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Abstract 

 
Myocardial infarction (MI) belongs to the family of cardiovascular diseases and 

represents the primary cause of worldwide mortality. An increasing trend of 

morbidity and mortality has been recently reported by the World Health Organisation 

in the developing countries (2016). Despite the diversity of therapeutic approaches 

which included growth-factors and stem cells, no option can currently replace 

routinely performed surgical procedures such as percutaneous coronary intervention, 

coronary artery bypass grafting and, more rarely, heart transplantation.  

 

This thesis starts with a literature review of the main phases and cellular components 

of the post-ischemic environment. The biological rationale of the therapeutic 

approaches adopted by other groups over recent decades is reported with no bias 

towards a specific therapeutic target, such as fibrosis, angiogenesis or cellular stress. 

This initial review portrays the current bottlenecks in the field and introduces the 

specific gaps that this thesis is addressing.  

 

The mammalian heart possesses a regenerative capacity at its early neonatal stage, so 

the first study (Chapter Two) presented in this thesis investigated the distinctive 

features at that stage under a previously limited investigated perspective, i.e. 

glycosylation. Glycans are among the most relevant post-translational modifications, 

but because of their complexity and that advances in methods to study their 

expression are recent, little is known about their functional role, especially in the 

myocardial environment. In Chapter Two, a consistent glycosylation was seen across 

adult myocardial tissues in rats, which significantly differed from its early neonatal 

condition (three-day-old). Interestingly, the higher expression of glycan types like N-

liked high mannose was comparable to the expression profile of studies which have 

characterised the glycosylation of undifferentiated cells.  

 

Currently adopted animal models of MI do not reflect the increasing trend of non-

transmural, focal infarcts seen in the hospitalised clinical cases. The most widely 

followed method of ligation of the the left anterior descending coronary induces full-

thickness infarcts, which constitute a severe clinical condition from which the 

effected patient can hardly survive. To address this current limitation, an ovine 
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model of non-transmural myocardial infarction was developed and validated at 

functional, histological and protein level (Chapter Three).  

 

Despite the promising results achieved in both small and large animal studies, recent 

meta-analyses highlighted the marginal effect of therapeutic strategies like bone-

marrow derived stem cells once they are tested in the clinical trials. Increasing 

evidence has shown the crucial role that components of the extracellular matrix 

(ECM) can play to modulate the post-ischemic remodelling. Moreover, several types 

of acellular hydrogels have been demonstrated to promote a less fibrotic and more 

angiogenic microenvironment, however still none of these showed efficacy in the 

clinical trials. Elastin is a natural component of the cardiac ECM and can be 

mimicked by genetic engineering through the production of elastin-like 

recombinamers (ELRs). In this thesis, two ELRs named HE5 and HRGD which 

contain matrix metalloproteinase-responsive and cell-adhesive sequences, 

respectively, were used to fabricate acellular hydrogels. Following initial 

optimisation, the ELRs-based hydrogel was injected intra-myocardially in the 

infarcted ovine model seven days post-MI (Chapter Four). A functional recovery in 

ejection fraction, lower fibrosis and higher angiogenesis in the ischemic core region 

were observed 21 days after the multiple injection procedure. Therefore, high-

throughput analyses at expression, protein and glycan level which are presented in 

Chapter Five validated the initial findings and further elucidated the mechanism of 

action of the ELRs-based hydrogel. GATA4 was detected by IPA® analysis as the 

most distinctive upstream regulator in the treated animals since its predicted 

inhibition seen in the untreated condition was reversed 21 days after the injection of 

the hydrogel. This finding was validated by immunofluorescence and further 

supported by a preserved integrity in the mitochondrial structures of the 

cardiomyocytes located in the border zone of the infarct. To summarise, the recovery 

in cardiac function after hydrogel injection, in combination with a clinically-inspired 

established model of non-full thickness MI and a realistic intervention time (seven 

days post-MI) provide this study with an additional advantage for its clinical 

translation. 

 

To summarise, this thesis arises from the current biological and clinical gaps in the 

field and addresses them by the application of a multisciplinary approach. Through 
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the investigation of the relevance of glycobiology, the development of a clinically-

relevant model of MI, the application of an ECM-inspired hydrogel and the 

understanding of its mechanism of action, a substantial contribution has been made 

in the field.  
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Sections of this chapter will be submitted in the following manuscript:  

Contessotto P. and Pandit A. “Biological rationale and actual impact of therapeutic 

strategies for myocardial infarction”.   
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1.1 Introduction 

Myocardial infarction belongs to the family of cardiovascular diseases which 

accounts for approximately one third of worldwide mortality [Mozaffarian 2016, 

Roth]. A wide spectrum of risk factors contribute to the incidence of this pathology 

among the industrialized countries and in those subjected to a rising economic 

expansion, as confirmed by the most updated reports [Roth]. Nevertheless, in the last 

25 years there was a clear trend of decreased incidence in regions with high socio-

demographic index - which measures the income per individual - in contrast to a 

mild or unchanged incidence in most of the countries [Roth]. Among the most 

studied risk factors which are known to be associated with a higher incidence of 

cardiovascular diseases, diabetes, hypertension and cigarettes smoking, even in the 

use of the electronic cigarette were reported [Alzahrani]. In recent years, the belief in 

the correlation between the intake of saturated fat in the diet and the occurrence of 

cardiovascular diseases has been questioned by meta-analyses of previous trials. For 

instance, polyunsaturated fat (PUFA) consumption was shown to reduce coronary 

artery disease events in randomized controlled trials [Mozaffarian 2010], and the 

correlation between saturated fat consumption and higher cholesterol levels in serum 

did not translate to a higher incidence of coronary artery disease.  

The definition of myocardial infarction was redefined in 2000 by a consensus 

statement of The Joint European Society of Cardiology (ESC) /American College of 

Cardiology Committee (ACC) [Consensus]. The rationale for the agreement of this 

document by both the ESC and the ACC stemmed from the need to include new 

indicators to the traditional three characteristics of chest discomfort: enzyme rise and 

a typical electrocardiogram (ECG) pattern [Consensus]. Briefly, the main difference 

was the introduction of the evaluation of biochemical markers which were 

demonstrated to indicate myocardial necrosis in the past decades to define a precise 

diagnosis [Lindahl, Ohman]. Specifically, to define an “acute, evolving or recent 

myocardial infarction”, a peak of either cardiac troponin (cTn) or creatine kinase 

(CK) the serum levels needed to be recorded together with at least one of the 

following: clinical symptoms of ischemia, pathologic Q waves in ECG, ST elevation 

or depression in ECG, or actual identification of a thrombus by coronary angioplasty 

intervention. Alternatively, pathologic findings of apoptotic cardiomyocytes were 

required [Saraste].   
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In the second consensus document - that was approved in 2007 [Thygesen 2007] - 

the criteria listed in the first consensus document were all confirmed but some of 

them were more precisely defined. First, cTn was defined as the preferential 

biomarker whose peak needed to fall in the range above the 99th percentile of the 

upper reference limit (URL). Second, percutaneous coronary interventions (PCI) 

which cause an increase of the biomarker above the 99th percentile of the URL in 

patients with initial normal values of troponin were considered as evidence of 

myocardial necrosis due to the procedure [Thygesen 2007]. If the same increase in 

cTn characterises a coronary artery bypass grafting (CABG), the definition of MI can 

be applied as well. On the other hand, the definition of “prior myocardial infarction” 

was applied in any of the following cases: evidence of pathologic Q waves in the 

ECG, pathological evidence of healed or healing MI or - a new indicator which was 

not present in the first consensus document - imaging showing a thinning of the 

viable myocardial segment effected by necrosis [Thygesen 2007].  

Finally, in 2018 a Fourth Universal Definition of Myocardial Infarction Consensus 

Document was published and focused on the differentiation between myocardial 

injury and myocardial infarction. According to this last updated Consensus 

Document, the guidelines to define MI indicate still both the abovementioned 

variation in cTn levels “at least one value above the 99th percentile URL” [Thygesen 

2018] and one of the previously defined criteria for ischemia (physical symptoms, 

ECG changes, pathological Q waves, imaging to detect loss of myocardium or 

abnormal regional wall motion and detection of a thrombus by angiography). 

Whether only a rise and/or fall in cTn is observed, the clinical case falls in the 

category of myocardial injury and no assignment of any of the five subgroups of MI 

can be made. CK serum levels continue to be regarded as much less sensitive and 

specific than cTn [Thygesen 2018].  

 

1.2 Clinical aspects of MI 

 

1.2.1 Classification of myocardial infarction 

The latest agreement on the definition of myocardial infarction was published in 

2018 [Thygesen 2018]. This document currently reports the most updated guidelines 
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regarding the clinical classification of myocardial infarction, which is based on five 

different types according to their specific aetiology, as summarized in Table 1.1.  

Type 1 and type 2 are both defined as the clinical consequence of the pathological 

phenomenon of myocardial ischemia. Briefly, type 1 is the result of the blockage of a 

coronary artery by the detachment of an atherosclerotic plaque (Figure 1.1), whereas 

type 2 includes all the cases of myocardial ischemia which are not a direct 

consequence of a coronary artery disease. Specifically, type 2 embraces all the 

conditions which lead to an imbalance between the myocardial supply and the 

demand of oxygen, such as endothelial dysfunction, fixed atherosclerosis and 

coronary vasospasm [Thygesen 2012]. Type 3 MI is the most challenging in terms of 

its therapeutic targeting since it includes those patients subjected to quick cardiac 

death and so can be hardly diagnosed in a timely manner by the identification of the 

rise or fall of cTn or CK. In the last Consensus Document, distinction between 

sudden cardiac death and type 3 MI was stressed as one of the points to be clarified 

depending on the presence of ischemic ECG changes [Thygesen 2018]. Further 

autopsy examination can reassign the case to another MI type according to the 

outcome.  Revascularization procedures are part of the everyday practice to induce 

reperfusion after the diagnosis of myocardial infarction in the clinical theatres. PCI 

and CABG are the most widely adopted techniques and can lead to procedural 

myocardial injuries which need to be confirmed by precise comparison of pre/post-

procedure peaks of cTn. Whether imaging-based evidence of ischemia is also linked 

to either PIC or CABG-dependent myocardial injury, type 4 and type 5 MI occur. 

Specifically, type 4 has been recently divided in three subclasses: type 4a is 

associated with myocardial injury during PCI, type 4b with stent or scaffold-induced 

thrombosis, and type 4c is due to the recurrence of stenosis (restenosis) after 

angioplasty procedure [Thygesen 2018].  

 

1.2.2 Cardiac functional behaviour  

The cardiac remodelling process is a physiological response of the organ that is 

trying to compensate for the physical loss of millions of cardiomyocytes. Due to the 

loss of capacity of the mammalian cardiomyocytes to re-enter the cell cycle upon 

turning to the adult stage, the organ limits the loss of mechanical support needed to 

prevent its collapse through the deposition of collagen type I and III by the 
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myofibroblasts. On the other hand, the fibrotic process can be characterised by the 

chronic activation of myofibroblasts and uncontrolled scarring, and has been 

demonstrated to be an independent predictor of arrhytmias and sudden death in large 

cohorts of patients [Gulati, Leyva]. The dilatation of the ventricular chamber after 

the occurrence of MI reflects the pathological scenario of a progressive dysfunction 

in the contractile property of the whole organ. As a consequence of the Law of 

Laplace, the thickness of the left ventricular wall is inversely proportional to the 

physical stress exerted on the same wall by the blood pressure and therefore is one 

indicator of post-ischemic remodelling. The pathophysiological consequences of the 

wall thinning spread from the ischemic core to the border zone of the infarct 

[Wilson]. Here there is an increase in metabolic consumption of the residual 

segments of cardiomyocytes which survived the ischemic insult and that can be 

severely effected in their physiological contractile properties [Wang 2018c]. 
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Table 1.1 Clinical classification of type of myocardial infarction. 

MI Type Aetiology Characteristics Reference 

1 Rupture of the 

atherosclerotic plaque, 

blockage of the coronary 

artery following 

atherothrombotic coronary 

artery disease (CAD)  

Patients affected have 

lower long-term 

mortality compared to 

that one of patients with 

type 2 

Sandoval, 

Lambrecht, 

Falk 

2 Myocardial ischemia due 

to imbalance between 

oxygen demand and 

supply, no acute 

thrombotic event  

Elevated values of cTn, 

patients are less likely 

to receive therapy for 

CAD 

Baron, 

Smilowitz, 

Cediel 

3 Associated with new 

ischemic ECG changes or 

ventricular fibrillations 

without a precise aetiology 

Changes in levels of 

cTn can be hardly 

detected. Low 

incidence: 3.6% among 

all MI cases. Physical 

exertion as a possible 

trigger 

Dagres, 

Mittleman, 

Jangaard 

4a Myocardial injury due to 

percutaneous coronary 

intervention (PCI) 

Associated to risk of 

TIMI (Thrombolysis In 

MI) major bleeding  

Woudstra, 

Mehran 

4b Myocardial injury due to 

scaffold/stent intervention 

Subtype defined only in 

the last Consensus 

Document (2018)  

Garcia-Garcia 

4c Restenosis after 

angioplasty 

Subtype defined only in 

the last Consensus 

Document (2018)  

Thygesen 2018 

5 Myocardial infarction due 

to coronary artery bypass 

grafting (CABG) 

Elevated levels of cTn 

can be detected, 

possible renal 

dysfunction 

Oikawa, 

Holzmann, 

Wang 2013a  
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Figure 1.1 Illustration of type I myocardial infarction. The area located downstream 

the obstructed coronary blood vessel is quickly subjected to ischemia. The loss of 

millions of cardiomyocytes which were populating this area is the main reason for 

the further decrease in cardiac functional response.  
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1.3 Biological substratum and roots for therapeutic approaches 

 

1.3.1.1 Ischemic nature of myocardial infarction  

As summarized in the previous sections, the definition of myocardial infarction 

originates from the detection of the ischemic injury in the cardiomyocytes 

[Consensus]. Ischemic injury is one of the most studied types of insult that can 

severely affect the integrity of the cellular mechanisms, and the link between 

inflammation and ischemia is present across several clinical conditions [Eltzschig 

2011 and 2014]. Examples of these pathologies include inflammatory bowel disease, 

ulcerative colitis, Crohn’s disease, hind limb ischemia and myocardial infarction.  

Inflammatory hypoxia overlaps with aetiology of type 2 MI, where a severe 

imbalance between metabolic demand and supply leads to the myocardial injury. 

Hypoxia-inducible factors (HIFs) are crucial players in the molecular mechanisms 

behind hypoxia signalling [Semenza, Taylor]. The molecular mechanism of sensing 

and its relation with the biochemical pathway of HIF depends on the either normoxic 

or hypoxic conditions of the environment. In normoxia, HIF are polyubiquitylated 

and consequentially degraded due to the binding of E3 ubiquitin ligase to the -

subunit of HIF. This biological process is reversed in hypoxia, where the 

stabilization of the -subunit induces its translocation in the nucleus. Here, following 

dimerization between the - and the - subunits, the complex binds to the hypoxia-

response element (HRE) and promotes the activation of molecular pathways related 

to cell survival.  

 

1.3.1.2 Preventing the ischemic damage-associated cascade   

The induction of the normoxic state of HIF can be a target for the pharmacological 

manipulation of the prolyl hydroxylase (PHD) isoenzymes which are responsible for 

the hydroxylation of HIF which precedes the physiological polyubiquitinilation. This 

approach was applied to dimethyloxalylglycine (DMOG) and FG-4497 to target the 

catalytic domain of the inhibitor [Fraisl]. FG-4497 showed an improvement in 

clinical symptoms such as reduction in tumour necrosis factor (TNF)- levels, colon 

length and weight loss in mice in which colitis was induced by trinitrobenzene 

sulfonic acid (TNBS) [Robinson]. A similar efficacy was demonstrated when 
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DMOG was tested in another murine model of colitis, which was induced by the 

injection of dextran sodium sulphate [Cummins]. 

 

In the case of the ischemia-reperfusion damage, a counterintuitive approach, defined 

as preconditioning, had been tested over recent decades. This consists in the 

preventive exposure to ischemia for short periods (minutes) before inducing severe 

and extended ischemic damage. The beneficial effect of such procedure on apoptosis 

and infarct size has been assessed [Piot]. Cycles of five minutes of ischemia and five 

minutes of reperfusion significantly reduced the infarct size from 58% to 11% when 

compared to non-preconditioned rats. Specifically, myocardial infarction was 

induced by the occlusion of the left anterior descending coronary vessel for 30 min 

followed by three hours of reperfusion [Piot]. In addition, in the preconditioned 

hearts the binding of terminal deoxynucleotidyl transferase (TdT) to fragmented 

DNA strands (TUNEL assay) was seen in fewer cells. This technique represents a 

well-established standard histochemical technique to localise apoptotic cells [Labat-

Moleur, Christina].  

 

The molecular pathways involved in the cardioprotective effect of preconditioning 

have been studied over the last two decades and include the phosphatidylinositol 3 

kinase (PI3K)/Akt/mTOR signalling [Uchiyama, Tong, Hausenloy, Zhang, Dou].  

Specifically, several recent studies investigated the molecular mechanisms of 

remifentanil, an opioid (-agonist) used for anaesthetic procedures [Irwin], which 

limited ischemic-reperfusion damage also in a pathological context different from 

that of the heart, such as small intestine and hepatic ischemic injuries [Shen 2016, 

Cui]. Exanatide, a peptide which binds to the glucagon-like peptide-1 (GLP-1) 

receptor, is a drug normally used for the treatment of diabetes mellitus type 2. Recent 

evidence has shown its efficacy in reducing the infarct size in patients that undergo 

PCI [Lønborg, Woo]. Currently, a phase III clinical trial named COMBAT-MI 

(NCT02404376) is recruiting 428 patients to evaluate the efficacy of the combination 

of remote ischemic conditioning with exanatide treatment.  
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1.3.2.1 Post-ischemic inflammatory phase  

The lack of oxygenation following the obstruction of the coronary vessels causes the 

death of up to one billion cardiomyocytes in the effected portion of the left ventricle 

[Frangogiannis 2019]. As a consequence, alarmins are secreted by the injured 

myocardium to recruit the inflammatory cell populations responsible to mediate the 

sequential phases of the post-ischemic remodelling (Figure 1.2) [Frantz]. 

Inflammatory macrophages derive from the differentiation in the ischemic area of the 

monocytes which transvasated in the area due to the fenestrations in the basement 

membrane of the vasculature and execute the removal of the cellular debris (Figure 

1.3). Macrophages also stimulate extracellular matrix (ECM) degradation to facilitate 

the accomplishment of this clearance function. Knockout studies have demonstrated 

that the recruitment of inflammatory macrophages and their secretome is essential 

for both our limited regenerative capacity at the neonatal stage [Aurora] and the 

physiological remodelling process which lead to the fibrotic remodelling [Hwang]. 

Several studies have considered the recruitment of monocytes and secretion of pro-

inflammatory cytokines as one of the key means by which to avoid further 

complications in the stability of the injured myocardial microenvironment [Hwang, 

Weihrauch, Morimoto, Trial, Chung]. As an explicative example of a pro-

inflammatory cytokine, continuous injection of macrophage colony-stimulating 

factor (M-CSF) for five days after the induction of MI in C57BL/6J mice reduced 

infarct size and promoted an angiogenic response without -SMA+ myofibroblasts 

accumulation [Morimoto]. The mechanism of action of such an improved cardiac 

remodelling was explained by the induction of bone marrow-derived  CXCR4+ cells 

in the infarct.   
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Figure 1.2 Schematic of the main phases after MI. Millions of cardiomyocytes die 

within a few hours after the occurrence of the myocardial injury. The apoptotic wave 

can last until a few days after, together with the rise of the inflammatory infiltrates 

which were recruited in the ischemic site and last for the first three weeks after MI. 

