Cuzzocrea, S.; Di Paola, R., Effects
of a new compound containing Palmitoylethanolamide and Baicalein in

myocardial ischaemia/reperfusion injury in vivo. Phytomedicine 2019, 54, 27-

42.

95



141.

142.

143.

144,

145.

146.

Niu, X.; Zhao, L.; Li, X.; Xue, Y.; Wang, B.; Lv, Z.; Chen, J.; Sun, D.; Zheng,
Q., beta3-Adrenoreceptor stimulation protects against myocardial infarction

injury via eNOS and nNOS activation. PLoS One 2014, 9, (6), €98713.

Xiong, W.; Zhou, R.; Qu, Y.; Yang, Y.; Wang, Z.; Song, N.; Liang, R.; Qian, J.,
Dexmedetomidine preconditioning mitigates myocardial ischemia/reperfusion

injury via inhibition of mast cell degranulation. Biomed Pharmacother 2021,

141, 111853.

Mohajeri, M.; Kovanen, P. T.; Bianconi, V.; Pirro, M.; Cicero, A. F. G.;
Sahebkar, A., Mast cell tryptase - Marker and maker of cardiovascular diseases.

Pharmacol Ther 2019, 199, 91-110.

Zou, J.; Fei, Q.; Xiao, H.; Wang, H.; Liu, K.; Liu, M.; Zhang, H.; Xiao, X;
Wang, K.; Wang, N., VEGF-A promotes angiogenesis after acute myocardial

infarction through increasing ROS production and enhancing ER stress-mediated

autophagy. J Cell Physiol 2019, 234, (10), 17690-17703.

Xie, J.; Jiang, L.; Wang, J.; Yin, Y.; Wang, R.; Du, L.; Chen, T.; Ni, Z.; Qiao, S.;
Gong, H.; Xu, B.; Xu, Q., Multilineage contribution of CD34(+) cells in cardiac
remodeling after ischemia/reperfusion injury. Basic Res Cardiol 2023, 118, (1),

17.

Wang, F.; Yuan, Q.; Chen, F.; Pang, J.; Pan, C.; Xu, F.; Chen, Y., Fundamental
Mechanisms of the Cell Death Caused by Nitrosative Stress. Front Cell Dev Biol

2021, 9, 742483.

96



147.

148.

149.

150.

151.

152.

153.

Tatarkova, Z.; Kovalska, M.; Sivonova, M. K.; Racay, P.; Lehotsky, J.; Kaplan,
P., Tyrosine nitration of mitochondrial proteins during myocardial ischemia and

reperfusion. J Physiol Biochem 2019, 75, (2), 217-227.

Onai, Y.; Suzuki, J.; Kakuta, T.; Maejima, Y.; Haraguchi, G.; Fukasawa, H.;
Muto, S.; Itai, A.; Isobe, M., Inhibition of IkappaB phosphorylation in
cardiomyocytes attenuates myocardial ischemia/reperfusion injury. Cardiovasc

Res 2004, 63, (1), 51-9.

Teringova, E.; Tousek, P., Apoptosis in ischemic heart disease. J Transl Med

2017, 15, (1), 87.

Vassalli, G.; Milano, G.; Moccetti, T., Role of Mitogen-Activated Protein
Kinases in Myocardial Ischemia-Reperfusion Injury during Heart

Transplantation. J Transplant 2012, 2012, 928954.

Armstrong, S. C., Protein kinase activation and myocardial ischemia/reperfusion

injury. Cardiovasc Res 2004, 61, (3), 427-36.

Iannelli, A.; de Sousa, G.; Zucchini, N.; Saint-Paul, M. C.; Gugenheim, J.;
Rahmani, R., Anti-apoptotic pro-survival effect of clotrimazole in a
normothermic ischemia reperfusion injury animal model. J Surg Res 2011, 171,

(1), 101-7.

Kuzgun, O.; Ozkardesler, S.; Ozbilgin, S.; Akan, M.; Ergur, B. U.; Kamaci, G.;
Guneli, M. E.; Ates, N.; Sisman, A. R.; Dalak, R. M., Effects of
Dexmedetomidine on Renal Ischaemia Reperfusion Injury in Streptozotocin-

Induced Diabetic Rats. Turk J Anaesthesiol Reanim 2018, 46, (6), 462-469.

97



154.

155.

156.

157.

158.

159.

160.

van Raaij, S.; van Swelm, R.; Bouman, K.; Cliteur, M.; van den Heuvel, M. C.;
Pertijs, J.; Patel, D.; Bass, P.; van Goor, H.; Unwin, R.; Srai, S. K.; Swinkels, D.,
Tubular iron deposition and iron handling proteins in human healthy kidney and

chronic kidney disease. Sci Rep 2018, 8, (1), 9353.

Vaidya, V. S.; Ferguson, M. A.; Bonventre, J. V., Biomarkers of acute kidney

injury. Annu Rev Pharmacol Toxicol 2008, 48, 463-93.

Tod, P.; Bukosza, E. N.; Roka, B.; Kaucsar, T.; Fintha, A.; Krenacs, T.; Szenasi,
G.; Hamar, P., Post-Ischemic Renal Fibrosis Progression Is Halted by Delayed

Contralateral Nephrectomy: The Involvement of Macrophage Activation. Int J

Mol Sci 2020, 21, (11).

Hundae, A.; McCullough, P. A., Cardiac and renal fibrosis in chronic cardiorenal

syndromes. Nephron Clin Pract 2014, 127, (1-4), 106-12.

Diaz-Ricart, M.; Torramade-Moix, S.; Pascual, G.; Palomo, M.; Moreno-
Castano, A. B.; Martinez-Sanchez, J.; Vera, M.; Cases, A.; Escolar, G.,
Endothelial Damage, Inflammation and Immunity in Chronic Kidney Disease.

Toxins (Basel) 2020, 12, (6).

Song, N.; Thaiss, F.; Guo, L., NFkappaB and Kidney Injury. Front Immunol

2019, 10, 815.

Ren, N.; Wang, W. F.; Zou, L.; Zhao, Y. L.; Miao, H.; Zhao, Y. Y., The nuclear
factor kappa B signaling pathway is a master regulator of renal fibrosis. Front

Pharmacol 2023, 14, 1335094,

98



161. Sheu, J. R.; Chen, Z. C.; Jayakumar, T.; Chou, D. S.; Yen, T. L.; Lee, H. N.; Pan,
S. H.; Hsia, C. H.; Yang, C. H.; Hsieh, C. Y., A novel indication of platonin, a
therapeutic immunomodulating medicine, on neuroprotection against ischemic

stroke in mice. Sci Rep 2017, 7, 42277.

162. Danelli, L.; Madjene, L. C.; Madera-Salcedo, I.; Gautier, G.; Pacreau, E.; Ben
Mkaddem, S.; Charles, N.; Daugas, E.; Launay, P.; Blank, U., Early Phase Mast
Cell Activation Determines the Chronic Outcome of Renal Ischemia-

Reperfusion Injury. J Immunol 2017, 198, (6), 2374-2382.

163. Oguz, E.; Yilmaz, Z.; Ozbilge, H.; Baba, F.; Tabur, S.; Yerer, M. B.; Hekimoglu,
A., Effects of melatonin on the serum levels of pro-inflammatory cytokines and
tissue injury after renal ischemia reperfusion in rats. Ren Fail 2015, 37, (2), 318-

22.

164. Li,C.;Yu,Y.; Zhu, S.; Hu, Y.; Ling, X.; Xu, L.; Zhang, H.; Guo, K., The
emerging role of regulated cell death in ischemia and reperfusion-induced acute
kidney injury: current evidence and future perspectives. Cell Death Discov 2024,

10, (1), 216.

165. Borkan, S. C., The Role of BCL-2 Family Members in Acute Kidney Injury.

Semin Nephrol 2016, 36, (3), 237-50.