After the activation of fibroblasts in myofibroblasts there is a progressive deposition 

of collagen which results in the formation of an irreversible scar.  
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Figure 1.3 Schematic of the infiltration of monocytes and macrophages in the 

ischemic myocardium. The secretion of tumour necrosis factor (TNF) by the 

monocytes and the reduction in laminin 10 and collagen IV is associated with the 

disruption of the basement membrane and the extravasation of immune cells in the 

ischemic area. Here, monocytes differentiate in macrophages to clear the apoptotic 

cellular debris.  
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1.3.2.2 Macrophages and their secretome as key regulators  

Macrophages are part of our innate immune response and their classification in pro-

inflammatory (M1) and remodelling (M2) has always been questioned as a possible 

oversimplification of the actual complexity of macrophage populations in vivo. As a 

general concept, the pro-inflammatory macrophages were always associated with 

protection against infective insults, whereas the M2 were involved in the final wound 

healing response after a sterile insult. In the context of heart failure, the timely 

secretion of cytokines by macrophages is crucial in determining the resolution of the 

inflammatory phase towards the final healing of tissue. Indeed, they dictate the time 

of the different inflammatory cascades since the early phase after ischemia, when - 

by the release of TNF- - they increase vascular permeability [Finsterbusch]. 

Specifically, the extravasation of the attracted neutrophils through the endothelial 

junctions is mediated by the cytokine-mediated communication between pericytes 

and neutrophils that determines gating and the formation of endothelial coatings to 

attract and engulf the inflammatory cells [Carman, Schenkel]. The transmigration of 

neutrophils through an orchestrated assembly of endothelial cells has been recently 

shown to be regulated by F-actin forces controlled by RhoA [Heemskerk]. Indeed, 

endothelial pores are both spatially and temporally confined during transmigration, 

thereby preventing tissue damage associated with vascular leakage [Heemskerk]. 

From the understanding of this step in the mechanism of action of leukocytes 

transendothelial migration, TNF--targeted therapies have been proven to limit 

inflammation, despite limitations such as variable patient response and increased risk 

of dysregulations in the immune regulation to prevent cancer outbreak [Udalova, Li 

2017].  

 

Once in the infarcted area, macrophages exert a role in most biological phenomena 

that characterise the outcome of myocardial ischemia such as fibrosis, angiogenesis 

and matrix remodelling. A relevant role in the activation of fibrotic programming by 

immune cells is linked to the toll-like receptor (TLR) 2 signalling since knockout 

studies confirmed significant reductions in cardiac hypertrophy and fibrosis [Wang 

2017a, Higashikuni]. Generally, different pools of cytokines seem to be associated 

with the distinct phases of inflammation and fibrotic remodelling after ischemia. 

TNF-, IL-1 and IL-6 are the most secreted cytokines during the inflammatory 
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phase whereas IL-10 and transforming growth factor (TGF)- belong to the 

secretome of the alternatively activated macrophages [Frangogiannis 2019]. The 

switch from an inflammatory phase to a remodelling one is reflected by the 

activation of inhibitory mechanisms to block chronic inflammation and allow a 

fibrotic healing [Frangogiannis 2019]. Inside the family of cytokines which includes 

IL-19, IL-20, IL-22, IL-24, and IL-26, IL10 has a crucial role since it can both 

activate and be secreted by remodelling macrophages [Sziksz]. The secretion of 

growth factors and cytokines by the remodelling macrophages to distinguish 

themselves from the pro-inflammatory macrophages is the main source of activation 

of the myofibroblasts. Indeed, the secretion of IL10, TGF-1, PDGF, and tissue 

inhibitors of metalloproteinases (TIMPs), is a hallmark for the transition from the 

inflammatory to the proliferative phase [Hulsmans]. However, macrophages are not 

the only components responsible for the activation of the myofibroblasts. HA and 

versican, a proteoglycan containing chondroitin sulphate, were also demonstrated to 

be contributing to the maintenance of the myofibroblast phenotype in vitro [Webber, 

Hattori]. Due to the lack of specific cell lineage studies, current knowledge does not 

allow the design of therapeutic options which do not exclude severe side effects or 

impairments of the remodelling response. Moreover, the significant reduction in 

fibrosis seen upon the blockage of pro-inflammatory cytokines in vivo simply 

represent the expected outcome of a drastic suppression of the healing response 

which is not necessarily converted in an improved remodelling and cardiac function 

[Kurrelmeyer, Sriramula, Mezzaroma].  

 

1.3.2.3 Evolution of cellular-based treatments  

The loss of relevant volumes of cardiomyocytes following ischemia cannot be 

physiologically replenished by the adult human heart, which is able to perform only a 

limited (1%) turnover of this type of cell [Bergmann]. Given their undifferentiated 

state, different types of stem cells have been tested over the last decades for the 

treatment of acute MI, and have shown consistent safety but controversial efficacy 

[Banerjee]. First-generation stem cells include bone marrow mononuclear 

(BMMNCs), adipose-derived (ADSCs), mesenchymal (MSCs) and hematopoietic 

stem cells (CD34+/CD133+). The main limitation of cellular-based approaches lies on 

the insufficient survival of the engrafted cells (around 2%) in the infarcted 
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myocardium [Hofmann, Hong 2014]. Despite this, significant long-term 

improvements are possible due to the paracrine action of the injected cells [Kinnaird 

2004a,b]. Nevertheless, recent meta-analyses of trials using the first-generation stem 

cells for acute MI, that are BMMNCs, calculated mean improvements in EF and 

infarct size around 2-3%, with minimal clinical benefits [Fisher, Afzal]. Indeed, this 

slight overall improvement is due to the weight of the successful phase III trial 

REPAIR-AMI (NCT00279175, 204 patients enrolled), which presented a 5% 

absolute improvement in EF, together with a reduction in both the occurrence of MI 

and rehospitalisation [Schächinger 2006a,b]. These results followed the exciting 

positive trend that previously emerged from the outcome of smaller trials, namely 

TOPCARE-AMI and BOOST (NCT00224536), which enrolled 59 and 60 patients, 

respectively, even though a placebo group was not always included [Assmus, 

Schächinger 2004, Wollert 2004, Leistner]. Remarkably, in all these trials that 

showed positive results of BMMNCs infusion, the procedure was performed from 

three to five days after MI [Schächinger 2004 and 2006a, Wollert 2004]. 

Unfortunately, after REPAIR-AMI, following trials which globally recruited over 

500 patients and tested the efficacy of BMMNCs for a follow-up comparable with 

the previous ones (from six to twelve months), did not show significant functional 

improvements or infarct size [Wollert 2017, Traverse, Perin, Sürder]. Therefore, 

there was the need for an additional phase III randomised, double-blinded and 

multicentre trials named BAMI (Effect of Intracoronary Reinfusion of Bone 

Marrow-Derived Mononuclear Cells; NCT01569178). This trial is recruiting 350 

patients to test the efficacy of first-generation BMMNCs vs a placebo group 

[Mathur]. The estimated completion date is October 2019.  

 

In addition, second-generation stem cells include induced pluripotent stem cells 

(iPSCs), embryonic stem cells, c-kit+ cardiac stem cells and cardiosphere-derived 

cells (CDCs). Clinical trials have started to assess the safety and efficacy of such 

therapeutic approaches, and delivered the first positive results in small cohorts of 

patients [Makkar, Malliaras 2014, Fernández-Avilés, Sanz-Ruiz]. Meanwhile, the 

main limitation of poor stem cell survival once in the inflamed and hypoxic 

microenvironment post-MI still can be addressed through a tailored delivery system. 

The inclusion of first-generation stem cells in bioengineered scaffolds can physically 

protect them from external insults and prolong their survival or, at minimum, extend 
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the effect of their paracrine signalling. Thereby, several studies in the last decade 

have focused on preclinical testing of scaffolds enriched with different types of stem 

cells [Chen 2013, 2014 and 2015, Christman, Liu, Gaffey].   

 

1.3.2.4 Acellular biomaterial-based therapeutic approaches  

Given the irreversible nature of the myocardial damage due to ischemia, the most 

direct approach of several preclinical studies was based on triggering the 

regenerative potential of the myocardial muscle, often by the employment of stem-

cells-based strategies, such as cardiac progenitor cells [Makkar]. As shown in a 

recent meta-analysis in preclinical studies, the significant improvement in ejection 

fraction (EF), one of the main geometrical parameters by which to assess the 

functional recovery after MI, decreased from 11.7% to 5.2% once translated from 

small to large animal studies [Gyöngyösi]. Moreover, there are two main additional 

limitations of this approach. First, the high costs of the manufacturing processes 

associated with the production of stem cells and second, the intrinsic instability of 

undifferentiated cells which has a major impact on the shelf life of such an option. 

Thereby, the need for diversification in these approaches has encouraged preclinical 

testing of ECM-inspired therapies, which include acellular injectable biomaterials 

[O'Neill, Radisic]. Initially designed as engineering constructs able to target the 

mechanical dysfunction of the dilated heart wall, acellular biomaterials have been re-

evaluated as agents able to provide pleiotropic benefits to the post-ischemic 

microenvironment [Landa, Ifkovits, Wassenaar]. In the recent years, several matrices 

such as alginate, chitosan, collagen, fibrin or hyaluronic acid (HA) have been tested 

in vivo for the treatment of MI [Mukherjee, Liu, Yu, Huang 2005, Gaffey]. The 

beneficial impact of hydrogels on the mechanical stability of the infarcted heart, 

which is based on the Law of Laplace, defined a common trend of functional 

improvements shared by the outcomes of different acellular biomaterials [Landa, 

Ifkovitz, Shu, Blackburn, Kadner, Yoon, Le, Leor 2009]. What remains to be 

harnessed is a minimum in the mechanical characteristics of the hydrogel to avoid 

the failure of certain types of acellular treatments, as seen in the case of certain HA-, 

alginate-based hydrogels and fibrin-alginate composite [Ifkovitz, Tous, Mukherjee, 

Purcell, Ruvinov]. 
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Moreover, the identification of precise sites in the hydrogel which can behave as 

bioactive sites for either cellular recruitment or activation of growth factors provided 

a mechanistic explanation in addition to the benefits already carried with the 

mechanical stabilisation of the ventricular wall by the hydrogel [Huang 2005, Shu]. 

Accordingly, functionalisations without a precise biological rationale failed to 

provide an additional advantage to the biomaterial-based treatments [Tsur-Gang, 

Tous]. As an explicative example, poly(ethylene glycol) was first tested alone, 

resulting in either transient or totally absent benefit to the post-ischemic remodelling 

[Dobner, Rane]. In contrast, when PEG hydrogel was crosslinked with MMP1 and 

injected one week after the induction of MI, it induced a functional improvement 

together with an increase in the infarcted wall thickness [Kadner]. In addition, this 

study discussed the better outcome of a deferred delivery of the hydrogel than that 

with an immediate intervention. This approach is not feasibile in clinical practice. 

Conversely, a more recent study by Blackburn et al. involved three delivery times of 

a collagen type I-chondroitin sulphate-C hydrogel after MI (from three hours to two 

weeks post-surgery) and reported better results with the earliest timepoint 

[Blackburn]. In this study improvements included the whole spectrum of remodelling 

indices (functional response, fibrosis, angiogenesis and apoptosis), this therapeutic 

approach is strongly dependent on this composite nature. However, the benefit of this 

is lost when applied in a clinically-compatible therapeutic window [Blackburn]. 

Studies based on acellular biomaterial-based therapeutic approaches are listed in 

Table 1.2.  

 

 

 



 

 

In
tro

d
u

ctio
n

 

 

1
8
 

 

Table 1.2 Acellular biomaterials for the treatment of MI. 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell 

proliferation 

Fibrosis Mechanism Ref. 

Alginate 

hydrogel 

Rats, N=13-

15 

1 w after MI 

or 2 months 

after MI 

Significant 

improvement in 

EDV and ESV. 

NS change in FS 

Myofibroblasts 

infiltration in the 

regions with 

degraded hydrogel  

NA NA Early and 

chronic 

remodelling 

is improved 

by hydrogel 

physical 

support  

Landa 

Fibrin vs  

alginate 

Rats, N=10 5 w after MI Fibrin: 

deterioration of 

FS and LV 

systolic 

dimension. 

Alginate: 

significant 

increase in EF 

from 27.5% to 

33.5% 

Increase in arterioles 

density from 13 to 

20-25/mm2 with 

both alginate and 

fibrin 

NA Significant 

decrease 

from 16% 

to 12% in 

fibrin, NS 

decrease in 

alginate 

(14%) 

Sustained 

physical 

support, 

fibrin has 

RGD which 

links 53 

integrin 

(VEGF 

activation) 

Yu 
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Table 1.2 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell 

proliferation 

Fibrosis Mechanism Ref. 

Fibrin vs 

Matrigel® vs 

collagen 

Rats, N=6 1 w after MI NA Significant increase 

in capillary density 

from 127 in PBS to 

219 with Matrigel®, 

232 with fibrin, 

201/mm2 with 

collagen (59 to 83% 

increase). NS change 

in arterioles  

Significant 

increase in 

myofibroblasts 

invasion in 

ischemic area 

with collagen 

gel, but not 

with others 

NS 

difference 

RGD and 

fragment E 

from fibrin, 

HS 

proteoglycan 

in matrigel, 

binding sites 

to v3 in 

collagen 

Huang 

2005 

HA 

methacrylate 

hydrogel 

Rats, N=6-7 2 d after MI 15% 

improvement in 

EF  

NA NA NS 

difference 

Interaction in 

TGF 

pathway 

Le 

Alginate  Pigs, N=4-7 4 days after 

MI 

Significant 

improvement in 

systolic and 

diastolic areas, 40 

to 50% with 

optimal 

concentration of 

alginate 

Increased vessel 

count (qualitative) 

NA NA Mechanical 

support by 

the injected 

material 

Leor 

2009 
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Table 1.2 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell 

proliferation 

Fibrosis Mechanism Ref. 

HA hydrogel Rats, N=6 2w after MI Significant 

improvement in 

EF from 18% in 

control to 43% in 

hydrogel group. 

Better 

haemodynamics 

Significant increase 

in capillaries (from 

approx. 392 to 571 

cap./mm2). 

Significant increase 

in arterioles (from 12 

to 19 art./ mm2) 

Significant 

reduction of 

apoptotic cells 

Significant 

decrease in 

infarct size 

from 32% 

in control to 

17% with 

hydrogel 

Not clear 

mechanism 

of action, 

subacute 

model is not 

optimal to 

test efficacy 

Yoon 

Chitosan 

chloride 

(CSCl) 

hydrogel with 

RoY peptide 

Rats, N=15 At the time of 

ligation 

Significant 

increase in EF 

from 45% in PBS 

to 68% with RoY 

peptide, NS 

(55%), in 

hydrogel-only, 

significant 

improvement in 

FS with RoY 

peptide 

Significant 

improvement in 

SMA+ vessels from 

35/mm2 in PBS to 43 

in hydrogel-only and 

68 with RoY 

peptide. Same trend 

for vWF+ vessels 

NA Significant 

decrease in 

infarct size 

from 56% 

to 32% in 

CSCl-RoY 

and 40% in 

CSCl 

hydrogel  

Activation of 

pAkt-pERK 

pathway  

Shu 
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Table 1.2 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional response Angiogenesis Cell 

prol. 

Fibrosis Mechanism Ref. 

HA hydrogel 

functionalised 

with 

hydroxyethyl 

methacrylate 

(HeMA)  

Sheep, 

N=6-8 

30 min after 

ligation  

NS difference  Significant two-

fold increase in 

-SMA+ vessels 

from approx. 7 

in control to 

approx. 14 

ves./mm2 in 

HeMA groups in 

the middle of 

the infarct 

NA NS 

difference  

Early 

timepoint 

injection 

affects 

material 

degradation 

and efficacy  

Tous 

Peptide-

modified 

alginate 

hydrogels 

Rats, N=6-9 1 w after MI Significant improvement in 

LVSD, LVDD, LVDA, 

LVSA in alginate-only. 

Significant improvement in 

FS from 20% to 35% in 

alginate-only group 

NS difference NA NS 

difference 

Peptides do 

not enhance 

better 

remodelling 

Tsur-

Gang 
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Table 1.2 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional response Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

PEG hydrogel Rats, N=11 At the time of 

ligation 

Significant reduction in 

EDD 2 and 4 w after the 

injection. NS change in FS 

and all parameters at 13 w 

after injection 

NA Evidence of 

macrophage 

recruitment 

up to 13 w 

post-

injection 

Transient 

significant 

increase in 

wall 

thickness 

at 4 w, lost 

at 13 w 

Temporary 

stabilization 

due to the 

bulking 

effect 

Dobner  

PEG hydrogel Rats, N=7-8 9 d after MI NS difference in EF, EDV, 

ESV 

NS difference NA NA Mechanical 

reinforce-

ment is not 

sufficient to 

improve the 

remodelling 

Rane 

Fibrin-alginate 

composite 

Pigs, N=8-9 1 w after MI NS difference in EF, EDV 

and haemodynamics 

Significant 

increase from 

650 in saline 

to 850 cap./ 

mm2 with 

composite 

NA NS 

difference 

Alteration 

of collagen 

composition 

Mukherjee 
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Table 1.2 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

PEG-based 

hydrogel 

polymerised 

MMP1 

Rats, N=7-8 At the time of 

ligation (d0) / 

1 w after MI 

Significant 

improvement in 

FS and ESD in 

1w group, NS in 

d0 group 

NA NA NA Tissue 

morphology 1 

w post- MI 

might induce a 

bulking effect 

Kadner  

Collagen type 

I-chondroitin 

sulphate-C 

hydrogel 

injected at 

three different 

timepoints 

(3h, 1w and 

2w) 

Mice, N=5-

20 

3 h after MI / 

1 w after MI / 

2 w after MI 

Significant 

increase in EF 

from 30% in 

control to 47% in 

hydrogel 3h and 

to 34% in 

hydrogel 1w. 

Better 

haemodynamics 

in hydrogel 3h 

group 

Significant increase 

in capillaries from 

approx. 9 cap./FOV 

in control to 14 

with hydrogel 3h, 

NS with hydrogel 

1w. Significant 

increase in 

arterioles from 

approx. 5 in control 

to 8 art./FOV with 

hydrogel 3h or 1w 

Significant 

increase in 

Ki67+/CD

31+ cells 

2d post- 

injection  

Significant 

reduction in 

fibrosis 

from 27% 

to 15% in 

hydrogel 

3h. 

Significant 

reduction in 

scar from 

50% to 27% 

in hyd. 3h 

Timely 

introduction of 

the matrix 

avoids the 

further 

worsening of 

heart 

remodelling 

Blackburn 
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1.3.3.1 Fibrosis 

The endpoint of the myocardial post-ischemic remodelling process involves the 

deposition of collagen type I and type III in the infarcted area, resulting in a fibrotic 

response (Figure 1.4). Although this is a way by which our organism tries to 

compensate for the loss of millions of cardiomyocytes due to ischemia, fibrosis is an 

independent predictor of morbidity and mortality also in the case of non-ischemic 

cardiomyopathies [Gulati, Leyva]. The major cells responsible for the deposition of 

collagen fibres are the myofibroblasts, which derive mostly from the 

transdifferentiation of the tissue-resident fibroblasts present in the myocardial tissue 

[Kanisicak]. The activation of myofibroblast and the progressive formation of a 

fibrotic scar in the ischemic tissue starts approximately from the seventh day post-

MI, and the deposition of collagen remains minimal within the second week after 

ischemia [Lindsey 2012, Ma]. Generally, the infiltration of myofibroblasts in the 

ischemic core of the infarct is an indicator of a healing process that is resolving 

towards the formation of a stable scar, and for this reason it has been used as an 

indicator of beneficial remodelling in the evaluation of possible treatments for MI 

[Huang 2005, Lin]. Nevertheless, the consequent stiffness of the newly synthesized 

matrix is much higher than that of the original myocardial fibres and leads to systolic 

and diastolic dysfunctions [Frangogiannis 2017]. The disruption of the original 

architecture of myocardial layers leads to deformations in the ventricular chamber 

with altered contractile properties [Hales, Chen 2005]. Unfortunately, in several 

cases the persistent activation of myofibroblasts, which were demonstrated to 

populate the scar tissue even 17 years after MI [Willems], is not controlled by the 

microenvironment and the consequent arrhythmogenic responses can lead to the 

organ failure. For this reason, several studies have been conducted to identify the 

main molecules responsible for the transdifferentiation of fibroblasts in 

myofibroblasts, to further design a targeted therapy to stop the chronic activation of 

myofibroblasts. The factors identified include TGF-1, endothelin-1, and 

angiotensin-II [Prunier, Rodriguez-Pascual, De Mello, Gourdie]. 
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Figure 1.4 Schematic of myocardial environment at the time of ischemia and at the 

end of the ischemic remodelling. 
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1.3.3.2 Key molecules in the regulation of the fibrogenic program  

TGF-1 is one of the most studied growth factors because of its fundamental role 

throughout the inflammatory and remodelling processes. However, several studies 

have reported the expression of TGF-1 at the developmental stage both in several 

cellular types such as chondrocytes, cardiomyocytes and in chronionic cells in the 

placenta and in the ECM of major organs (heart, pancreas, skin) [Thompson, Heine]. 