166. Cui, H.; Kilpelainen, T.; Zouzoula, L.; Auno, S.; Trontti, K.; Kurvonen, S.;
Norrbacka, S.; Hovatta, I.; Jensen, P. H.; Myohanen, T. T., Prolyl oligopeptidase
inhibition reduces alpha-synuclein aggregation in a cellular model of multiple

system atrophy. J Cell Mol Med 2021, 25, (20), 9634-9646.

99



167.

168.

169.

170.

171.

172.

173.

Svarcbahs, R.; Jantti, M.; Julku, U.; Myohanen, T., Prolyl oligopeptidase (PREP)
is a novel regulator for protein phosphatase 2A (PP2A). Proceedings for Annual

Meeting of The Japanese Pharmacological Society 2018, WCP2018, PO4-1-77.

Shao, L.; Ma, Y.; Fang, Q.; Huang, Z.; Wan, S.; Wang, J.; Yang, L., Role of
protein phosphatase 2A in kidney disease (Review). Exp Ther Med 2021, 22, (5),

1236.

Kumar, M.; Misra, A., 6 - Applications of Gene Therapy. In Challenges in
Delivery of Therapeutic Genomics and Proteomics, Misra, A., Ed. Elsevier:

London, 2011; pp 271-323.

Cowled, P.; Fitridge, R., Pathophysiology of Reperfusion Injury. In Mechanisms
of Vascular Disease: A Reference Book for Vascular Specialists, Fitridge, R.;

Thompson, M., Eds. Adelaide (AU), 2011.

Soares, R. O. S.; Losada, D. M.; Jordani, M. C.; Evora, P.; Castro, E. S. O.,
Ischemia/Reperfusion Injury Revisited: An Overview of the Latest

Pharmacological Strategies. Int J Mol Sci 2019, 20, (20).

Xiang, Q.; Yi, X.; Zhu, X. H.; Wei, X.; Jiang, D. S., Regulated cell death in
myocardial ischemia-reperfusion injury. Trends Endocrinol Metab 2024, 35, (3),

219-234.

Algoet, M.; Janssens, S.; Himmelreich, U.; Gsell, W.; Pusovnik, M.; Van den
Eynde, J.; Oosterlinck, W., Myocardial ischemia-reperfusion injury and the

influence of inflammation. Trends Cardiovasc Med 2023, 33, (6), 357-366.

100



174.

175.

176.

177.

178.

179.

180.

Basile, D. P.; Anderson, M. D.; Sutton, T. A., Pathophysiology of acute kidney

injury. Compr Physiol 2012, 2, (2), 1303-53.

Myohanen, T. T.; Tenorio-Laranga, J.; Jokinen, B.; Vazquez-Sanchez, R.;
Moreno-Baylach, M. J.; Garcia-Horsman, J. A.; Mannisto, P. T., Prolyl
oligopeptidase induces angiogenesis both in vitro and in vivo in a novel

regulatory manner. Br J Pharmacol 2011, 163, (8), 1666-78.

Heusch, G., Myocardial ischemia/reperfusion: Translational pathophysiology of

ischemic heart disease. Med 2024, 5, (1), 10-31.

Kellum, J. A.; Romagnani, P.; Ashuntantang, G.; Ronco, C.; Zarbock, A.;

Anders, H. J., Acute kidney injury. Nat Rev Dis Primers 2021, 7, (1), 52.

Yang, M. Q.; Ma, Y. Y.; Ding, J.; Li, J. Y., The role of mast cells in ischemia and

reperfusion injury. Inflamm Res 2014, 63, (11), 899-905.

Yu, X.; Sun, X.; Zhao, M.; Hou, Y.; Li, J.; Yu, J.; Hou, Y., Propofol attenuates
myocardial ischemia reperfusion injury partly through inhibition of resident

cardiac mast cell activation. Int Immunopharmacol 2018, 54, 267-274.