Specifically, the presence of transcripts of TGF-1 and TGF-2 isoforms were 

localised in the ovine trophectoderm at day 16 post-mating and in the placental 

endothelium up to day 30 [Doré]. One study focused on the effects of TGF-

1 deletion on mice embryos revealing extensive damage in multiple tissue 

components such as the aortic valve, atrioventricular septum and aorta, together with 

a higher apoptosis and delayed decrease of the endocardial cushion [Bartram]. All 

the three isoforms of TGF- were detected in several studies investigating the 

expression of this growth factor in the acute phase after myocardial infarction 

[Deten, Hao, Wunsch]. In particular, the expression of TGF-1 and TGF-

2 isoforms was localised in the infarct zone throughout the maturation phase after 

ischemia (two months post-MI) and TGF-3 was detected even at a later timepoint 

(82 days post-MI) [Deten]. Moreover, the upregulation of TGF-1 characterised not 

only the remodelling which follows MI induction by permanent ligation of the left 

anterior descending artery (LAD), but also in the case of reperfusion-induced 

damage. Indeed, in the latter TGF-1 and IL-10 levels increase rapidly in the 

absence of mast cells and the less prominent increase of macrophage colony-

stimulating factor (M-CSF) [Dewald].  

 

One of the key findings was the correlation between the increased levels of TGF-1 

transcripts and the deposition of collagen type I in the infarct scar [Hao] which 

implicates the role of this molecule in the fibrogenic program that is dictated by the 

presence of myofibroblasts in the area. However, multiple studies have confirmed 

the expression of TGF-1 in most of the main cellular types which are either effected 

or recruited by the onset of ischemia [Wünsch, van Amerongen, Weirather]. 

Specifically, TGF-1 was expressed by cardiomyocytes [Wünsch], macrophages 
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since the moment of their recruitment to clear the cellular debris present in the 

damaged myocardium [van Amerongen], and by regulatory T-cells (Treg) 

[Weirather]. As confirmed by its secretion by the pro-healing Tregs, TGF-1 is one 

of the key mediators to complete the healing process, thereby its potential as a target 

to modulate the uncontrolled activation of the fibrogenic program is a double-edged 

weapon. The crucial importance of this growth factor during the maturation phase 

needs a thorough knowledge of the cellular context together with the definition of the 

dose and timing of administration of the selected inhibitor to target its activation.  

 

The canonical pathway of TGF- activation starts with the dissociation of the latency 

associated peptide (LAP) which allows the release of the TGF- dimer. Different 

molecules or conditions were demonstrated to play a role in the activation of TGF-, 

such as the matricellular protein thrombospondin-1 (TSP-1), integrins, reactive 

oxygen species (ROS) and acidic pH [Annes]. TSP-1 is just one of the family of 

matricellular proteins that includes tenascin, ostepontin and periostin which were 

found to be associated with the conversion of fibroblasts into myofibroblasts. 

Knockout studies have shown how a higher myofibroblast density in the myocardial 

scar was seen in the absence of thrombospondin-1 [Frangogiannis 2005] whereas the 

deletion of osteopontin induced a reduction in interstitial fibrosis with no significant 

effect on the expression of TGF-. As with the latter one, knockout of periostin 

lowered fibrosis and hypertrophy in a pressure-overload model and caused a 

persistent proliferative effect on myofibroblasts that was seen in the hypertrophic 

scar [Crawford, Oka 2007].  

 

1.3.4.1 Matrix metalloproteinases 

Unlike the factors responsible for the fibrotic response, there are proteins which are 

expressed from the early post-ischemic conditions up to the remodelling phase, such 

as matrix metalloproteinases (MMPs). MMPs are zinc-dependent endopeptidases 

that are crucial for the homeostasis of the ECM since - upon their expression -  they 

determine the degradation of the matrix. MMPs expression can be counterbalanced 

by tissue inhibitors of metalloproteinases (TIMPs) to precisely regulate the 

proliferative and maturation phases after MI. Given the importance of the cardiac 

ECM in the activation or repression of signalling pathways which involve 
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fibroblasts, immune and vascular cells [Frangogiannis 2017], the origin, expression 

and function of this family of enzymes still represents a relevant point from which to 

understand and potentially target the post-ischemic remodelling process. 

Interestingly, MMPs have also been regarded as causative agents of the rupture of 

the atherosclerotic plaque, thus constituting per se an object of investigation in the 

aetiology of MI [Newby].  

 

MMPs can be detected as early as ten minutes after the occurrence of MI following a 

coronary occlusion [Etoh], so their expression must be related to the earliest 

signalling in the ischemic context, and are thus likely linked to ROS generation and 

induced by necrotic cardiomyocytes. Evidence of expression of MMPs from cardiac 

cells and fibroblasts was assessed in vitro more than twenty years ago [Borg], but the 

real clinical importance of MMPs and balance with the TIMPs was studied only over 

the last decade, as temporal patterns in the MMP/TIMP ratio were evaluated in 

clinical cases [Webb]. Originally, MMPs action was associated with the ECM 

degradative process needed to open the way to the recruited macrophages which are 

designated to clear the necrotic cellular debris during the early inflammatory phase 

[Frangogiannis 2012]. Indeed, troponin I was identified as a target of MMP2 [Wang 

2002], a gelatinase that can have intracellular targets like MMP1 [Limb]. In the case 

of MMP2, its inhibition prevented the degradation of the troponin I, which 

contributes to cardiac cell contractility, and improved the cardiac function [Wang 

2002]. In contrast, MMP1 showed evidence of a protective intracellular effect by 

both preserving lamin A and hindering DNA degradation and caspase activation 

[Limb]. Specifically, MMP1 was found to be accumulated during the mitotic phase 

and localised in the nuclei and mitochondria.  

 

The importance of an appropriate balance between MMPs and TIMPs can be 

understood in the drastic consequences of either an MMPs overexpression towards 

an excessively stiff matrix or a TIMPs prevalence that produces a mechanically 

weaker ECM. The first condition causes arrhytmias and irreversible electrical 

signalling dysregulation whereas the latter leads to cardiac rupture. Therefore, 

several studies focused on the close association between collagen degradation and 

expression of the respective MMPs collagenases both in knockout studies and 

clinical data [Foronjy, López, Matsumura, Lindsey 2018]. Remarkably, promising 
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results achieved in rodents after knockout of specific MMPs, such as the prevention 

of cardiac rupture following the deletion in MMP2 [Matsumura], provide us with 

only one side of the much more complex targeting of MMP/TIMP ratio in the 

clinical context. Nevertheless, such preliminary studies are essential to restrict the 

range of possible targeted therapeutic interventions based on ECM deposition. For 

instance, a recently published preclinical study tested the intracoronary injection of a 

recombinant TIMP3 at the time of reperfusion in pigs [Barlow]. In this study, a 

significant reduction in infarct size and left ventricular dilation was achieved using a 

clinically-compliant (percutaneous coronary intervention) delivery of the 

recombinant protein after ischemia-reperfusion damage. Indeed, previous data 

supported the rationale of this approach since knockout of TIMP3 demonstrated a 

worsening in systolic and diastolic function [Kandalam] and a more invasive 

sustained released of this protein from HA improved the cardiac remodelling in a 

large animal model [Eckhouse].  

 

1.3.4.2 Cardiac matrix-inspired therapeutic approaches 

Several cytokines and mediators of cell-ECM regulatory signalling can be either 

activated or inhibited according to their availability and recruitment in the post-

ischemic cardiac ECM microenvironment, and this complex scenario cannot be 

accurately reproduced in an in vitro model yet. Indeed, most of the studies that 

demonstrated the efficacy of cardiac ECM-based approaches can reveal their 

mechanism of action only when focusing on a specific molecule rather than 

considering all the variables that can act in concert to determine the observed 

improved remodelling [Singleyn, Seif-Naraghi, Purcell, Chen 2016, Wassenaar, 

Eckhouse, Okada]. Remarkably, two impactful studies have demonstrated the 

efficacy of simple ECM proteins in both reducing the scarring and promoting 

cardiomyocytes regeneration when injected after ligation of LAD in rodents [Bassat, 

Kühn]. Interestingly, both these studies showed a similar functional improvement in 

EF of around 15% from baseline untreated animals, also supported by higher 

fractional shortening (FS) [Bassat, Kühn]. Secondly, whole ECM-based approaches 

have tested the efficacy of decellularised matrices which were derived from the small 

intestinal submucosa or from the heart itself [Singleyn, Seif-Naraghi, Wassenaar, 

Okada]. The studies performed by the Christman group involved delayed 
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administration of the decellularised ECM (one to two weeks after MI induction), 

avoiding an accelerated degradation by the harsh conditions of the early 

inflammatory phase (up to five days after MI induction), and thereby allowing 

consistent improvement in FS [Singleyn, Seif-Naraghi, Wassenaar]. In addition, 

recent work by Chen et al. demonstrated not only a functional recovery but also an 

additional proliferative effect on cardiomyocytes provided by decellularised 

zebrafish cardiac ECM [Chen 2016]. This finding suggests that ECM-dependent 

triggers are able to impact on the maladaptive remodelling that would be shared 

across different groups of vertebrates, independently of their innate cardiac 

regenerative capacity.  

 

A targeted approach based on the modulation of the balance between MMPs and 

TIMPs adopted a sustained release of TIMP3 from hyaluronan hydrogels and was 

tested in large animal models [Eckhouse, Purcell]. By this continuous release of 

TIMP3 from the early inflammatory phase post-MI, the maladaptive remodelling 

was severely limited, as shown by consistent improvements in EF and 

haemodynamics [Eckhouse, Purcell]. However, contrasting results in terms of 

collagen deposition highlight how multiple effects which still need to be more 

precisely addressed can influence the alteration of the post-MI remodelling 

[Eckhouse, Purcell]. Indeed, the complexity of finding the right way to tune the ECM 

degradation towards a beneficial remodelling is the object of current complex 

systems including siRNA delivery against MMP2 from HA hydrogels [Wang 

2018b]. Studies based on cardiac matrix-inspired therapeutic approaches are listed in 

Table 1.3. 

 

 

 



 

 
 

Table 1.3 Extracellular matrix-inspired biomaterials for the treatment of MI. 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional response Angiogenesis Cell 

proliferation 

Fibrosis Mechanism Ref. 

Periostin 

(ECM protein) 

with 

Gelfoam® 

Rats, N=12-

18 

At the time of 

ligation 

Significant increase in EF 

from 50% in control to 66% 

with periostin bound to 

Gelfoam®. Significant 

improvement in FS and 

EDD. Better 

haemodynamics with 

periostin 

Significant 

four-fold 

increase in 

capillary 

density and 

1.5-fold 

increase in 

arterioles 

with periostin 

Periostin 

induces CM 

dedifferentia-

tion, NS 

difference in 

c-kit+ cells 

Significant 

reduction in 

scar size. 

Significant 

reduction in 

fibrosis 

from 

approx. 

35% in 

control to 

7% with 

periostin 

Periostin 

induces the 

re-entry in 

cell-cycle of 

CM  

Kühn 

Agrin (ECM 

protein) 

Mice, N=6-

8 

 

 

 

 

At the time of 

ligation 

Significant improvement in 

EF from approx. 40% in 

control to 55% with agrin. 

Significant improvement in 

FS 

NA 

 

CM 

proliferative 

effect 

demonstrated 

in vitro 

Significant 

reduction in 

fibrosis 

from 17% 

to 9% 

Agrin 

provides a 

stimulus for 

CM 

regeneration  

Bassat 
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Table 1.3 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional response Angiogenesis Cell 

proliferation 

Fibrosis Mechanism Ref. 

Decellularised 

porcine 

ventricular 

ECM 

Rats, N=6 2 w after MI Significant increase from 

55% to 62% in EF, 

significant improvement 

in ESV and EDD 

NA Increase in 

Cnx43+ CM, 

three-fold 

increase in 

Ki67+ cells 

NA Matrix 

induces 

cellular 

proliferation 

and 

mechanical 

stability 

Singelyn  

Decellularised 

porcine 

ventricular 

ECM 

Pigs, N=2-6 2 w after MI Significant improvement 

by 20% in EF, improved 

EDV, ESV and global 

wall motion index 

Foci of 

neovasculature 

detected 

Residual 

endothelium 

in treatment 

Significant 

decrease 

in fibrosis 

from 25% 

to 17%  

Mechanical 

barrier 

against 

adverse 

remodelling 

Seif-

Naraghi 

Decellularised 

normal 

(nzECM) and 

three-day-old 

zebrafish 

ECM 

(hzECM)  

Mice, N=7 At the time of 

ligation 

Significant improvement 

in EF from 40% to 60% 

in hzECM, and to 50% in 

nzECM. Significant 

improvements in ED and 

ES areas 

NA Significantly 

higher c-

kit+/Ki67+ 

cells, 

cTnT+/Ki67+ 

CM and 

ErbB2+/ 

cTnT+ CM in 

nz/hzECM  

NA ErbB2 

mediates 

the 

beneficial 

effects in 

mammalian 

ECM 

Chen 

2016 

 

3
2
 

In
tro

d
u

ctio
n

 



 

 
 

Table 1.3 (Continued)\ 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

Decellularised 

porcine 

ventricular 

ECM 

Rats, N=7-8 1 w after MI Significant increase 

in EF by 5% in 

treated group after 

1 w. Significant 

improvement of 

ESV, NS in EDV. 

Better 

haemodynamics 

NS increase in 

capillaries at 1 

w and 

significant 

increase in 

arterioles from 

35 to 55 art./ 

mm2 at 1 w 

Significant 

increase in 

GATA4, 

Nkx2.5, Tbx5, 

Tbx20 and c-kit 

Significant 

decrease in 

interstitial 

fibrosis 

from 2.5% 

to 1.5%. 

Significant 

reduction in 

hypertrophy 

Matrix 

provides the 

milieu 

necessary 

for the 

angiogenic 

and ECM-

based 

effects  

Wassenaar 

Protease-

degradable 

HA hydrogel 

with siRNA vs 

MMP2 

Rats, N=6-7 At the time of 

ligation 

Significant increase 

in EF from approx. 

40% in control to 

60% with 

combination. Better 

haemodynamics 

NA NA NA Addition of 

siRNA 

against 

MMP2 

improves 

the 

remodelling 

Wang 

2018 b 
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Table 1.3 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angioge-

nesis 

Cell proliferation Fibrosis Mechanism Ref. 

HA hydrogel 

containing 

recombinant 

TIMP-3 

(rTIMP-3) 

Pigs, N=7-8 At the time of 

ligation 

Significant increase 

in EF from approx. 

40% in control to 

approx. 50% in 

combined treatment. 

Significant 

improvement in 

EDV, better 

haemodynamics 

NA Increase -SMA+ 

myofibroblast density 

Significant 

reduction 

of MMP 

activity 

and 

increase in 

collagen 

content in 

treated 

groups 

rTIMP-3 

influences 

-SMA+ 

cells-

mediated 

remodelling  

Eckhouse 

MMP-

responsive HA 

hydrogel 

releasing 

TIMP-3 

Pigs, N=7 At the time of 

ligation 

Significant increase 

in EF from 34% to 

45% combined 

treatment, NS with 

HA-alone (from 34% 

to 37%). Better 

haemodynamics 

NA Significant decrease in 

fibrillar collagen from 

44% to 35%, NS with 

HA only. Significant 

reduction in -SMA+ 

cells  

NA Modulation 

of 

MMP/TIMP 

balance 

Purcell 
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Table 1.3 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell proliferation Fibrosis Mechanism Ref. 

Porcine small 

intestinal 

submucosa-

derived 

hydrogels (SIS 

form B and C) 

Mice, N=6-

9 

At the time of 

ligation 

Significant 

improvement in ESA 

and cardiac 

contractility with 

SIS-B, NS difference 

in other parameters 

with SIS-C 

Significant 

increase in 

capillaries 

from 503 to 

634 cap./mm2 

with SIS-B 

whereas trend 

of reduction 

with SIS-C 

NA Significant 

reduction 

in fibrosis 

from 63% 

in control 

to 47% in 

SIS-B 

Content of 

FGF 

influences 

the efficacy 

of improved 

remodelling 

with SIS-B 

Okada  
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1.3.5.1 Angiogenesis 

The majority of tissues in our organism require constant oxygenation and supply of 

nutrients to fulfil their functions, and so the circulatory system is designed to reach 

even the regions most distant from the heart. In pathological contexts, such as 

ischemic diseases or cancer development, the enhancement or suppression of blood 

vessel formation from pre-existing vasculature - named angiogenesis - represents one 

of the most promising triggers to effectively remodel the effected microenvironment.  

The requirement of endothelial cells as the primary source of angiogenesis was seen 

in vitro by Folkman and Haudenschild [Folkman], together with the concepts of 

“direct and indirect angiogenesis factors”. HIF constitutes one of the well-known 

upstream signals which are able to induce an angiogenic response. After the 

translocation of the activated complex of HIF1 and HIF1 in the nucleus, the 

transcriptional effect includes the expression of vascular endothelial growth factor 

(VEGF) which is the most studied angiogenic molecule. Specifically, VEGFA and 

angiopoietin-1 (ANG-1) are needed from the early stages of the sprouting process 

since they stimulate the detachment of pericytes (Figure 1.5). These are mural cells 

coating the endothelium of blood vessels [Carmeliet]. Consequently, VEGF also 

stimulates the extravasation of proteins and immune cells which characterise the 

early inflamed ECM upon a sterile insult, such as Ly6ChiCCR2 CX3CR1low 

monocytes in mice (equivalent to CD14+CD16- in humans), neutrophils, MMP9 and 

MMP12 [Yabluchanskiy, Geissmann, Iyer]. Surprisingly, a recent study has 

evidenced the influence of gender in the liver X receptors/retinoid X receptor 

(LXR/RXR) signalling pathway after MI [DeLeon-Pennell]. Indeed, the dysruption 

of LXR/RXR pathway in female neutrophils, by acting on apolipoprotein F, resulted 

in an over 30% increase in survival and decreased cardiac rupture and ventricular 

dilation.  

 

HIF1 also upregulates the CXC (two cysteines separated by one amino acid) 

chemokine stromal cell-derived factor 1 (SDF-1), which in turn binds to its 

receptor CXCR4. SDF-1-CXCR4 axis stimulates the migration of hematopoietic and 

endothelial stem cells in the ischemic site, and lasts up to one week post-MI [Huang 

2013, Zaruba, Askari]. The relevance of CXCR4 in revascularisation has been well 
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known for more than two decades when studies demonstrated its role in multiple 

organs [Tachibana, Zou].   