Madjene, L. C.; Danelli, L.; Dahdah, A.; Vibhushan, S.; Bex-Coudrat, J.;
Pacreau, E.; Vaugier, C.; Claver, J.; Rolas, L.; Pons, M.; Madera-Salcedo, I. K.;
Beghdadi, W.; El Ghoneimi, A.; Benhamou, M.; Launay, P.; Abrink, M.; Pejler,
G.; Moura, I. C.; Charles, N.; Daugas, E.; Perianin, A.; Blank, U., Mast cell
chymase protects against acute ischemic kidney injury by limiting neutrophil

hyperactivation and recruitment. Kidney Int 2020, 97, (3), 516-527.

101



181.

182.

183.

184.

185.

186.

187.

Frangogiannis, N. G.; Smith, C. W.; Entman, M. L., The inflammatory response

in myocardial infarction. Cardiovasc Res 2002, 53, (1), 31-47.

Reil, J. C.; Gilles, S.; Zahler, S.; Brandl, A.; Drexler, H.; Hultner, L.; Matrisian,
L. M.; Welsch, U.; Becker, B. F., Insights from knock-out models concerning

postischemic release of TNFalpha from isolated mouse hearts. J Mol Cell

Cardiol 2007, 42, (1), 133-41.

Zhao, Y.; Li, H.; Ma, X.; Meng, X.; Tang, Q., Identification of biomarkers
related to angiogenesis in myocardial ischemia-reperfusion injury and prediction

of potential drugs. PLoS One 2024, 19, (6), €0300790.

Zhu, H.; Zhang, Y.; Zhong, Y.; Ye, Y.; Hu, X.; Gu, L.; Xiong, X., Inflammation-
Mediated Angiogenesis in Ischemic Stroke. Front Cell Neurosci 2021, 15,

652647.

Shaw, P.; Dwivedi, S. K. D.; Bhattacharya, R.; Mukherjee, P.; Rao, G., VEGF
signaling: Role in angiogenesis and beyond. Biochim Biophys Acta Rev Cancer

2024, 1879, (2), 189079.

Krishnan, S.; Szabo, E.; Burghardt, 1.; Frei, K.; Tabatabai, G.; Weller, M.,
Modulation of cerebral endothelial cell function by TGF-beta in glioblastoma:
VEGF-dependent angiogenesis versus endothelial mesenchymal transition.

Oncotarget 2015, 6, (26), 22480-95.

Hassanpour, M.; Salybekov, A. A.; Kobayashi, S.; Asahara, T., CD34 positive
cells as endothelial progenitor cells in biology and medicine. Front Cell Dev

Biol 2023, 11, 1128134.

102



188.

189.

190.

191.

192.

193.

Gielis, J. F.; Beckers, P. A. J.; Briede, J. J.; Cos, P.; Van Schil, P. E., Oxidative
and nitrosative stress during pulmonary ischemia-reperfusion injury: from the

lab to the OR. Ann Transl Med 2017, 5, (6), 131.

Chen, H.; He, Y.; Chen, S.; Qi, S.; Shen, J., Therapeutic targets of
oxidative/nitrosative stress and neuroinflammation in ischemic stroke:
Applications for natural product efficacy with omics and systemic biology.

Pharmacol Res 2020, 158, 104877.

Kurian, G. A.; Rajagopal, R.; Vedantham, S.; Rajesh, M., The Role of Oxidative
Stress in Myocardial Ischemia and Reperfusion Injury and Remodeling:

Revisited. Oxid Med Cell Longev 2016, 2016, 1656450.

Noiri, E.; Nakao, A.; Uchida, K.; Tsukahara, H.; Ohno, M.; Fujita, T.; Brodsky,
S.; Goligorsky, M. S., Oxidative and nitrosative stress in acute renal ischemia.

Am J Physiol Renal Physiol 2001, 281, (5), F948-57.

Yang, M.; Camara, A. K.; Wakim, B. T.; Zhou, Y.; Gadicherla, A. K.; Kwok, W.
M.; Stowe, D. F., Tyrosine nitration of voltage-dependent anion channels in

cardiac ischemia-reperfusion: reduction by peroxynitrite scavenging. Biochim

Biophys Acta 2012, 1817, (11), 2049-59.