 

Upon VEGF and ANG-1 stimulation, from the endothelium a leading cell named the 

tip cell and its neighbours, called stalk cells, constitute the sprouting unit which can 

elongate through the ECM following growth factor-dependent gradients. The main 

molecules involved in the guidance of the nascent vessel are VEGF receptor 

(VEGFR), neuropilins (NRPs), NOTCH, WNT and fibroblast growth factors (FGFs) 

[Carmeliet]. Moreover, ephrins and semaphorins (Semas) are proteins which regulate 

the filopodia elongations of the tip cell, and their relevance as key mediators of the 

angiogenic program has been shown both in ischemic and cancer-effected conditions 

[Yang 2016, Corà]. Indeed, the abovementioned Ly6Chi cells are able to secrete 

Sema4a, which after its binding to the receptor PlexinD1, sustains angiogenesis by 

the enhancement of VEGFR2 [Meda]. Moreover, another member of the same 

family, Sema3a, has been identified together with neuropilin 1 (expressed by 

monocytes) as one regulator of vessel stabilisation after VEGF expression [Groppa 

2015]. On the other hand, the regulatory role of EphrinB2/EphB4 through phospho-

ERK1/2 has been demonstrated as an alternative mode of angiogenesis, that is 

achieved by vessel splitting and defined as intussusception [Groppa 2018]. The final 

stage of vessel formation is its coating by mural cells, such as pericytes and smooth 

muscle cells, to protect the nascent vasculatures from regression. The deposition of 

pericytes is driven by platelet derived growth factor (PDGF) B, ANG-1, TGF- and 

NOTCH. Following the deposition of mural cells, the basement membrane also is put 

down to complete the vasculature maturation process. 

 

1.3.5.2 Angiogenesis-driven approaches 

Since a cardioprotective role on the border zone of the ischemic areas is well known 

to be elicited by the enhancement of angiogenesis, numerous therapeutic approaches 

based on direct angiogenic effect were tested in recent decades [Liu, Gaffey, Vera 

Janavel, Chen 2018, MacArthur, Lin, Kim]. An angiogenic response can result from 

molecular triggers with a completely diverse source such as direct growth factors 

signalling (VEGF, PDGF, FGF), cellular paracrine activity (BMMNCs, ADSCs, 

MSCs and endothelial progenitor cells) and biomaterial-derived degradation products 
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which can enhance an endogenous healing process (RGD sequence, integrin-binding 

sites, fragment E). Therefore, since an optimum treatment still needs to be widely 

recognized for its safe angiogenic effect and to be implemented in the clinical 

surgical procedures.  

 

Anti-angiogenic therapies target VEGF in pathological scenarios such as tumours, 

macular degeneration and psoriasis [Kreuger, Mukkamala, Malecic], by contrast, in 

the infarcted heart, VEGF expression needs to be properly enhanced to achieve 

vascularisation. Intuitively, such an approach must avoid a tumorigenic long-term 

effect due to an uncontrolled VEGF expression [Goel]. Formation of angiomas was 

reported in the first pioneering studies which tested direct gene delivery of VEGF in 

rodents [Lee 2000, Schwarz]. Nevertheless, the possibility to transplant myoblasts 

transfected with the human VEGF165 gene demonstrated a reduction in infarct size 

and a significantly improved haemodynamics in rodents without tumorigenesis 

[Suzuki]. Moreover, a positive effect on multiple remodelling indices was reported 

by the injection of plasmid-based VEGF165 gene transfer in infarcted sheep [Vera 

Janavel]. Specifically, the beneficial effect was not limited to a marked angiogenic 

response, but was also characterised by lower myofibroblasts infiltration and fibrosis, 

and signs of cardiomyocytes mitosis [Vera Janavel]. Consistently, reduction in 

infarct size was seen by using non-viral vectors to deliver VEGF165 four weeks after 

the ligation of the circumflex artery [Yockman].  

 

More recently, improvements in cardioprotection and angiogenesis were obtained 

also by poly(disulfide amine) polymer-mediated transfection of VEGF165 in skeletal 

myoblasts before injection in the rat infarcted myocardium [McGinn]. The potential 

of the synergistic effect of a temperature-sensitive, degradable hydrogel - made of 

polyethylene glycol (PEG) and -valerolactone (VL) - conjugated with VEGF165 

highlighted the benefit of biomaterial engineering-based approaches [Wu]. Advance 

towards a controlled release of VEGF165 was achieved by Lin et al. by the 

combination of synthetic, non-immunogenic self-assembling peptide nanofibers with 

the growth factor, which was tested in the same study both in small (rats) and large 

animal models (mini-pigs) [Lin]. Here, the global view of the beneficial effects of a 

controlled release of VEGF, including EF, cellular proliferation and fibrosis, strongly 

emerged [Lin]. A similar engineering-based strategy using identical nanofibers by 
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the same author evaluated the cardioprotective effect of PDGF-BB delivery in 

infarcted rats [Hsieh 2006]. Activation of PI3K/Akt pathway in cardiomyocytes by 

PDGF-BB resulted in a reduction in apoptosis and infarct size, finally leading to a 

significant functional improvement [Hsieh 2006]. Consistent enhanced angiogenesis 

and reduced infarct size were achieved using nanofibers also with a combination of 

growth factors promoting both arteriogenesis and angiogenesis, PDGF-BB and 

FGF2, respectively [Kim].   

Another scaffold-based system made of the copolymer poly(N-isopropylacrylamide-

co-propylacrylic acid-co-butyl acrylate) (p[NIPAAm-co-PAA-co-BA]) showed to 

improve the therapeutic angiogenesis of basic fibroblast growth factor (bFGF) 

exploiting the acidic pH of the ischemic microenvironment [Garbern]. The sustained 

delivery of bFGF induced both angiogenesis and arteriogenesis together with 

functional improvements [Garbern]. However, another copolymer with a NIPAAm 

backbone designed to release bFGF and insulin growth factor (IGF) 1, was injected 

in the border zone of the infarct but did not lead to any significant angiogenesis 

[Nelson]. This unexpected outcome underlines the relevance of the timing of 

intervention in the post-ischemic context, where the difficulty to modulate the 

remodelling by a two weeks-delayed administration was seen in the case of cellular-

based clinical trials [Traverse, Sürder].  

 

The capacity of SDF-1 to mobilise CD117+ bone marrow stem cells in the ischemic 

area was clearly demonstrated by Askari et al. [Askari], but still the timing of such 

action needs to be finely tuned for its full therapeutic aim [Ziff]. Recently, the intra-

myocardial delivery of a SDF-1 synthetic analogue from a HA hydrogel induced an 

extended beneficial effect on remodelling, adding a marked reduction in fibrosis and 

an increase in EF to the expected enhancement of angiogenesis [MacArthur]. 

Moreover, a HA-SDF-1 hydrogel enriched with antimicrobial peptides-treated 

BMMNCs has recently been tested and a clear additional advantage to the 

angiogenic effect of HA-SDF-1 was not seen [Klyachkin]  

 

Extended survival of first-generation stem cells for cardiovascular therapy was 

achieved by their delivery in hydrogel scaffolds, thereby their angiogenic paracrine 

signalling can also be prolonged in such constructs. Hsieh’s group demonstrated the 
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additional advantage of HA hydrogel-BMMNCs combination compared to the 

individual groups both in small and large animal models [Chen 2013, 2014]. 

Angiogenesis and arteriogenesis were steadily achieved in these HA-BMMNCs 

systems and also supported by an approximate 50% relative decrease in scar size, 

and in such systems the highest improvements in functional recovery were also seen 

[Chen 2013, 2014]. Studies based on angiogenesis-driven approaches are listed in 

Table 1.4. 
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Figure 1.5 Schematic of the sprouting process leading to angiogenesis.



 

 
 

Table 1.4 Combined approaches for the treatment of MI targeting angiogenesis.  

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional response Angiogenesis Cell Prol. Fibrosis Mechanis

m 

Ref. 

VEGF-

conjugated 

aliphatic 

polyester 

hydrogel 

Rats, N=8-

10 

1 w after MI Significant increase in EF 

by 10% in hydrogel-only 

and by 15% conjugated 

hydrogel. Significant 

reduction in EDV 

Significant relative 

increase by 50% in 

blood vessel density 

in conjugated 

hydrogel 

NA Significant 

decrease 

in scar 

area by 

10%  

Extended 

effect by 

VEGF 

entrap-

ment  

Wu 

Self-

assembling 

peptide nano- 

fibers (NFs) 

with VEGF 

Rats, N=8-

10 

Pigs, N=5-6 

At the time of 

ligation 

Rodent model: Significant 

improvement in FS with 

combined, NS with 

individual. Significant 

improvement of LVDS and 

LVDD with combined. 

Porcine model: Significant 

improvement in EF from 

45% in control to 51% in 

combined, significant 

improvement in EDV and 

ESV with combined and 

individuals  

In porcine model 

with combined: 

Two-fold significant 

increase in 

capillaries (from 250 

to 600 cap./mm2). 

Eight-fold increase 

in arterioles (from 

approx. 5 to 40 art./ 

mm2). Significant 

increase in arterioles 

and capillaries in 

rodent model  

Significant 

increased 

SMA+/ 

Ki67+ 

cells only 

with 

combined 

Significant 

reduction 

in collagen 

from. 17% 

in control 

to 3% in 

combined 

(remote 

region) 

Same 

trend with 

NFs-only  

NFs 

provide 

the 

microenvi-

ronmental 

cues to 

enhance 

arterio-

genesis  

Lin 
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Table 1.4 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell Prol. Fibrosis Mechanism Ref. 

Nanofibers 

with PDGF-

BB 

Rats, N=6-7 At the time of 

ligation 

Significant 

improvement 

in FS, EDS 

and EDV with 

highest dose in 

combination 

NS difference Significant 

reduction in 

apoptotic cells 

with highest 

dose in 

combination. 

NS difference 

in Ki67+ cells 

Significant 

reduction in 

infarct size from 

40% in control to 

28% in combined  

Induction of 

PI3K/Akt 

pathway by 

PDGF-BB 

improves 

survival of 

CM 

Hsieh 

2006 

Self-

assembling 

peptides with 

PDGF-BB and 

FGF2 

Rats, N=6 At the time of 

ligation 

Significant 

improvement 

in 

haemodynamic

s with 

combined 

Five-fold increase 

in capillaries with 

combined, 

significant but 

lower increase with 

individual. 

Significant increase 

in arterioles density 

Significant 

reduction in 

apoptotic CM 

Significant 

reduction in 

infarct size from 

36% in control to 

9% in combined. 

Lower significant 

reductions with 

individual  

Combination 

of PDGF-BB 

and FGF2 

gives a 

functional 

and stable 

vessel 

network 

Kim 
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Table 1.4 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell Prol. Fibrosis Mechanism Ref. 

poly(N-

isopropylacryla

mide-co-

propylacrylic 

acid-co-butyl 

acrylate) (p 

[NIPAAm-co-

PAA-co-BA]) 

with bFGF 

Rats, N=8-

16 

At the time of 

ligation 

Significant 

increase in FS 

from 25% in 

control to 35% in 

polymer with 

bFGF. Better 

haemodynamics  

Significant 

increase (by 

30%) in 

capillaries 

(from 200 to 

275 cap./mm2) 

and arterioles 

from 50 to 75 

art./ mm2 

NA NA Angiogenic 

effect 

promoted by 

sustained 

bFGF delivery 

from pH 

responsive 

hydrogel 

Garbern 

NIPAAm 

hydrogel with 

bFGF and IGF1 

(in PLGA 

microparticles)  

Rats, N=9-

10 

2 w after MI Significant 

improvements in 

fractional area 

change, EDA and 

ESA, 

independently of 

the addition of 

bFGF/IGF1 

No significant 

differences in 

-SMA+ cells 

Higher 

retention of 

injected GFs 

NS difference bFGF and 

IGF1 addition 

does not 

enhance the 

benefit  

Nelson 
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Table 1.4 (Continued) 

MI treatment tested Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell Prol. Fibrosis Mecha-

nism 

Ref. 

HA hydrogel 

engineered with SDF-

1 factor analogue 

(ESA)  

Rats, N=8-

15  

At the time of 

ligation 

Significant 

improvement in 

EF from 40% in 

control to 62% 

with combined, 

lower 

significance 

with HA-only  

Significant 

four-fold 

increase in 

capillary 

density and 

three-fold 

increase with 

HA-only 

Seven/eight-

fold increase 

in CXCR4+ 

progenitor 

cells  

Significant 

decrease in 

fibrosis from 

12% in 

control to 2% 

with 

combined 

and to 4% 

with HA-only 

Preserva-

tion of 

SDF1-

CXCR4 

axis  

MacArthur 

Cathelicidin peptides 

(CRAMPs)-treated 

BMMNCs and SDF-1 

in HA-cyclodestrin 

hydrogels 

Mice, N=7-

15 

At the time of 

ligation 

Significant 

improvement in 

EF from 23% in 

control to 40% 

in combined. 

Significant 

improvement of 

ESV and EDV 

Three-fold 

significant 

increase in 

capillaries 

(from 51 to 

161 

cap./mm2) in 

combined  

Significant 

more than 

two-fold 

increase in 

BrdU+ CM in 

infarct and 

remote after 

combined  

NS difference CRAMPs 

augment 

the 

efficacy of 

BMSPCs 

Klyachkin 
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Table 1.4 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell Prol. Fibrosis Mechanism Ref. 

Fibrin hydrogel 

with skeletal 

myoblasts 

Rats, N=5-6 1 w after MI NA Significant increase 

in arterioles n. from 

10 in control to 13 

art./mm2 in fibrin. 

Significant increase 

but lower comparing 

myoblast in fibrin 

with myoblast-alone 

NA Decrease 

in infarct 

size from 

26 to 17%, 

no 

additional 

efficacy 

with 

myoblasts 

Angiogenic 

effect of 

fibrin 

applied in 

ischemic 

MI scenario 

Christman  

Gelatin 

hydrogel with 

cardiomyocytes 

(CM) 

Rats, N=5-

10 

At the time of 

ligation 

Significant 

increase in EF 

from 55% to 67% 

in combined CM-

hydrogel. 

Significant 

improvement in 

FS in combined 

Significant three-

fold increase in 

vWF+ cells in 

combined treatment  

GH 

enhanced 

retention of 

CM by 

approx. one 

third 

compared to 

PBS 

NS 

difference 

Enhance-

ment 

paracrine 

effect of 

CM by 

retention in 

hydrogel  

Nakajima 
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Table 1.4 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell 

Prol. 

Fibrosis Mechanism Ref. 

HA hydrogel 

with allogeneic 

bone marrow 

mononuclear 

cells 

(BMMNCs) 

Rats, N=8 At the time of 

ligation 

Significant 

improvement in 

EF from 35% in 

control to 45% in 

combined. Lower 

significance with 

individual 

treatments  

Two/three-fold 

increase in both 

capillary and 

arteriole density 

only with 

combined group 

NA Significant 

reduction in scar 

size from approx. 

45% in control to 

20% with 

combined  

Synergistic 

effect by 

combination 

of HA and 

BMMNCs 

individual 

benefits 

Chen 

2013 

HA hydrogel 

with BMMNCs  

Lanyu 

minipigs, 

N=7-8 

At the time of 

ligation 

Significant 

increase in 

systolic and 

diastolic thickness 

just in combined 

treatment. 

Maximum 

increase in EF is 

less than 5% 

Significant increase 

in capillaries from 

400 up to 600 

cap./mm2 with 

combined. 

Significant increase 

in arterioles from 

80 to 250 art./mm2 

in combined 

NA Significant 

decrease in scar 

size from approx. 

15% in control to 

approx. 7% with 

combined. Lower 

significance with 

individual 

Combination 

of hydrogel 

and MNCs 

provide a 

synergistic 

effect 

Chen 

2014 
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Table 1.4 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell Prol. Fibrosis Mechanism Ref. 

Chitosan 

hydrogel with 

adipose-

derived stem 

cells (ADSCs) 

Rats, N=22 At the time of 

ligation 

Significant 

increase in EF 

from 43% to 

59%, significant 

increase in FS 

and improved 

haemodynamics 

with combined 

Significant increase 

from 88 to 286 

vessels/mm2 in 

combined treatment 

(vWF). Increase to 

220 vessels/mm2 in 

chitosan-only 

ADSC+ 

for -

sarcomeric 

actinin, 

Cnx43, 

CD31, 

vWAg 

Significant 

decrease in 

infarct size from 

48% to 25% in 

combined and to 

35% in hydrogel 

ROS 

scavenging 

effect of 

chitosan 

combined to 

ADSCs 

regenerative 

potential 

Liu 

Autologous 

ADSCs 

embedded in 

platelet-rich 

fibrin 

scaffolds 

Rats, N=8 At the time of 

ligation 

Significant 

increase in EF 

from 43% in 

control to 55% 

in combined 

treatment. Sign. 

improv. in EDV 

and ESV  

Significant increase 

in vessels from two 

ves./field in control 

to three in hydrogel-

only and to seven in 

combined treatment  

Significant 

increase in 

c-kit+ and 

CXCR4+ 

cells 

Significant 

reduction in 

fibrosis by 

approx. 65% in 

combined 

treatment and by 

30% in 

hydrogel-only  

Extended 

effect of 

ADMSCs in 

the injected 

hydrogel 

system 

Chen 

2015  
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Table 1.4 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell Prol. Fibrosis Mechanism Ref. 

HA hydrogel 

with plasmid 

DNA-eNOS 

and ADSCs 

Rats, N=25 At the time of 

ligation 

Significant increase 

in EF from 35% to 

70% using combined 

treatment, significant 

improvement also 

with all individual 

treatments. 

Significant 

improvements in FS, 

EDV and ESV 

Qualitative 

increase in -

SMA, vWF  

-actinin 

staining 

increased 

in 

combined 

treatment 

Significant 

decrease from 

approx. 65% in 

control to approx. 

10% in combined 

treatment. 

Significant 

decrease also with 

individual 

treatments 

Synergistic 

action of 

agents 

included in 

the 

hydrogel 

Wang 

2018a 

 

HA shear-

thinning 

hydrogel and 

endothelial 

progenitor 

cells 

Rats, N=8-

10 

At the time of 

ligation 

Significant increase 

in EF from 42% to 

69% in combined, 

57% with cell-only, 

56% with hydrogel-

only. Improved 

haemodynamics 

Significant four-

fold increase in 

vessels number, 

NS difference 

with either cell-

only or gel-only 

Significant 

increase in 

incorpora-

ted EPCs 

Significant 

reduction from 

35% in control to 

10% in combined 

Enhance-

ment of 

paracrine 

effects of 

progenitor 

cells in the 

hydrogel 

Gaffey 
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Table 1.4 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional response Angiogenesis Cell 

Prol. 

Fibrosis Mechanism Ref. 

HA-based 

hydrogel with 

extracellular 

vesicles (EV) 

or endothelial 

progenitor 

cells (EPC) 

Rats, N=9-

11 

At the time of 

ligation 

Significant increase in 

EF from approx. 30% in 

control to 50% with 

combination (either EV 

or EPC). Lower 

significance with HA- 

and EV-alone. Improved 

haemodynamics in all the 

treatment groups 

Significant two-

fold increase in 

capillaries and 

50% increase in 

arterioles only 

with HA -EV. 

NS in other 

groups 

NA NA Angiogenic 

response due 

to stable 

delivery of 

EVs from the 

hydrogel 

Chen 2018 

Porcine ECM 

hydrogel with 

HGF fragment 

Rats, N=9-

12 

1 w after MI NS difference  NS in capillary, 

significant 

increase in 

arterioles from 

10 art./mm2 in 

control to 50 in 

combined, NS 

with individual 

NA Significant 

reduction in 

interstitial 

fibrosis 

from 4% in 

control to 

2% with 

combined  

HGF 

fragment acts 

similarly to 

HGF and its 

efficacy is 

enhanced by 

prolonged 

release 

Sonnenberg 

5
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Table 1.4 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

bFGF-gelatin 

hydrogel alone 

or with CDC 

or BMSC 

Pigs, N=7-9 1 w after MI Significant increase 

in EF from 32% to 

37.1% in bFGF and 

to 38% in bFGF-

CDC. Significant 

increase in wall 

motion from 46% 

to 58% in 

combined 

Significant 

increase in 

arteriole 

number by 

1.5-fold in 

bFGF group. 

NS difference 

between 

bFGF-CDC 

and b-FGF 

Greater magnitude 

of myocyte 

conversion 

compared with the 

injection of hBMCs 

combined with 

bFGF 

Significant 

decrease 

by 4% in 

infarct 

volume in 

bFGF-

CDC, 

around 1-

2% for 

individual  

Synergistic 

action of 

bFGF with 

hCDCs to a 

stable 

vessel 

formation 

Takehara 

HA hydrogel 

with IGF-

1/HGF  

 

Rats, N=3-5 6 d after MI NR Two-fold 

increase in 

capillaries at 

4 w, less 

evident 

increase at 1 

w 

Two-fold increase in 

Ki67+ cells. Gata4+ 

clusters in 80% of in 

combined, 40% in 

HGF/IGF-only, none 

in control 

Significant 

lower 

fibrosis 

from 65% 

to 40% 

with 

combined  

Sequential 

delivery 

IGF-HGF 

by HA 

hydrogel 

Ruvinov  
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Table 1.4 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

PEG hydrogel 

with EPO 

Rats, N=10-

12 

At the time of 

ligation 

Significant 

improvement in 

EDD, ESV and FS 

with combined. 

Lower significant 

increase with all 

other individual 

groups. Better 

haemodynamics   

Significantly 

higher vessel 

count with 

combined. 

Lower 

significant 

with EPO 

alone, NS 

with hydrogel 

Significant 

reduction in 

apoptotic 

cells with 

combined, 

same trend 

with EPO-

alone 

Significant 

reduction in 

infarct size from 

33% in control to 

18% with 

combined 

Enhancement 

of EPO effects 

by reservoir 

action of 

hydrogel 

Wang 

2009 

pH-switchable 

PEG hydrogel 

with HGF and 

IGF-1 

Pigs, N=3-4 4 w after MI 

(by catheter – 

transendo-

cardial 

injection) 

NR NR NR Significant 

reduction in 

collagen content 

inside the scar 

from 25% in 

control to 13% 

with combined 

Efficacy of 

IGF-1- and 

HGF-mediated 

reduction of 

fibrosis in a 

chronic model 

Bastings 
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1.3.6.1 Cellular stress  

The maintenance of homeostasis depends on molecular mechanisms and signals 

which regulate the cellular response to externals insults - generally defined as stress.  

Specifically, the source of insults can be either physico-chemical (DNA-damaging 

substances, radiations, toxins) or pathological (hypoxia, infective processes). 

Nevertheless, our organism can cope with these perturbations by the activation of 

specific mechanisms of self-defence, that involve the primary unit of the organism, 

i.e. the cell. The most immediate “cellular adaptation” upon an external insult is the 

DNA damage response (DDR). Damaged nucleotides in the chromosomes represent 

the highest risk of mutagenic transformation of our genome, with potential 

pathological consequences that are unpredictable including cancer-related and severe 

dysfunctional deficits [Satoh, Kikuchi 2003, Meister-Broekema, Hoeijmakers]. For 

this reason, at a cellular level in physiological conditions we possess cell-cycle 

checkpoints, tolerance and repair mechanisms which represent the first line of self-

defence [Giglia-Mari]. However, in the cardiovascular field the main perturbation 

which is responsible for cardiac myocyte apoptosis is hypoxia [Frangogiannis 2012]. 

Specifically, lack of oxygenation can damage cardiac cells in an irreversible way 

within 20 min, and the apoptotic wave can last for hours after the occurrence of 

ischemia [Laflamme].  

 

Myocardial necrosis is the triggering event for the consequent recruitment of 

inflammatory cells that produces a granulation tissue in the damaged area 

[Frangogiannis 2012]. The main difference between necrosis and apoptosis lies in the 

retention of an intact cellular membrane in the apoptotic cell, whereas the complete 

disruption and following release of cytosolic vacuoles and cytokines exacerbates the 

entity of inflammatory cells migration in the effected area [Konstantinidis]. 

Moreover, ROS-associated and calcium overload-dependent damage to cardiac 

mitochondria activate the intrinsic pathway of apoptosis. Indeed, due to the 

permeabilisation of the outer mitochondrial membrane, cytochrome c and apoptotic 

protease-activating factor 1 (Apaf-1) are released in the cytosol. This translocation 

induces the activation of the initiator caspase 9, which then completes the actual 

apoptotic program by activation of effector caspases 3, 6 and 7 [Xia]. 
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Among the most widely studied pathways which have a role in the apoptotic 

program is the PI3K/Akt/mTOR signalling pathway. This pathway starts from the 

binding of growth factors, like IGF-1, to the respective tyrosine kinase receptors. 

Upon activation and conversion of phosphatidylinositol bisphosphate (PIP2) to 

triphosphate (PIP3), Akt, which is the fundamental mediator of the anti-apoptotic 

effect, is recruited. Studies have demonstrated the beneficial effects of Akt activation 

on cardiomyocytes survival and prevention of mitochondrial-mediated apoptosis 

[Uchiyama, Roberts, Bi, Su]. Interestingly, increased cytosolic localisation of 

phosphorylated Akt in females can be linked with the higher levels of estrogen in 

females [Camper-Kirby], which is known to have a protective action for the 

cardiovascular system [Knowlton]. Consistently, molecules which interfere with the 

downstream signalling of PI3K/Akt pathway, such as the dual protein/lipid 

phosphatase and tensin homologue (PTEN) and the PH domain leucine-rich repeat 

protein phosphatase (PHPLPP), cause an inhibitory effect on the pro-survival 

activation cascade [Chagpar, Miyamoto, Xing]. Nevertheless, such inhibitors have 

been recently associated with a protective role against pathological hypertrophy 

[Moc]. Thereby the identification of either the precise target or the suitable 

combination to achieve a beneficial modulation of such pathways will still require 

additional preliminary investigations.      

 

1.3.6.2 Modulation of ischemic-derived cellular stress 

Erythropoietin (EPO) is a glycoprotein cytokine which can stimulate the activation 

of the PI3K/Akt antiapoptotic pathway. Phase II and III trials that have tested the 

administration of EPO within a few hours of the reperfusion did not achieve 

functional improvements observed in small animal models [Najjar, Voors], so the 

delivery approach has been questioned. Inclusion of EPO inside either injectable 

hydrogel or patches has been tested [Klopsch, Wang 2009]. Although these studies 

were performed in small animal models, the reservoir action of the tested systems 

contributed to improved function and vascularisation, together with reduced fibrosis 

and cardiac cell apoptosis [Klopsch, Wang 2009].  

 

Given the cause-effect relationship between the secretion of ROS and the activation 

of the DDR response, the scavenging of ROS in ischemia-reperfusion can potentially 
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reduce the cellular stress in such a pathological stage. ROS-responsive polymeric 

systems have been optimised and have reduced the infarction area, by the reduction 

of the pro-inflammatory and apoptotic effect of molecules such as hydrogen peroxide 

[Bae, Lee 2015, Park]. However, the complexity of hypoxia-induced molecular 

cascade was highlighted by the counterintuitive regenerative response observed upon 

induction of systemic hypoxaemia in mice for one week [Nakada]. Here, a 

conceptual switch from oxidative to glycolytic metabolism was applied systemically 

and enhanced the re-entry of cardiomyocytes in the cell cycle and their consequent 

proliferation [Nakada]. This work expands the conventional edges of ROS-associated 

damage towards the potential modulation of cardiomyocytes energetic efficiency. In 

fact, given the numerous factors which have a role in the storage and secretion of 

ROS, the observation of opposite outcomes related to their production suggest that 

the mechanism responsible for the activation of a fibrotic program rather than a 

regenerative one still needs to be made clear. 

 

1.3.7.1 Recruitment of growth factors 

Several cellular mechanisms such as growth, proliferation, differentiation, survival 

and inflammation are characterised by the orchestrated recruitment and 

activation/inhibition of polypeptides known as growth factors. These molecules are 

multifunctional, since they can both stimulate or inhibit the above-mentioned 

phenomena. The first pioneering work which highlighted the potential of growth 

factors as therapeutic tools was performed by Levi-Montalcini in 1952 [Levi-

Montalcini]. This original work, which unravelled the potential of nerve growth 

factor (NGF), was expanded over the following decades, reaching the steps of in vivo 

testing of the biological activity of the delivered recombinant NGF [Colangelo] and 

reaching efficacy in Phase II clinical trials for the treatment of HIV-associated 

sensory neuropathy [McArthur]. In the cardiovascular field, hypertrophy has been 

widely studied and probably represents the most characterised adaptation of cardiac 

cells to ageing and pathological events, such as valvular dysfunctions or ischemia 

[Lyon, Oka 2014, Tham]. Intriguingly, cardiac hypertrophic response can share the 

same molecular pathway described in the previous section on cell survival, that is 

PI3K/Akt. A key study performed by Shiojima et al. demonstrated the importance of 

acute vs chronic activation of Akt in the context of cardiac hypertrophy [Shiojima]. 



                                                                                                                                                Introduction            

56 

 

By the establishment of a conditional transgenic activation of Akt in mice, it was 

shown that short periods (two weeks) of induction caused adaptive growth associated 

with a proportional angiogenic response. By contrast, long-term (six weeks) 

activation induced a maladaptive growth uncoupled with angiogenesis and prone to 

occurrence of heart failure [Shiojima]. The loss of the cardioprotective effect and 

increased cardiac injury was specifically associated with the overexpression of Akt3 

in transgenic mice [Taniyama]. In addition to this, a different behaviour in response 

to a chronic condition of Akt activation depends on the type of growth factors 

expressed in maladaptive conditions. IGF-1 and endothelin 1 (ET-1) levels in human 

hypertrophic hearts were shown not to be correlated with ventricular dysfunction 

whereas angiotensin II (Ang II) was produced in hearts subjected to end-systolic wall 

stress [Serneri 1999]. By combining the evidence from following studies, the 

cardioprotective effect of IGF-1 contrasted with the hypertrophic response due to 

Ang II activation [Ainscough, Xu, Serneri 2001, González-Guerra]. 

 

1.3.7.2 Growth factor-based tested treatments  

As already mentioned in the section related to angiogenesis, the balance between 

growth factors, as is the case with VEGF and PDGF, can determine the success of a 

potential therapeutic approach. Therefore, several approaches have finely tuned the 

release of angiogenic growth factor to achieve a stable and mature neovascularisation 

in the infarcted area. By the exploitation of the paracrine signalling triggered by a 

synthetic modified RNA which encoded for VEGF-A, Zangi et al. were able to show 

the efficacy of such growth factor to enliven the beneficial recruitment of 

epicardium-derived cells and their subsequent differentiation in endothelial and 

smooth muscle cells [Zangi]. Consequently, a marked reduction in fibrosis and 

enhancement of angiogenesis led to a significant 15% increase in EF as well as short- 

and long-term survival rates [Zangi]. Interestingly, recruitment of resident cardiac 

progenitor cells was reported upon combined injections of hepatocyte growth factor 

(HGF) and IGF-1 in a canine model, leading to the formation of new vessels and 

cardiac cells [Linke]. Here, the two growth factors were injected in the border zone 

of the infarct and induced remarkable improvements in the ventricular remodelling 

and EF, which were correlated with the degree of reported myocardial regeneration 

[Linke]. Nevertheless, the lack of technical quantification of fibrosis and 
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angiogenesis in the regenerated areas described a scenario which is hardly 

comparable with the other therapeutic approaches. The same growth factors 

(HGF/IGF-1) were sequentially delivered by a HA hydrogel in the infarcted rat 

myocardium, and in this study thorough analyses were performed to evaluate the 

overall tissue response [Ruvinov]. Indeed, two-fold increase in capillaries and 

absolute reduction in fibrosis by approximately 25% further supported the expected 

proliferative effect on Ki67+ and GATA+ cells [Ruvinov]. Nevertheless, the lack of 

functional data was a main limitation of this study. Interestingly, the beneficial 

reduction in fibrosis was observed also after treatment with a pH-switchable PEG 

hydrogel conjugated with HGF and IGF-1 in a chronic model of MI [Bastings]. 

Indeed, the decrease in collagen deposition was comparable with the HA-hydrogel 

incorporating the same growth factors [Ruvinov], using a porcine model [Bastings].  

 

1.3.8.1 Basis and relevance of glycobiology  

The flow of information to build and sustain the development of an organism and its 

functions goes from genes to proteins through the transcription and translation 

processes; this is the main point of the central dogma formulated by Crick [Crick]. 

Among the post-translational modifications, glycosylation is extensively present on 

cellular proteins and provides part of the complexity needed to regulate cell-cell and 

cell-ECM interactions [Varki]. The glycocalyx consists of the wide range of glycan 

modifications added to the protein backbone of cellular membrane proteins, the so 

called glycoproteins, that can be distinguished in either N- or O-glycans. N-glycans 

have their sugar chain bound to the terminal asparagine residue of the polypeptide 

and the first glycan of the chain is N-acetylglucosamine (GlcNAc) in eukaryotes. O-

glycans are glycoproteins which display a chain of glycans starting with N-

acetylgalactosamine (GalNAc) which attach via a covalent bond - similarly to N-

glycans - to the terminal serine or threonine residue of the protein portion. The 

biosynthetic pathway which leads to the exposure of properly-folded N- and O-

glycans on the cell membrane has multiple checkpoints in the two main 

compartments which regulate this process which are the endoplasmic reticulum and 

the Golgi apparatus [Bieberich, Cherepanova, Gerlach]. Disruptions in the enzymatic 

pathways that enable the formation of glycans can cause congenital disorders of 

glycosylation (CDG) which were noticed for the first time by Jaeken in 1980 [Jaeken 
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1980 and 2017, Brasil, Monticelli]. Defects in enzymes such as 

phosphomannomutase II or β1–4 galactosyltransferase can cause dramatic 

pathological conditions as mental retardation or myopathy with spontaneous 

haemorrhage and malformations, respectively [Keir, Freeze, Peters]. Despite the 

rising interest in the relevance of glycans since the period following the formulation 

of the central paradigm of molecular biology, limitations in the analytical techniques 

which are required to isolate and analyse these moieties have held back the potential 

for expansion in this field for several decades. Thanks to technological advances in 

the field of mass spectrometry analysis [Jensen, Frost, Yang 2018], specific methods 

for the processing and release of glycans from N- and O-glycoproteins can now be 

applied to evaluate the overall glycan complexity in the sample of interest, the 

approach defined as glycomics. Recent studies advanced the current knowledge in 

the remodelling processes of degenerative and cancer-related conditions [Paszek, 

Gonzalez, Mohd-Isa]. Nonetheless, the sensitivity of the glycome to the variability of 

the exogenous nutrients and the regulation of the salvage pathways severely limit the 

predictability of the expression levels of the glycans.  

 

1.3.8.2 Role of glycans as therapeutic modulators   

As a result of their biosynthesis, glycans are branched oligosaccharide structures and 

contain motifs which can bind to galectins or grow factor receptors. Therefore, 

alterations in the glycan structures can lead to dysregulation of the signalling 

responsible for cellular migration and ECM remodelling. For instance, the initial 

association seen between tumour progression and an increased (1,6)-linked 

branching in N-glycans, was later characterised as part of a glyco-regulated 

EGFR/PI3K/Erk signalling pathway [Dennis, Lau]. In this case, the identification of 

the glycoenzyme which mediates this process, mannoside acetyl-

glucosaminyltransferase 5, was confirmed by the reduction in tumour growth and 

metastases upon the knockout of the corresponding MGAT5 gene [Granovsky]. A 

key protein with a shared role both in the metastatic progression of tumour and in the 

induction of stable angiogenesis after ischemic, as mentioned above, is VEGFR2 

[Stuttfeld]. A study described the signalling axis composed by galectin-1 and of 

VEGFR2 and its need for the enhancement of angiogenesis in refractory tumours 

which did not respond to anti-VEGF therapy [Croci]. In addition, a marked increase 
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in the expression of ()-linked branched N-glycans and a reduction in (2,6)-

NeuAc in endothelial cells included in the vascular network of the refractory tumours 

were observed [Croci]. Another observed mechanism of glyco-mediated, VEGF-

independent enhanced migration of endothelial cells was based on the galectin-1 

binding to the VEGFR co-receptor neuropilin-1 [Hsieh 2008]. In light of the role of 

galectin-1 in the fueling several types of tumour-associated angiogenesis, the 

pursued therapeutic approaches were focused on the synthesis of its inhibitors rather 

than towards a controlled enhancement for post-ischemic applications [Blanchard, 

Astorgues-Xerri]. In contrast, a different glycan-based approach is based on the 

regulation of the HGF receptor, as known as c-Met, by the sialic acid containing 

ganglioside (GD) 1 which results from the sialyltransferase ST6GALNAC5. In this 

case, evidence showed both the induction of a pro-tumorigenic c-Met-activated 

autocrine loop in canine kidney MDCK cells following the expression of 

ST6GALNAC5 gene and the correlation between mutations in the same gene and the 

occurrence of coronary artery diseases in a cohort of 160 patients [Chu, 

InanlooRahatloo]. Since most of the relevant studies were centred on understanding 

the role played by glycans in a dysregulated over-expression and activation of 

growth factors such as c-Met, VEGFR2, FGFR and ERBB [Markowska, Hsieh 2008, 

Croci, Merlin, Chu], extensive experiments will need to be designed to exploit such 

potential in the context of tissue repair.   
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Figure 1.6 Schematic of different approaches to treat myocardial infarction. 

Acellular hydrogels, ECM-inspired treatments, growth-factor-based and cellular-

based or a combination of these have been exploited in the recent decades. 
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Abbreviations: PEG, polyethylene glycol; TIMP, tissue inhibitor of 

metalloproteinases; eNOS, endothelial nitric oxide synthase; FGF, fibroblast growth 

factor; HGF, hepatocyte growth factor; IGF, insulin growth factor; PDGF, platelet-

derived growth factor; SDF, stromal cell-derived growth factor; VEGF, vascular 

endothelial growth factor; ADSCs, adipose-derived stem cells; BMSCs, bone-

marrow-derived stem cells; CDCs, cardiac-derived stem cells; EPCs, endothelial 

progenitor cells; iPSCs, induced-pluripotent stem cells; MSCs, mesenchymal stem 

cells.  
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1.4 Regenerative approaches  

Cardiomyocytes are post-mitotic cells unable to re-enter the cell-cycle by definition 

at the adult stage and only in a time-limited way, around one-two days after birth 

[Porrello, Ye, Zhu]. Indeed, the exact rate of cardiomyocyte turnover has been 

estimated and corresponds to approximately 0.76% per year [Senyo]. Nevertheless, 

the concept of replacing the millions of cardiomyocytes which die following 

ischemia by inducing the repopulation of these cells - either by endogenous 

mechanisms or after external implantation - is one of the paths most widely 

investigated in cardiovascular research [Wysoczynski 2017, Bearzi, Bersell, Engel, 

Chimenti]. 

 

1.4.1 Cardiac stem cells 

Among the most promising therapeutic approaches reported is the use of c-kit+ 

cardiac stem cells (CSC), which were isolated from human hearts for the first time in 

2007 [Bearzi]. Indeed, c-kit+ CSC have shown their efficacy in improving the LV 

systolic function up to the phase I clinical trial SCIPIO (NCT00474461). However, 

the success of c-kit+ stem cells has been disputed in terms of the cardiomyocyte 

regenerative capability in the mammalian heart which was claimed for the first time 

by Anversa’s group in 2001 [Orlic]. Despite the claim by the same group of the 

existence of a lineage of c-kit+ cardiac stem cells in the neonatal heart and their 

differentiation to myocytes by Notch1 [Urbanek], thorough studies redefined the 

actual differentiation potential of such stem cells towards the endothelial cell type 

[van Berlo, Sultana]. However, due to the poor survival of c-kit+ cardiac stem cells 

injected in single dose in the infarcted myocardium [Hong 2013 and 2014], a 

straightforward change in the therapeutic approach towards administration of 

multiple doses of the same cells was tested in rats [Tokita, Guo]. Interestingly, the 

outcome of three administrations (35 days apart) of c-kit+ cells resulted in a three-

fold increase in EF, 50% relative reduction in scar and a greater myocyte density 

than in the single dose group [Tokita]. Nevertheless, expression of c-kit is not stable 

over culture and tends to be lost over a few passages, so a novel way to enrich for 

this type of cells was associated with their adhesion to plastic [Wysoczynski 2016]. 

Specifically, slow adhering (SA) and rapidly adhering (RA) stem cells expressed 

mesenchymal markers and, by comparison of the two types, SA stem cells resulted in 
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higher c-kit expression, angiogenic effect and functional improvement in mice 

[Wysoczynski 2016]. In a further study by the same group, the need for c-kit 

expression sorting for the therapeutic efficacy of such SA-cardiac mesenchymal stem 

cells (CMC) was negated [Wysoczynski 2018]. In this study, despite the lack of 

sorting for c-kit and negligible engraftment survival (below 1%), an improved 

remodelling was seen after SA-CMCs administration [Wysoczynski 2018]. 