Wang, Q.; Zuurbier, C. J.; Huhn, R.; Torregroza, C.; Hollmann, M. W.; Preckel,
B.; van den Brom, C. E.; Weber, N. C., Pharmacological Cardioprotection
against Ischemia Reperfusion Injury-The Search for a Clinical Effective

Therapy. Cells 2023, 12, (10).

103



194. Kis, A.; Yellon, D. M.; Baxter, G. F., Role of nuclear factor-kappa B activation
in acute ischaemia-reperfusion injury in myocardium. Br J Pharmacol 2003,

138, (5), 894-900.

195. Maimaitiaili, A.; Li, J.; Aibibula, A.; Abudurecheman, M., Inhibition of nuclear
factor kappa B pathway protects myocardial ischemia/reperfusion injury in rats
under treatment with abnormal savda munziq. A4m J Transl Res 2018, 10, (1), 77-

85.

196. Sun, S. C., Non-canonical NF-kB signaling pathway. Cell Res 2011, 21, (1), 71-

85.

197.  Yu, X.; Ge, L.; Niu, L.; Lian, X.; Ma, H.; Pang, L., The Dual Role of Inducible
Nitric Oxide Synthase in Myocardial Ischemia/Reperfusion Injury: Friend or

Foe? Oxid Med Cell Longev 2018, 2018, 8364848.

198. Knight, S.; Johns, E. J., Effect of COX inhibitors and NO on renal
hemodynamics following ischemia-reperfusion injury in normotensive and

hypertensive rats. Am J Physiol Renal Physiol 2005, 289, (5), F1072-7.

199. Khandelwal, N.; Simpson, J.; Taylor, G.; Rafique, S.; Whitehouse, A.; Hiscox,
J.; Stark, L. A., Nucleolar NF-kappaB/RelA mediates apoptosis by causing
cytoplasmic relocalization of nucleophosmin. Cell Death Differ 2011, 18, (12),

1889-903.

200. Badalzadeh, R.; Mokhtari, B.; Yavari, R., Contribution of apoptosis in
myocardial reperfusion injury and loss of cardioprotection in diabetes mellitus. J

Physiol Sci 2015, 65, (3), 201-15.

104



201.

202.

203.

204.

205.

Wang, X.; Wang, W.; Wang, J. Z.; Yang, C.; Liang, C. Z., Effect of apigenin on
apoptosis induced by renal ischemia/reperfusion injury in vivo and in vitro. Ren

Fail 2018, 40, (1), 498-505.

Yue, J.; Lopez, J. M., Understanding MAPK Signaling Pathways in Apoptosis.

Int J Mol Sci 2020, 21, (7).

Li, S.; Zhong, M.; Yuan, Y.; Zhang, L., Differential roles of p38 MAPK and
ERK1/2 in angiopoietin-2-mediated rat pulmonary microvascular endothelial
cell apoptosis induced by lipopolysaccharide. Exp Ther Med 2018, 16, (6), 4729-

4736.

Zhu, X.; Ye, Y.; Xu, C.; Gao, C.; Zhang, Y.; Zhou, J.; Lin, W.; Mao, J., Protein
phosphatase 2A modulates podocyte maturation and glomerular functional

integrity in mice. Cell Commun Signal 2019, 17, (1), 91.

Clark, A. R.; Ohlmeyer, M., Protein phosphatase 2A as a therapeutic target in

inflammation and neurodegeneration. Pharmacol Ther 2019, 201, 181-201.