Nevertheless, the details of the paracrine mechanism behind the reduced 

inflammation and fibrosis still need to be clarified in further studies.   

 

1.4.2 Strategies based on the re-entry of cardiomyocytes in the cell-cycle 

Another path to target myocardial regeneration started with the investigation of self-

regenerating animal models like the zebrafish [Poss, Jopling, Kikuchi 2010]. 

Regenerated cardiomyocytes in zebrafish derive from the same type of cardiac cells 

which were not lost after the resection of the ventricle and that re-entered the cell 

cycle by dedifferentiation first, and then by proliferation [Jopling]. Cryoinjury has 

been also demonstrated to be a reliable method to induce cardiac regeneration in 

zebrafish [Chablais 2011 and 2012, Kikuchi 2010]. The mitotic checkpoint kinase 

mps1 and the cell-cycle regulator plk1 were shown to be required to accomplish the 

regenerative process [Poss, Jopling]. More recent studies were based on both the 

activation of these key regulators [Yin, Qin] and the detection of novel target genes 

to gain knowledge of the full mechanism of myocardial regeneration [Beauchemin, 

Zhang, Wang 2013b].  

A key characteristic of mammalian cardiomyocytes is the presence of more than one 

nucleus inside the same cell (bi-/multi-nucleation) which was initially shown to be 

linked with its almost undetected ability to dedifferentiate [Bersell, Mahmoud, 

D'Uva]. Conversely, in a recent study both mononucleated and binucleated adult 

cardiomyocytes were demonstrated to have a comparable ability to re-enter the cell 

cycle when cocultured with neonatal ventricular myocytes [Wang 2017b]. To 

identify molecular regulators of cardiomyocyte re-entry in the cell cycle, the most 

interesting pool of candidates was made of ECM components inducing 

cardiomyocyte proliferation at the fetal stage such as periostin and neuregulin 1 

(NRG1) [Pasumarthi]. Particularly with regard to the NRG1-ErbB2/4 receptor 

interaction, several studies assessed their need for a normal fetal cardiac 
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development since 1995 [Gassmann, Lee 1995, Meyer]. The key role of ErbB2 

receptor in NRG1-induced embryonic development and early neonatal stage was 

then tested for its therapeutic potential after ischemic damage [D'Uva]. Remarkably, 

the sole reactivation of NRG1-ErbB2 signalling in adult mice using a generated a 

‘Tet-Off’ transgenic mouse model (MHC–tTA;TetRE–caErbb2) to express ErbB2 

was sufficient to achieve cardiomyocyte dedifferentiation and proliferation [D'Uva]. 

In addition, the constitutive activation of ErbB2 induced cardiomegaly independently 

of the ageing stage of the mice (from early post-natal to adult), suggesting that this 

pathway is implicated also in the physiological hypertrophic growth of mammalian 

adult hearts. In this study the ideal conditions of a minimally scarred and volume-

preserved post-ischemic myocardium were seen and supported by a complete 

functional recovery following both acute- (seven days post-MI) and chronic-MI (42 

days post-MI) intervention [D'Uva]. However, the definition of the precise 

mechanism of action of ErbB2-dependent response has been shown to be more 

complex and associated with a concomitant angiogenesis [Yutzey, Reuter], as seen in 

zebrafish by applying experimental comparable settings [Gemberling].  

 

Starting from the investigation of a zebrafish regenerative model, increasing 

evidence of the crucial role of the epicardium in cardiac repair and regeneration has 

been shown [Lepilina, Masters, Huang 2012, Wei]. After screening the proliferative 

capacity of epicardial-secreted factors, the cardiogenic potential of follistatin-like 1 

(FSTL1) emerged and its delivery (recombinant hFSTL1) through a collagen 

epicardial patch was tested both in small and large animal models of MI, resulting in 

cardiomyocyte proliferation and functional improvement [Wei]. FSTL1-responsive 

cardiomyocytes are not adult cardiac cells, but a minor population of cells recruited 

in ischemic conditions which are able to re-enter the cell-cycle [Wei]. More recent 

studies have investigated the protective effect of FSTL1 on other cellular types 

involved in the posti-ischemic remodelling such as fibroblasts and mesenchymal 

stem cells [Shen 2019, Maruyama]. FSTL1 demonstrated to benefit also other 

pathological conditions such as hypertrophic cardiac pressure overload and heart 

failure with preserved ejection fraction (HFpEF) [Shimano, Tanaka, Wollert 2016]. 

Further studies will be needed to investigate the potential double-level role of FSTL1 

as cardiac protecting agent and inducible enhancer of regeneration after ischemia. 
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Moreover, the glycosylation of FSTL1, as post-translational modification plays a 

crucial role in the proliferative effect induced by this factor [Wei, Magadum].  

 

The application of a functional screening approach was chosen to test miRNAs 

capacity to induce cardiomyocyte proliferation, and the resulting best candidates 

were tested after inducing MI in mice [Eulalio]. Specifically, the delivery of miR199 

and miR590 by adeno-associated viral vectors (AAV) limited the expansion of the 

infarcts and improved both EF and FS [Eulalio]. Since 5-ethynyl-29-deoxyuridine 

(EdU) was intraperitoneally administered every two days from the second day post-

MI, EdU+ nuclei counting highlighted a marked cellular proliferation only in the 

post-miR199/590 treatment groups up to 60 days [Eulalio]. Studies based on non-

combined strategies are listed in Table 1.5. This approach based on the miRNA 

regulation of targets which inhibit the regenerative potential of the mammalian heart 

was followed and led to the discovery of additional regulators of cardiomyocyte 

proliferation, like miR34a [Yang 2015]. In this case, Bcl2, Cyclin D1, and Sirt1 were 

also identified as cell-cycle targets of miR34a-mediated modulation [Yang 2015].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 
 

Table 1.5 Non-combined strategies for the treatment of MI. 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

VEGF-A 

modRNA 

Mice, N=5 At the time of 

ligation 

Significant 

preservation of EF, 

compared to 15% 

decrease in control 

group 

Significant 

enhancement of 

angiogenesis, 

checked for 

possible leaky 

structures 

Prolifera-

tion of 

PECAM1+ 

cells  

Significant 

decrease in  

fibrosis, 

from 35% 

to 15-20% 

with VEGF  

KDR-dependent 

mechanism of 

epicardial 

progenitor cells 

differentiation to 

endothelial cells 

Zangi 

Plasmid 

encoding 

recombinant 

human 

(VEGF)165 

Sheep, 

N=6-7 

At the time of 

ligation 

Wall motion scores 

similar 2 days post-

AMI, tendency to 

improve 15 days 

later (NS) 

Significant increase 

in arterioles at d10 

from 18/mm2 in 

control to 119/mm2 

in VEGF; at d15 

from 26/mm2 in 

control to 83/mm2. 

Significant increase 

in n. cap. at d7 

from 703/mm2 to 

1805/mm2 

Significant 

increase in 

CM 

mitotic in 

VEGF 

Two-fold 

higher 

density of 

cardiomyo

-blasts  

Significant 

decrease 

from 70% 

to 43% at 

day 10 and 

to 22% at 

day 15  

Growth factors 

may display 

pleiotropic 

actions 

Vera 

Janavel 
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Table 1.5 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

Ex-vivo 

activated 

human 

macrophages 

Rats, N=8-9 At the time of 

ligation 

Significant 

increase in FS 

from 20% in 

control to 30%  

Significant  

increase in 

vessels from 

10 in control 

to 25 

ves./mm2  

Retention of 

activated 

macrophages in the 

infarct area, 

myofibroblasts 

accumulation 

NR Retention of 

activated 

macrophages 

in the infarct 

area 

Leor 2006 

T-reg cells 

(T-regs) 

Mice, N=8 1, 4 or 12 w 

after MI 

Significant 

increase in EF 

from 20% to 35%  

NR EdU+ in 

proliferating CM 

after T-regs 

injections 

Significant 

decrease in 

infarct size 

from 20% 

to 13%, 3 m 

after MI 

T-regs act in 

a paracrine 

manner to 

promote CM 

proliferation 

after MI 

Zacchigna 

Neuregulin-1b 

glial 

growth factor 

2 

Pigs, N=5-8 1 w after MI, 

biweekly for 

4 w 

Significant 

improvement in 

EF (over 30%), 

diastolic volume 

and FS 

NR NR Reduction 

in fibrosis 

by approx. 

5% in the 

remote 

region 

NRG-1b 

suppresses 

TGFb/ 

pSMAD3 

pathway 

Galindo 
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Table 1.5 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

IL-10 (50 

g/kg/day) 

infused 

subcuta-

neously for 7 

d 

Mice, 

N=10-13 

1 d after MI Significant 

improvement in 

EF at 7d post-MI, 

1.8-fold increase 

compared to 

control group 

(below 20% EF). 

Significant 

improvement in 

EDV and ESV  

NR Proliferation of 

fibroblasts and 

consequent 

activation 

promoted by 

macrophage type II 

Significant 

reduction of 

collagen I 

secretion and 

ratio between 

collagen I and 

III 

Swift of 

remodelling 

response 

towards a 

macrophage 

type II 

phenotype 

Jung 

Synthetic 

miRNAs 

Mice, N=6-

10 

At the time of 

ligation 

Significant 

increase in EF 

from 45% in 

control to 55% in 

miRNA group 

one month after 

NR Significant increase 

in EdU+ cells 

among 

proliferating CM 

after miRNA 

injections 

Significant 

reduction in 

infarct size 

from 35% in 

control to 13%  

Exogenous 

administra-

tion of 

miRNAs 

stimulates 

CM 

proliferation 

Eulalio 
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Table 1.5 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

HGF, IGF-1 

injections 

Dogs, N=6-

8 

At the time of 

ligation 

Significant 

improvement in 

FS at 2 w and 3 

w, reaching 50% 

control value at 4 

w. Significant 

increased EF by 

5% at 2w, and by 

15% at 4 w  

NR 11-, 16-, and 7-fold 

increase in progenitor 

cells per cm3 of 

myocardium in the 

infarct, border zone, 

and remote area 

NR GFs induce 

translocation 

of resident 

progenitor 

cells to the 

infarct 

Linke 

Allogeneic 

and Syngeneic 

CDCs 

Rats, N=5-8 At the time of 

ligation 

Significant 

increase in EF 

from 37% in 

control to 55% in 

treatment. 

Significant 

increase in FS by 

10% in treatment 

group 

Significant 

increase in 

vessels from 

25 ves./mm2 

in control to 

30 ves./mm2 

(after 3 w) 

Significant increase in 

c-kit+, BrdU+, Ki67+ 

cells 3 w after 

injection 

Decrease 

from 19% 

to 14% 

using 

syngeneic/ 

allogeneic 

CDCs are 

clonogenic 

and exhibit 

multilineage 

potential 

Malliaras 

2012 
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Table 1.5 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional 

response 

Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

Infusion of 

cardiosphere-

derived cells 

(CDCs) 

Pigs, N=7 At the time of 

ligation 

NS improvement in 

EF, significant 

improvement in 

haemodynamics 

NR NR Significant 

decrease 

from 

19.2% in 

control to 

14.2%, 8 

w after 

infusion 

Increase in 

LV mass and 

possible 

regeneration 

associated 

with CDC 

Johnston 

Comparison 

CDC, BM-

MSC, Ad-

MSC, BM 

mononuclear 

cells 

Mice, N=8-

20 

At the time of 

ligation 

Significant increase 

in EF, from 20% in 

control to 37% in 

CDC group at three 

w. Improvement 

with other 

treatments is NS 

NR SA+/engrafted cells 

in the surviving 

progeny of human 

CDCs, in vivo 

differentiation 

NR CDCs are 

clonogenic 

and exhibit 

multilineage 

potential 

Li 2012 
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Table 1.5 (Continued) 

MI treatment 

tested 

Species, 

sample size 

Time of 

intervention 

Functional response Angiogenesis Cell prol. Fibrosis Mechanism Ref. 

Autologous 

endothelial 

progenitor 

cells (EPCs) 

or allogeneic 

mesenchymal 

stem cells 

(MSCs) 

Pigs, N=10-

12 

1 w after MI NS change in EF 

(around 45%) among 

all groups. Significant 

improvement in ESV 

(NS in EDV) in EPCs 

group 

Two-fold 

significant 

increase in 

vessels (from 

400 to 800 

vessels/mm2 

in the border 

zone in EPCs 

group. NS in 

MSCs group 

NR Qualitative 

evaluation 

of scar. No 

difference 

in infarct 

size  

Paracrine 

effect 

mediated by 

the infusion 

of EPCs in 

the infarct 

area  

Dubois 

Calcium 

hydroxyapatite 

microspheres 

(CHAM) 

Sheep, 

N=5-13 

At the time of 

ligation 

Significant increase 

from 21% in control 

to 37% in high 

volume CHAM. NS 

increase with low 

volume CHAM. Same 

trend of significance 

in the improvement of 

EDV  

NR NR Significant 

reduction in 

collagen 

content in 

CHAM 

group 

Improved 

matrix 

stability 

thorugh 

TGF 

signalling 

Dixon 
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1.5 Future directions 

A comprehensive understanding of ischemia, inflammation, fibrosis, angiogenesis 

and cellular stress in the cardiac post-ischemic scenario is needed to formulate the 

most appropriate treatment for MI. The evaluation of the key cellular components 

involved in these processes (macrophages, growth factors, matrix 

metalloproteinases) combined with the exploration of benefits and limitations of the 

experimentally pursued therapeutic approaches is urgently needed in this field. Given 

the complexity of the post-ischemic microenvironment, the evaluation of the 

rationale behind initially promising treatments which did not reach success through 

the clinical phases can specifically identify the reasons for the limitation of such 

strategies.  The current aims and strategies towards an optimum treatment for MI can 

be summarised as follows:  

 

Aims  

• Spatio-temporal orchestrated recruitment of pro-healing macrophage population. 

• Reduction of maladaptive fibrotic remodelling and cardiac hypertrophy.  

• Shift from a leaky and temporary vascular network to a perfused and 

physiologically-similar one. 

• Induction of re-entry of cardiomyocytes in the cell-cycle and controlled 

proliferation. 

• Identification of bottlenecks in current models of myocardial infarction.  

 

Strategies  

• Modulate the timing of inflammation by spatial confinement of inflammatory 

macrophages.  

• ECM-dependent release of paracrine factors to prolong survival of introduced 

stem cells.  

• Induce a time-limited shift in the cardiomyocytes metabolism from oxidative to 

anaerobic.  

• Investigation of early-neonatal regenerative capacity.  

• High-throughput analyses from the secretome of pro-healing macrophages and 

extracellular matrix to identify molecules able to enhance cardiomyocyte cell 

survival or proliferation.   
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• Establishment of clinically-relevant models of myocardial infarction. 

 

1.6 Conclusions  

The detection of a successful therapeutic strategy can require a comprehensive 

evaluation of the complexity which characterises the pathological scenario of 

interest. Myocardial ischemia is currently the first cause of worldwide mortality, 

with an increasing expansion in developing countries. Despite two decades of 

exciting experimental breakthroughs, none of the resulting strategies can now be 

preferred over surgical procedures such as coronary artery bypass graft or heart 

transplantation (Figure 1.7). In this chapter, ischemia, inflammation, fibrosis, 

angiogenesis, cellular stress as well as key cellular and molecular components were 

considered as therapeutic targets. By evaluating the benefits and limitations of the 

approaches which were founded on these phenomena, it is possible to weigh the 

rationale of each of these strategies. Given the multitide of variables which influence 

of the outcome of the experimented treatment, the pathological background was 

presented with an unbiased view towards any specific process or cellular component. 

Since the modulation of ischemic remodelling and the enhancement of myocardial 

regeneration are of equal importance, current studies in the field can also be focused 

towards a remodelling of the ischemic core and preservation of the functional 

integrity of the border zone (Figure 1.8).  

 

 

 

 

 

 



 

 

 

 

Figure 1.7 Timeline of key findings related to myocardial ischemia over the last two decades. Landmark studies related to the cardiac 

remodelling and regeneration are highlighted in blue and the most promising therapeutic strategies are shown in yellow.  
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Figure 1.8 Modulation of post-ischemic remodelling. (A) Schematic of untreated 

ischemic core and border region characterised by poor stable angiogenesis, marked 

fibrosis and prolonged oxidative stress in the ischemic core, which leads to 

cardiomyocyte hypertrophy. (B) Schematic of modulated ischemic core after 

treatment with enhanced angiogenesis, lower fibrosis and pro-healing macrophage 

infiltration, that beneficially influence the physiological behaviour of 

cardiomyocytes in the border zone.  
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1.7 Project rationale: Elastin as an injectable biomaterial for the treatment of 

MI  

The choice of the most suitable biomaterial therapeutic for the desired clinical need 

is a major challenge in current medical device development and preclinical testing. 

Elastin is one of the proteins which are abundantly present in the extracellular matrix 

of several tissue types such as myocardium, cartilage and skin [Mithieux]. 

Specifically, elastin fibres are derived from the coacervation and further crosslinking 

of the precursor tropoelastin molecules [Kozel]. The elastogenic activity resides in 

the main cellular components of the tissue network that can be endothelial cells, 

fibroblasts, chondrocytes, and keratinocytes.  

Through the genetically-engineered fabrication of elastin-mimicking peptides called 

elastin-like recombinamers (ELRs), there is an opportunity to compensate for the 

poor availability of natural elastin and also to control the homogeneity of the 

biomaterial. Moreover, ELRs can be functionalised with specific motifs responsible 

for several biological functions including cell adhesiveness, degradability and 

interaction with the cellular microenvironment [Rodríguez-Cabello, Castellanos]. As 

a result, this functionalisation, together with the possibility to fabricate either 

hydrogel or microspherical constructs, has increased the range of applications of the 

ELRs. Several ELRs-based systems have already been studied for their efficacy and 

interaction with cellular components in vitro and in vivo over recent years [Staubli, 

González de Torre, Changi, Pescador]. Nevertheless, ELRs-based systems have 

never been tested in cardiac post-ischemic conditions either in small or large animal 

models of MI.  

  

1.8 Objectives and hypotheses 

The main aim of this thesis was to evaluate the effect of the intra-myocardial 

injection of an elastin-based hydrogel after the induction of MI in a clinically-

relevant ovine model. Several phases were required to be completed before the in 

vivo testing, and comprehensive analyses were carried out to understand the 

mechanism of the hydrogel-mediated modulation of the post-ischemic remodelling 

(Figure 1.9). Moreover, a separate study on the glycosylation differences between 

early neonatal and adult myocardium in rat revealed glycans which are involved in 

the early regenerative potential of the mammalian cardiac tissue. The overall aim, 

hypothesis and objectives of each research chapter are outlined below.   
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1.8.1 Chapter Two - Distinct differences in cellular membrane glycosylation 

reflect the regeneration potential of neonatal myocardial tissue 

Overall aim 

To identify a glycan signature to distinguish the early neonatal from the adult 

myocardium.  

Hypothesis 

The glycosylation of myocardial cellular membrane proteins is consistent across 

ventricles at the adult stage but this changes at the early neonatal condition, 

reflecting a residual regenerative potential.  

Objectives  

• Evaluate myocardial glycan expression pattern between different adult rat strains. 

• Compare the glycan pattern between the left and right ventricle. 

• Perform a glycosylation analysis on the membrane proteins at various stages of 

cardiac maturity to identify distinctive features. 

 

1.8.2 Chapter Three – An ovine model of non-transmural myocardial infarction 

Overall aim 

To establish an ovine model of non-transmural myocardial infarction. 

Hypothesis 

Focal infarcts can be consistently induced in sheep by multiple ligations lateral and 

parallel to the left anterior descending coronary artery from the first diagonal branch.  

Objectives  

• Optimise a procedure for the ligation of the side branches of the coronaries to 

induce non-transmural infarcts. 

• Assess the significant decrease in cardiac function 28 days after the surgical 

procedure and the progressive fibrosis. 

• Study the degeneration of cardiomyocytes at the ultrastructure level after 

ischemia. 

• Evaluate and quantify the post-ischemic remodelling at the level of the 

extracellular matrix.  

 



                                                                                                                                               Introduction 

78 

 

1.8.3 Chapter Four - Elastin-like recombinamers-based hydrogel modulates the 

post-ischemic remodelling in a clinically-relevant model of myocardial 

infarction 

Overall aim 

To evaluate the effect of the multiple intra-myocardial injection of an elastin-like 

recombinamers-based hydrogel on post-ischemic remodelling in an ovine model of 

non-transmural myocardial infarction.  

Hypothesis 

The multiple injection of an ELRs-based hydrogel seven days after MI can influence 

the endogenous remodelling towards a less fibrotic and more perfused ischemic core.  

Objectives  

• Optimise a procedure for the intra-myocardial injection of an ELRs-based 

hydrogel and evaluate the cardiac functional response 21 days after the hydrogel 

injection.  

• Evaluate the effects of the hydrogel on fibrosis 21 days after the injection in the 

ischemic core of the infarct at histological and ultrastructural level.  

• Investigate changes in total sulfated glycosaminoglycans (GAGs) and changes in 

GAGs ratio 21 days in the infarcted regions after the hydrogel injection by 

dimethylmethylene blue (DMMB) assay.  

• Assess changes in the glycosylation of the membrane proteins in the ischemic 

core and border regions in response to the hydrogel 21 days after the injection by 

their binding to biologically relevant lectins.  

 

1.8.4 Chapter Five - Transcriptomic, proteomic and glycomic analyses to reveal 

the mechanism of modulation of post-ischemic remodelling by an elastin-based 

hydrogel  

Overall aim 

To investigate the molecular mechanisms implicated in the improved remodelling 

after the treatment with an elastin-like recombinamers-based hydrogel.  

Hypothesis 

The multiple injection of an ELRs-based hydrogel seven days after MI causes an 

improved cardiac response which depends on the modulation of molecular 

mechanisms in the border zone of the infarct.  
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Objectives  

• Identify the biological pathways that were altered after the hydrogel treatment by 

RNA-sequencing analysis.  

• Evaluate the tissue response in membrane proteins glycosylation by LC-ESI-

MS/MS glycomic analysis.  

• Assess the modulation of tissue response after the hydrogel treatment by 

proteomic analysis.  

• Validate the most prominent differences highlighted by RNA-sequencing and 

proteomic analyses to define a mechanism of action of the ELRs-hydrogel 

treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                                                                                                               Introduction 

80 

 

 

Figure 1.9 3-D illustration showing the hypothesised modulation of the post-

ischemic ECM microenvironment (MI-only) after the ELRs-based hydrogel 

treatment. Increased fibrosis and cardiomyocyte hypertrophy are more pronounced in 

the untreated pathological than in the hydrogel-treated condition. 
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2.1 Introduction 

Glycan moieties can regulate the cell-cell and cell-ECM interactions affecting 

several functions of an organism, including the development and ageing of its organs 

[Hu, Zalik, Huynh]. Due to the technical difficulties and relative novelty of 

techniques developed to assess the presence of different types of glycan moieties, so 

far a limited number of studies have evaluated at the specific structural level which 

glycans characterize fundamental tissues such as the cardiac muscle [Parker, 

InanlooRahatloo].  

 

Pioneering studies started the investigation of glycan expression focusing mainly at 

the histological level, using both lectin histochemistry and electron microscopy to 

confirm and relatively quantify the presence of the different types of glycans across 

the myocardial and skeletal muscle tissues [Bardosi, Lawrenson, Frank, Gros]. 

Specifically, most of these studies differentiate for the heterogeneity of the binding 

signals coming from either the cytosolic or the membrane components of the tissue 

of interest, but they did not evaluate the glycan expression by quantitative methods. 

Therefore, no definitive conclusion could be drawn in relation to the localisation and 

importance of specific moieties across the cardiac tissue. In recent years, 

improvements in the extraction and analysis methods for glycoproteins and 

specifically for N-glycans have allowed the current analysis to be oriented towards 

the detection of precise subgroups and even single-structure glycans expressed in the 

cardiac muscle [Yang, Everest-Dass, Jensen].  

 

Looking at the heart from a gross anatomical level, the distinction between the left 

and right ventricle is closely connected with the main functional role of the left 

ventricle in pumping oxygenated blood towards the circulatory system. In contrast, 

the right ventricle receives de-oxygenated blood and does not require the same 

complexity to regulate the infusion of blood through the entire body. Despite this 

major difference, the main cellular components of the two ventricles remain 

cardiomyocytes and fibroblasts, even though the thickness and length of the two 

walls vary. Only recent studies investigated whether cardiomyocytes belonging to 

either the left or right ventricular wall respond in different ways to ischemic injuries 

[Tracy, de Jonge]. The cellular membranes of cardiac cells and fibroblasts were 

already reported to be composed by glycan moieties, but no precise characterisation 
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was conducted to assess the relative abundance of these glycans using a method 

different from the classical lectin histochemistry (Bardosi, Lawrenson).  

It is already a well-known and reported phenomenon that mammalian embryonic 

hearts have the capacity to regenerate [Drenckhahn]. Surprisingly, one-day-old 

neonatal mice is able to completely regenerate the heart portion resected 

(approximately 15% of the total organ volume) within three weeks [Porrello 2011]. 

The mammalian heart regenerative property is still retained through the initial stages 

after birth, whereas during the heart maturation from the post-neonatal to the adult 

stage the myocardial tissue loses the self-regenerative capacity [Haubner, Wang, 

Notari]. From a cellular perspective, myocardial infarction consists in a massive 

necrosis involving millions of cardiomyocytes located downstream in the tissue that 

is no longer perfused by the recently blocked coronaries. Consequently, there is now 

an urgent clinical need for an effective method to enhance cardiomyocytes 

proliferation in a post-ischemia scenario. Given the importance of glycans in the 

proliferation and differentiation mechanisms, they could be implicated in the early 

regenerative responses seen in the neonatal mammalian hearts. Specifically, the 

investigation of the consistency of the glycoprofile at the cellular membrane level 

could lead to precise modification between the neonatal condition and the adult fully 

differentiated one. Previous studies have established the co-localisation of sialic acid 

moieties at the level of cardiomyocytes membranes and endothelial cells, and thereby 

recognized them as key components of the interactions of these cells with the 

extracellular matrix. Moreover, the role of dysregulation of sialic acids in the ion 

channels activity which is fundamental for heart cells contractility, was defined 

[Monpetit].  

 

For all these reasons, it is hypothesised that myocardial neonatal tissues distinguish 

their glycoprofile at the level of specific sialic acid and mannose-related structures 

from that of the fully differentiated and inter-ventricular conserved adult pattern.   

 

Consequently, the objectives of this study are to:  

 

• Evaluate the myocardial glycan expression pattern between different rat strains 

by lectin histochemistry.  
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• Compare the glycan pattern between left and right ventricles by lectin microarray 

analysis. 

 

• Examine the glycosylation of the membrane proteins at various stages of cardiac 

maturity to identify distinctive features by LC-ESI-MS/MS and lectin microarray 

analyses.  

 

2.2 Materials and methods 

 

2.2.1 Tissue harvesting from adult and neonatal rats  

All adult and neonatal rats were sacrificed at the endpoints planned in other studies, 

which did not affect the circulatory system; and carcasses were kindly made 

available for heart harvesting subject to the NUIG internal regulations. Specifically, 

adult Lewis and Dark Agouti rats were used to assess the glycoprofile between 

different species; secondly, adult Lewis and Fischer rats were used to check for 

differences between left and right ventricle of the heart; and finally, tissues from 

neonatal and their mother rat of the Sprague Dawley strain were used for the 

different stage intra-species comparison. Each animal was wiped with 70% ethanol at 

the level of the thorax where an incision was made to remove the skin layer and then 

the sternum was cut to gain access to the internal organs. The heart was clearly 

distinguishable because of its location in the upper part of the chest and its linkage to 

the lungs; it was then excised by cutting the great vessels. Upon extraction from the 

chest of the animal, each heart was immediately placed in PBS buffer and washed to 

remove the excess of blood. After this, the remaining great blood vessels and atria 

were removed using a fine blade and the heart was positioned in a cross-section 

orientation to clearly distinguish the left ventricle thick wall, the interventricular 

septum and the collapsed thin right ventricle.  

 

2.2.2 Tissue processing and cryosectioning  

Small samples from left and right ventricles of the adult hearts were immediately 

excised, washed briefly with PBS and snap-frozen using dry ice for further protein 

extraction.  Similarly, ventricular samples from neonatal hearts were excised with 

fine scissors and snap-frozen. Samples from the left ventricle of the heart were fixed 
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on freshly prepared 4% paraformaldehyde solution (Appendix A.4) overnight at 4°C 

and washed with PBS to remove the excess fixative. Then, tissue samples were 

infiltrated in freshly prepared sterile-filtered 30% sucrose solution overnight at 4°C, 

embedded in OCT medium and stored at -80°C until cryosectioning (Appendix A.8). 

Sections having a thickness of 5 μm were obtained using the cryostat from the OCT 

blocks. 

 

2.2.3 Alcian blue staining to detected sulfated glycosaminoglycans 

Sections from healthy Lewis and Sprague-Dawley rats were assessed for the 

presence of glycosaminoglycans using Alcian blue solution in acetic acid (Appendix 

A.14). Briefly, after dehydration, sections were stained in Alcian Blue solution  at 

either pH 2.5 or pH 1 for 30 min; the lower pH allowed the detection of highly 

sulfated GAGs. After rinsing in running tap water, sections were counterstained in 

Nuclear Fast Red for ten min. Finally, sections were quickly dehydrated through 

increasing ethanol dilutions, cleared in xylene and covered with the distyrene-

plasticizer-xylene (DPX) mounting medium. A coverslip was put on the top of each 

slide and the mounting medium was left to solidify for a few hours before imaging 

under a light microscope (Leica, Germany).   

 

2.2.4 Glycosylation in myocardial tissue sections 

The cryosections were washed twice for three minutes each with TBS buffer (20 mM 

Tris-HCl, 100 mM NaCl, 1 mM, CaCl2, 1 mM MgCl2, pH 7.2) with 0.05% Tween-

20 (TBS-T) and then once with just TBS buffer. After this, sections were blocked 

with 2% periodate-treated BSA (previously prepared as described in appendix A.9) 

in TBS for one hour at RT. Section were then quickly dipped in TBS before the 

incubation with the corresponding FITC-labelled lectin diluted in TBS for one hour 

at RT. Co-incubation with respective inhibitory control was performed to check the 

specificity of the glycan binding. Co-incubation was performed adding the haptenic 

sugar to the diluted lectin solution one hour before applying this combined solution 

to the sections. After the lectin incubation, sections were washed three times with 

TBS for three minutes each and then mounted using ProLong® Gold antifade with 

DAPI. The slides were kept at 4°C in the dark for one day before imaging (see the 

whole procedure in Appendix A.10). Imaging was performed using an IX81 inverted 
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epifluorescence microscope (Olympus, Japan). Eight to nine images per section of 

each tissue sample were taken using a 20x magnification after staining with DSA, 

MAA and SNA-I lectins and quantified using Image-J after background correction. 

Quantifications relative to WGA and ConA lectins were performed using images 

taken at 40x and 60x magnification, respectively.  

 

2.2.5 Protein extraction and quantification 

Cytosolic and membrane protein fractions were extracted from the snap-frozen tissue 

samples using the Mem-PER Plus Membrane Protein Extraction Kit. Each tissue 

sample weighing approximately 50 mg was washed in Cell Wash Solution and 

vortexed for 30 sec (Appendix A.3). After this, the tissue was cut finely into smaller 

pieces with scissors and put in a 2 ml tissue grinder. Permeabilization Buffer (with 

protease inhibitor cocktail) was added and tissue was homogenized manually until a 

uniform suspension was obtained. Then the suspension was incubated for ten min at 

4°C. The homogenate was centrifuged at 16,000 g for 15 min and then the 

supernatant containing the cytosolic fraction was aliquoted and stored at -80°C. The 

pellet was resuspended with Solubilisation Buffer (with protease inhibitor cocktail) 

until a homogenous suspension was obtained. This was then incubated for 30 min at 

4°C with shaking. This final homogenate was centrifuged at 16,000 g for 15 min and 

then the supernatant containing the membrane proteins was aliquoted and stored at 

4°C. Protein quantification was assessed using a Micro BCA Protein Assay Kit, and 

the sample concentrations fell into the linear working range of the BSA standard 

curve.  

 

2.2.6 Protein labelling for lectin microarray analysis  

Membrane protein samples were thawed on ice and diluted in 1 M sodium 

bicarbonate (pH 8.2) to get a 100 mM solution. Each solution, containing 

approximately from 300 to 500 g of protein, was transferred in an amber tube and 

incubated with 0.1 mg/ml solution of Alexa Fluor® 555-succinimidyl ester. The 

mixed solution was incubated for two hours at RT with gentle shaking and always 

protected from direct light. After the incubation, samples were transferred to a 3 kDa 

molecular weight cut-off Amicon® centrifugal filters and centrifuged at 4000 g for 25 
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min. Flow-through was discarded and filters filled with 4 ml of PBS buffer 

containing protease inhibitor cocktail. Filters were then centrifuged at 4000 g for 50 

min and flow-through was discarded. Final samples of approximately 100 l were 

aliquoted and stored at -80°C. From each sample, absorbances at 280 and 555 nm 

were measured by Nanodrop and protein concentration and labelling calculated.  

 

2.2.7 Lectin microarray analysis on healthy myocardial tissue 

Membrane protein samples previously labelled as described in section 2.2.5 were 

used for the lectin microarray analyses. All lectin microarrays were printed with 48 

lectins (listed in Table 2.2 and Table A.2 in Appendices) according to an established 

protocol [Kilcoyne]. Each lectin microarray slide had a unique barcode indicating the 

printing batch. All the procedures described here prior to scanning needed to be 

performed in a dark room with red light. At the beginning, a titration experiment 

using a concentration of protein from 1 to 10 g/ml was run to assess the optimum 

binding intensity of the sample to the printed lectins and to avoid saturation signals; 

therefore the chosen concentration for all the rat healthy samples was 2.5 g/ml. 

Labelled membrane protein samples were thawed on ice and diluted in TBS-T 

(0.01% of Tween-20) to the optimal concentration in a final volume of 70 l in a 

rubber eight-well gasket (Agilent Technologies, USA). Each slide was carefully 

assembled on the top of the loaded gaskets to avoid splashing of the samples and 

then incubated with gentle rotation (4 rpm) in a hybridization oven at 23°C for one 

hour (Appendix A.11). Following this, the slide was carefully disassembled after 

submerging it in TBS-T buffer and washed three times for three minutes each with 

gentle shaking in TBS-T. A final wash in TBS without Tween-20 was done before 

transferring the slides in empty falcon tubes and centrifuging them at 1500 g for five 

minutes. Finally, the slides were scanned immediately using G2505 microarray 

scanner (Agilent Technologies, USA) at 90% laser power. Image files showing the 

scanned lectin microarrays were processed using GenePix Pro v6.1.0.4 software 

(Molecular Devices, UK). Briefly, an adaptive diameter circular alignment based on 

230 μm features was set in the options and grids were superimposed on the 

subarrays. Local background-corrected median feature intensity data were analysed 

and normalised to the median total intensity value of six replicate microarray slides. 

Clustering of the normalised data from the lectin microarrays was done using 
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Hierarchical Clustering Explorer v3.5 (HCE 3.5, University of Maryland). Data were 

imported and clustered by Euclidean distance with complete linkage.  

 

2.2.8 Processing to extract N-glycans  

Membrane protein samples from adult and neonatal healthy rats, which were 

extracted as described in section 2.2.4, were processed for N- and O-glycan analysis 

after optimising the starting concentration. At least 0.3 mg/ml of protein was needed 

from each sample before starting the procedure. Samples belonging to the same 

group but coming from three different animals were pooled together to get a final 

starting amount of membrane protein of at least 240 g. Extract buffer was 

exchanged to 7 M urea via 30 kDa cut-off spin filter and incubated with 25 mM 

dithiothreitol at 56°C for 45 min. Then, reduced samples were alkylated with 62.5 

mM iodoacetamide at RT for 50 min in the dark. After the alkylation, samples were 

trypsin-digested (5 l) at 37°C overnight. The following day, acetone was added 

which was four-times the amount of the sample to precipitate the protein left at -

20°C for 30 min. Samples were then washed twice with 500 l of 60% methanol and 

pellets were air-dried using a SpeedVac concentrator (Thermo Fisher Scientific, 

USA). After adding 50 l of 50 mM ammonium bicarbonate (pH 8.4) and 1 l of 

PNGase F, samples were incubated at 37°C overnight. After the incubation with 

PNGase F, N-glycans that were present in the samples were separated from (O-

glyco)peptides using a Sep-Pak® C18 cartridge (Waters Corporation, USA). Briefly, 

the cartridge was first conditioned with different dilutions (90% and 10%) of 

acetonitrile (ACN) in 0.5% trifluoroacetic acid (TFA), then with acetic acid (5% 

HAc). After applying the sample, both the eluent and washout with 5% HAc were 

combined. Samples containing N-glycans were subsequently dried with the 

SpeedVac at 30°C. Then N-glycans were reduced by incubation with 50 l of a 

buffer made of 0.5 M sodium borohydride (NaBH4) and 20 mM sodium hydroxide 

(NaOH) at 50°C overnight. The following day, N-glycans were desalted using a 

cation exchange resin AG® 50W-X8 (Bio-Rad, USA) packed onto a ZipTip® C18 tip 

(Merck, Germany). Samples were dried and then resuspended with 50 l of methanol 

(MeOH) and dried with a SpeedVac at least three times to fully remove the traces of 

sodium borohydride. Finally, samples were stored at -20°C until the LC-MS/MS run.  
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2.2.9 Processing to extract O-glycans 

The processing of O-glycans contained in the samples followed the same procedure 

for the N-glycans extraction until the elution with the use of the Sep-Pak® C18 

cartridge (Waters Corporation, USA). During this step, O-glycopeptides were eluted 

by the addition of 65% ACN in 0.5% TFA. Samples were then dried with the 

SpeedVac at 30°C. Then, O-glycans were actually released by the reductive -

elimination reaction. Briefly, samples were incubated in a buffer containing 0.5 M 

sodium borohydride and 50 mM sodium hydroxide at 50°C overnight. The following 

day, samples were desalted using a cation exchange resin AG® 50W-X8 (Bio-Rad, 

USA) packed onto a ZipTip® C18 tip (Merck, Germany). Finally, samples containing 

O-glycans were resuspended with methanol (MeOH) and dried three times before 

storing at -20°C until LC-MS/MS analysis.   

 

2.2.10 N- and O-glycomic analysis 

Released glycans were resuspended in deionized water and analysed by liquid 

chromatograph-electrospray ionization tandem mass spectrometry (LC-ESI/MS) as 

previously reported [Mereiter]. The oligosaccharides were separated on a column (10 

cm × 250 µm) packed in-house with 5 µm porous graphite particles (Hypercarb, 

Thermo-Hypersil, UK). The oligosaccharides were injected in the column and eluted 

with an ACN gradient (Buffer A, 10 mM ammonium bicarbonate; Buffer B, 10 mM 

ammonium bicarbonate in 80% ACN). The gradient (0-45% Buffer B) was eluted for 

46 minutes, followed by a wash step with 100% Buffer B, and equilibrated with 

Buffer A in the following 24 min. A 40 cm × 50 µm i.d. fused silica capillary was 

used as transfer line to the ion source. The samples were analysed in negative ion 

mode on a LTQ linear ion trap mass spectrometer (Thermo Electron, USA), with an 

IonMax standard ESI source equipped with a stainless steel needle kept at –3.5 kV. 