105



	Abstract
	Introduction
	Chapter 1: Ischemia Reperfusion Injury
	1.1 Ischemia Reperfusion Injury: focus on Heart and Kidney
	1.2 Myocardial ischemia
	1.2.1 Definition
	1.2.2 Epidemiology and risk factors
	1.2.3 Etiopathogenesis
	1.2.4 Classification
	1.2.5 Diagnosis
	1.2.5.1 Clinical Evaluation
	1.2.5.2 Electrocardiogram (ECG)
	1.2.5.3 Blood Tests
	1.2.5.4 Stress Testing
	1.2.5.5 Coronary Angiography and Computed Tomography Coronary Angiography (CTCA)
	1.2.5.6 Echocardiogram
	1.2.5.7 Cardiac magnetic resonance imaging (CMR)
	1.2.5.8 Holter Monitor
	1.2.5.9 Positron Emission Tomography (PET) Scan
	1.2.5.10 Intravascular Ultrasound (IVUS) and Fractional Flow Reserve (FFR)

	1.2.6 Therapeutic approaches
	1.2.6.1 Lifestyle changes
	1.2.6.2 Pharmacological Therapy
	1.2.6.3 Revascularization Procedures
	1.2.6.4 Experimental Therapies


	1.3 Renal Ischemia
	1.3.1 Definition
	1.3.2 Epidemiology and risk factors
	1.3.3 Diagnosis
	1.3.4 Therapeutic approaches
	1.3.4.1 Pharmacological Therapy
	1.3.4.2 Revascularization Procedures


	Chapter 2: KYP-2047
	2.1 Prolyl endopeptidase (PREP)
	2.2 Mechanism of action of KYP-2047
	2.3 Role of KYP-2047 in Inflammation
	2.4 Role of KYP-2047 in Angiogenesis

	Chapter 3: Aim of the thesis
	Chapter 4: Materials and Methods
	4.1 Materials
	4.2 Animals
	4.3 Myocardial Ischemia/Reperfusion (MI/R)
	4.3.1 Experimental Group
	4.3.2 Histological evaluation
	4.3.3 Masson’s trichrome
	4.3.4 Toluidine Blue Staining
	4.3.5 Immunohistochemistry
	4.3.6 Terminal deoxynucleotidyl transferase-mediated UTP end labeling (TUNEL) assay
	4.3.7 Western blot
	4.3.8 Statistical analysis

	4.4 Kidney Ischemia/Reperfusion (KI/R)
	4.4.1 Experimental Group
	4.4.2. Histological evaluation
	4.4.3. PAS Staining
	4.4.4 Assessment of Renal Function
	4.4.5 Blue Toluidine Staining
	4.4.6 Masson’s Trichrome Staining
	4.4.7. ELISA Kit for Pro-Collagen 1 (Colla1) Evaluation
	4.4.8 Western Blot Analysis
	4.4.9. TUNEL Staining
	4.4.10 Immunohistochemical Localization of TGF-β and VEGF
	4.4.11 Real-Time PCR
	4.4.12 Statistical Analysis


	Chapter 5: Results
	5.1 Results of MI/R
	5.1.1 Preventive effects of KYP-2047 on histological assessment
	5.1.2 Role of KYP-2047 treatment to reduce fibrosis
	5.1.3 Preventive effect of KYP-2047 on myocardial injury by mast cells staining and tryptase evaluation
	5.1.4 Effect of KYP2047 on angiogenesis
	5.1.5 Effect of KYP 2047 on nitrosative stress and DNA damage
	5.1.6 Effect of KYP 2047 on apoptosis
	5.1.7 Role of MAPK in MI/R

	5.2 Results of renal ischemia
	5.2.1 The effect of KYP-207 on histological damage
	5.2.2 The effects of KYP2047 on KI/R dysfunction and renal markers
	5.2.3 The effects of KYP2047 on fibrosis
	5.2.4 Effect of KYP-2047 on inflammatory state
	5.2.5 The Effects of KYP-2047 on Inflammatory Mediators
	5.2.6 Effects of KYP-2047 on angiogenesis
	5.2.7 Effect of KYP-2047 on apoptosis
	5.2.8 Effect of KYP-2047 on the modulation of PP2A activity


	Chapter 6: Discussion
	Chapter 7: Conclusions
	Chapter 8: References