Compressed air was used as nebuliser gas. The heated capillary was kept at 270°C, 

and the capillary voltage was –50 kV. A full scan (m/z 380-2000 two microscans, 

maximum 100 ms, target value of 30,000) was performed, followed by data-

dependent MS2 scans (two microscans, maximum 100 ms, target value of 10,000) 

with normalised collision energy of 35%, isolation window of 2.5 units, activation 

q=0.25 and activation time 30 ms. The threshold for MS2 was set to 300 counts. Data 
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acquisition and processing were conducted with Xcalibur software (Version 2.0.7, 

Thermo Fisher Scientific, USA).   

 

2.2.11 Peaks annotation and intensity calculation from LC-ESI-MS/MS analysis 

Glycans were identified from their MS/MS spectra by manual annotation. For 

structural annotation, some assumptions were made in this study. The biosynthesis of 

N- and O-glycans was assumed to follow the classic pathways. Diagnostic 

fragmentation ions for N- and O-glycans were investigated as described [Everest-

Dass]. Two terminal hexose (Hex2) units were presumed to be -galactose (-Gal) 

and two terminal N-Acetylglucosamine (HexNAc2) determinants were presumed to 

be N-Acetylglucosamine linked to a N-Acetylgalactosaminyl residue (LacdiNAc). 

Chain elongation was expected to be mediated by the addition of N-

acetyllactosamine units. The annotated structures were submitted to the UniCarb-DR 

database (http://unicarb-dr.biomedicine.gu.se/references/351). For comparison of 

glycan abundances between samples, individual glycan structures were quantified 

relative to the total content by integration of the extracted ion chromatogram peak 

area. The area under the curve (AUC) of each structure was normalised to the total 

AUC and expressed as a percentage. 

 

2.2.12 Statistical analysis 

All statistical analysis was performed using Minitab Express software (Minitab, 

Inc. State College, USA). Data from lectin histochemistry were selected by 

significance as assessed by standard Student’s t-test. Data from lectin microarray 

analysis were compared using one-way ANOVA with Tukey’s post-hoc correction 

since they followed a normal distribution. Values were considered significant just 

with p<0.05.  

 

2.3 Results 
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2.3.1 Glycosylation difference in sialic acid between cardiomyocytes cell 

surfaces and capillaries   

With the aim to investigate the patterns of glycans expression across the myocardial 

left ventricle and their consistency, two strains of adult rat (Lewis and Fischer) were 

compared. Initially, the localisation of glycosaminoglycans in myocardial tissue was 

made visible by Alcian blue staining. Glycosaminoglycans such as heparan and 

chondroitin sulphate were clearly detected in the extracellular matrix surrounding the 

cardiomyocytes and in correspondence of the vasculature structures (Figure 2.1). 

Moreover, Alcian blue staining at pH 1 retained binding to highly sulfated 

mucopolysaccharides in the proximity of the tunica externa of the arteries (Figure 

2.1).  A panel of five lectins (Table 2.1) was selected for their binding to general 

mammalian type glycosylation, i.e. sialic acid, mannose (Man) and GlcNAc, to 

examine the local variation of the glycosylation within the myocardial left ventricles 

of both Lewis and Fisher strain adult rats. For both strains, Maakia amurensis 

agglutinin (MAA) binding was observed at the cardiomyocytes membranes which 

indicated the presence of terminal -(2,3)-linked sialic acid residues on all 

cardiomyocyte cell surfaces (Figure 2.2 F,G). Sambucus nigra agglutinin isolectin-I 

(SNA-I) binding was localised with the capillaries between the cardiomyocytes but 

not on cardiomyocyte cell surfaces (Figure 2.2 H-I) which indicates that -(2,6)-

sialic acids are located discretely from -(2,3)-linkages of sialic acids. No significant 

differences were seen in the binding intensity of MAA or SNA-I between the two 

strains. Datura stramonium agglutinin (DSA) was found to be more generic, binding 

both cardiomyocyte membranes and capillaries between cardiomyocytes (Figure 2.2 

D,E) indicating an even distribution of terminal GlcNAc in the heart tissue.  Wheat 

germ agglutinin (WGA) bound intensely to the same cellular surfaces which were 

bound by DSA, (Figure 2.2 A,B), consistent with its affinity for both GlcNAc but 

also with MAA and SNA-I binding due to WGA affinity for sialic acid regardless of 

linkage. Concanavalin A lectin (ConA) is usually employed in tissue histology 

studies to determine the presence and localisation of N-linked glycosylation as it 

binds preferentially to -linked mannose (Man) residues in the core structures of all 

N-linked glycans [Naismith]. In both left ventricles, ConA binding was localised to 

both the cytosolic and the membrane portion of cardiomyocytes (Figure 2.2 J,K). 

This binding to organelles or structures is consistent with immature high mannose 
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glycans, N-linked glycans biosynthesised in the endoplasmic reticulum, and Golgi 

apparatus. ConA binding to the cellular surface of cardiomyocytes was also evident 

but this was not extended to capillary structures, which may indicate that complex N-

linked glycans are in higher proportion in the capillaries indicated by the positive 

staining of the other lectins. The presence of O-linked glycans and/or glycolipids, 

which do not have Man residues, are also likely to contribute to the SNA-I MAA, 

DSA ad WGA binding.  

 

2.3.2 Tissue glycosylation of adult left and right cardiac ventricles is similar 

across rat strains 

Given the importance of glycans in the interaction with the ECM, any potential 

differences in the glycan composition of cardiomyocytes, which are present in two 

cardiac ventricles of the heart, could be an indicator of a different physiological 

function. Left and right ventricular tissue samples were harvested from four 

individuals from two different strains of healthy adult rats (Lewis and Fischer) and 

their membrane proteins extracted and processed specifically for the lectin 

microarray analysis (lectins are listed in Table 2.2). A heat map showing all the 

relative binding intensities to the lectins tested is shown in Figure 2.3. The lectin 

binding profiles of both the left and right membrane proteins showed a consistently 

high binding to WGA, SNA-I, both the isolectin I and II of Trichosanthes japonica 

(TJA), and Ricinus communis agglutinin (RCA-I/120). These data were consistent 

with the previous lectin histochemistry data that indicated the presence of complex-

type glycans. High mannose-type glycan structures were detected by binding to Lens 

culinaris (Lch-B), Calystegia sepium (Calsepa), Narcissus pseudonarcissus (NPA) 

and Galanthus nivalis (GNA) lectins. Moreover, Phaseolus vulgaris isolectin E 

(PHA-E) indicated the presence of bi- and tri-antennary complex type glycans with 

terminal -linked Gal residues. Finally, terminal -linked galactose (-Gal) was 

present across the cardiac ventricles in both the strains, as evidenced by the binding 

to Maclura pomifera (MPA), Vigna radiate (VRA) and Marasmius oreades (MOA) 

lectins. Binding to Griffonia simplicifolia (GS) isolectin B4 indicated that at least a 

proportion of the terminal -Gal present was a component of the terminal Gal--

(1,3)-Gal disaccharide. 
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Hierarchical clustering analysis of the lectin binding intensity data highlighted an 

80% similarity across all the samples tested with the exception of one left ventricle 

from the Fischer strain, which had a similarity of 70% with the rest of the samples, 

and may have represented an outlier (Figure 2.3). None of the groups showed a 

clustering of all its individuals and so the individual variability did not allow the 

distinction of major differences due either to the ventricular or to the strain origin. 

Specifically, samples from both the left and right ventricles were clustered together 

with a total similarity percentage ranging from 80% (including all the samples apart 

from the outlier) to 92% related to two different samples harvested from different 

ventricles and strains (Figure 2.3). Furthermore, one-way ANOVA statistical 

analysis confirmed the outcome of the clustering since no significant difference was 

detected across the lectins that bound to high mannose- and complex-type glycans 

(Figure 2.4). Therefore, glycosylation of cardiac tissues was found to be consistent 

between left and right ventricles also between different rat strains.  

 

2.3.3 Complex N-linked and sialylated glycan structures are more abundant in 

adult and distinctive structures were detected in neonatal myocardium 

In order to assess any variation between neonatal and adult hart tissue glycosylation, 

structural characterisation of oligosaccharides from the tissue was performed. The N- 

and O-linked glycan structures of Sprague Dawley healthy three-day-old and adult 

myocardial left ventricles were analysed by liquid chromatography-mass 

spectrometry (LC-MS/MS) to identify any structural variations in detail (Figure 2.5 

A). Seventy-three putative N-glycans were detected between the samples analysed 

(Table 2.3), showing an overall predominance of complex-type structures over high 

mannose and hybrid type, independently of the developmental stage (Figure 2.5 A). 

Specifically, the relative percentage of complex-type N-linked glycans increased 

from three-day-old to adult samples (56% and 61%, respectively) (Figure 2.5 B). 

Consequently, the amount of high mannose-type N-glycans decreased from 37% at 

early neonatal stage to 31% at the adult stage (Figure 2.5 B). The remaining hybrid-

type structures were found to be 7% in neonatal and 8% in adult (Figure 2.5 B). 

However, the adult tended to have a shorter form of hybrid-type, whereas the 

neonatal tend to have a more sialylated (larger) form of hybrid-type. In the data 

analysed, the predominant high mannose structure was Hex9HexNAc2 (Man9) in 
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both neonatal and adult samples (Figure 2.5 C). Among all the high mannose 

structures quantified, the difference between the groups did not exceed 2%, apart 

from Hex6HexNAc2 (Man6) that decreased from 7% in neonatal to 2% in adult 

(Figure 2.5 C).  

 

The adult tissue had higher expression of sialylated N-glycans (64%) but slightly 

lower core fucosylation (44%) than that of neonatal (57% and 47%, respectively), 

whereas the -(2,6)-linked Neu5Ac level was similar (30%) in both samples. In 

addition, N-linked glycans with disialic acid terminus (Neu5Ac--(2,8)-Neu5Ac) in 

adult rat (10%) were higher than that in neonatal (1%). As shown in Figure 2.5 A, 

Neu5Ac4Hex6HexNAc5deHex1 (m/z 1658, di-sialylated) and Neu5Ac2Hex5HexNAc4 

(m/z 1111, without core fucosylation) were higher in adult stage (6% and 9%) 

compared to the neonatal one (1% and 2%), whereas Neu5Ac2Hex5HexNAc4deHex1 

(m/z 1184, core fucosylated) showed a higher expression in neonatal (19%) than in 

the fully developed stage (13%). N-glycans containing terminal Gal--(1,3)-Gal 

disaccharides were similar between neonatal condition (9%) and adult stage (8%). As 

illustrated in Figure 2.6 A, one complex-type, containing terminal -galactose (Gal-

-(1,3)-Gal--(1,4)-GlcNAc--(1,2)-Man--(1,3)-[Gal--(1-3)-Gal--(1,4)-

GlcNAc--(1,2)-Man--(1,6)-]Man--(1,4)-GlcNAc--(1,4)-GlcNAcol, with [M-H] 

ion of m/z 1965 in Table 2.3), one high mannose-type (Glc--(1,3)-Man- (1,2)-

Man--(1,2)-Man--(1,3)[Man--(1,2)-Man--(1,3) - (Man--(1,2) - Man--(1,6)-

Man--(1,6)]Man--(1,4)-GlcNAc--(1,4)-GlcNAcol, with [M-H] ion of m/z 2045 

in Table 2.3) and one hybrid-type (GlcNAc--(1,2)-Man--(1,3)-[Man--(1,2)-Man-

-(1,3)(Man--(1,2)-Man--(1,6)-Man--(1-6)-]Man--(1,4)-GlcNAc--(1,4)-

GlcNAcol, with [M-H] ion of m/z 1762-1 in Table 2.3) putative structures were 

detected only in the three-day-old group, all having relative percentages around 1%. 

 

2.3.4 O-linked glycan analysis of neonatal and adult myocardium   

O-glycome analysis revealed core 1 and 2 type O-glycans. A total of 15 O-glycans 

were identified across the samples analysed and most of these were sialylated 

(>90%) with either Neu5Ac or Neu5Gc (Table 2.4). Neither core 1 nor 2 O-glycans 

were found to be elongated with oligoLacNAc extension, probably due to high 
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sialylation (≥90%). In adult, the level of core 2 O-glycans was about 42%, while in 

neonatal the level was about 47%; on the other hand, core 1 O-glycans were similar 

between the two samples. Interestingly, a sulfated core 2 O-glycan ([M-H]-ion of m/z 

1120, Table 2.4) was detected exclusively in neonatal tissue (7%), as shown in 

Figure 2.6 B. In addition, core 3 (GlcNAc--(1,3)-GalNAcol and sialyl-Tn (NeuAc-

-(2,6)-GalNAcol) structures had higher abundances in adult tissue than in neonatal 

(with [M-H]-ions of m/z 425 and 513, respectively, in Table 2.4). Neither ABO nor 

Lewis type antigens were detected in either of the samples. 

 

2.3.5 Distinct tissue glycosylation between neonatal and adult myocardium  

Early neonatal (three-day-old), later stage (14-day-old) and fully adult (eight-month-

old) left ventricular tissues of Sprague-Dawley healthy rats were analysed by lectin 

microarray to confirm the variations in glycosylation elucidated by LC-MS/MS 

(Figure 2.7). Three profiles of the membrane glycans indicated binding to most of 

the same lectins that were described in the comparison between adult ventricles, 

although significantly different binding intensities suggested a different expression 

of certain glycan subgroups. The presence of high mannose glycans was suggested 

by binding to Lch-B, Calsepa, NPA, GNA and ConA lectins (Table 2.2). Glycans 

containing sialic acids binding to TJA isolectin I, MAA, SNA and WGA lectins were 

detected. Moreover in adult ventricles, high binding to RCA-I/120 lectin and PHA-E 

suggested that Gal--(1,4)-GlcNAc and bisecting GlcNAc, -Gal/Gal--(1,4-

GlcNAc were present among the complex type glycans. Similarly, terminal -

galactose was expressed also at the neonatal stages, as evidenced by the binding to 

MPA, MOA and GS-I-B4 (Figure 2.7). Hierarchical clustering of the lectin 

microarray binding intensity data showed an 80% similarity across all the samples 

profiled with the exception of one adult individual which had a similarity of 68% 

with the rest of the samples, and may have represented an outlier (Figure 2.7). 

Interestingly, three-day-old neonatal individuals showed an 88% similarity and 

clustered together, showing the highest similarity inside the same group. Groups of 

samples belonging to the 14-day-old stage and fully adult were clustered in a 

dispersed way; thus the individual variability inside each of those groups was higher 

than any distinct difference between the later stage neonatal and adult groups (Figure 

2.7). One-way ANOVA analysis validated the trend in increased complex N-glycans 
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seen by LC-ESI-MS/MS (Figure 2.8 A). Specifically, a higher binding to TJA-I, 

Solanum tuberosum (STA), WGA, Cicer arietinum (CPA) and Lotus tetragonolobus 

(LTA) lectins (Table 2.2) indicated residues which can be present in complex N-

glycans, such as -(2,6)-linked sialic acid, GlcNAc, sialic acid, complex 

glycopeptides and -(1,2/3)-linked fucose, respectively (Figure 2.8 B). Moreover, an 

increased binding to Glycine max (SBA), Agaricus bisporus (ABL) and Arachis 

hypogaea (PNA) lectins (Table 2.2) validated the increase of O-glycan core 1 

residues (GalNAc and Gal--(1,3)-GalNAc) in adult, a rise which was barely seen 

from the O-glycome (Figure 2.8 B). In addition, a whole different ANOVA cluster 

showed a higher binding intensity in the adult group than that in the 14-day-old and 

it was composed by GalNAc-binding lectins RPbAI, SNA-II, Dolichos biflorus 

(DBA), Glechoma hederacea (GHA), Bauhinia purpurea (BPA), Helix pomatia 

(HPA) and GSL-I-A4 (Figure 2.8 B). Finally, the increase in fucosylation seen in 

neonatal N-glycans was reflected in an increased - although non-significant - binding 

to Aleuria aurantia (AAL) lectin (Figure 2.9). Interestingly, no relevant difference 

distinguished the three-day-old from the 14-day-old group, whereas the groups of 

lectins listed above confirm a different glycosylation between the three-day-old and 

the adult stage indicated by clustering analysis.  
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Table 2.1 Lectins used for tissue histochemistry, their binding specificity, used 

concentration and inhibitory carbohydrate (150 mM). 

Lectin and 

abbreviation 

Abbreviation Binding specificity Conc. 

(g/ml) 

Inhibitory 

carbohydrate  

Sambucus 

nigra 

agglutinin 

isolectin-I 

SNA-I Neu5Ac/Gc-

(2,6)-Gal-- 

(1,4)-GlcNAc-R 

20 Lactose 

Maackia 

amurensis 

agglutinin 

MAA Neu5Ac/Gc-

(2,3)-Gal-- 

(1,4)-GlcNAc-R 

15 Lactose 

Concanavalin

A lectin 

 

Con A -linked Man, Glc, 

or GlcNAc 

20 Man 

Wheat germ 

agglutinin 

WGA GlcNAc, 

Neu5Ac/Gc 

10 GlcNAc 

Datura 

stramonium 

agglutinin 

DSA GlcNAc 15 GlcNAc 
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Figure 2.1 Alcian blue staining detects glycosaminoglycans (GAGs) present across 

the myocardial tissue. Alcian blue staining at pH 2.5 (A-B) allows the visualisation 

of GAGs present in the extracellular matrix, which become clearly evident in close 

proximity to vasculature structures (B). Alcian blue staining at pH 1 (C-D) shows 

just the highly sulfated GAGs, which are mostly concentrated just close to the artery 

walls (D). Erythrocytes are stained orange; all other cell nuclei are red. Images B and 

D are 40x magnification of areas selected from left ventricular tissue shown in 

images A and C. These tissues were harvested from adult healthy Lewis and Sprague 

Dawley rats. Scale bar in A,C = 100 m, in B,D = 20 m. 
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Figure 2.2 Lectin binding in left ventricle and relative quantification. The same 

patterns were detected in both Lewis (L) and Dark Agouti (DA) rats. WGA lectin 

binds to NeuAc and GlcNAc residues (A,B), DSA binds to GlcNAc glycans (D,E), 

MAA recognizes -(2,3)-sialylated motifs (F,G), SNA-I binds to -(2,6)-sialylated 

motifs (H,I) and ConA recognises mannose and glucose (J,K). All lectin binding 

intensities were background-subtracted and quantified by Image J. Data are shown as 

mean with standard deviation (C). Student’s t-test, n=4-6 animals per group. Scale 

bar = 50 m.  

 



 

 

 

 

 

Figure 2.3 Hierarchical clustering of glycan moieties detected across the left and right ventricle in two different strains of healthy rat. Lectin 

microarrays showed the binding intensity to the glycans present in the membrane proteins extracted from the left (L) and right (R) ventricle from 

Fischer (A) and Lewis (B) strains of healthy rats. Hierarchical clustering showed an 80% similarity across all the samples tested with the 

exception of LA 1, which had a 70% similarity with the rest of the samples. Samples LA2 and RB3 showed a 92% similarity. Asialofetuin (ASF) 

was used as control glycoprotein and all lectin binding intensities were normalised. 90% laser scans were combined with 10% laser scans when 

intensity binding was saturated (above 60,000 RFU). The experiment was carried out in technical triplicate. N=3 animals per group. 

              A
d

u
lt a

n
d

 n
eo

n
a

ta
l m

yo
ca

rd
ia

l g
lyco

syla
tio

n
 

1
4
1
 



                                                                                       Adult and neonatal myocardial glycosylation 

 

142 

 

 

 

 

 

 

Figure 2.4 Statistical analysis of lectin intensity binding of glycans detected across 

the left and right ventricle in two different strains of healthy rat. Lectin microarrays 

did not show any significant difference between either the left and right ventricle 

inside the same strain or across two different strains. 90% laser scans were combined 

with 10% laser scans when intensity binding was saturated (above 60,000 RFU). 

One-way ANOVA with Tukey’s post hoc correction, n=3 animals per group. 
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Figure 2.5 Extracted ion chromatography (EIC) of the most abundant N-linked 

glycans present in the membrane protein in neonatal and adult healthy myocardial 

tissue. (A) The six most abundant N-glycans structures at m/z 941 (Man9GlcNAc2), 

1235 (Man5GlcNAc2), 1111 (Neu5Ac2Hex5GlcNAc4), 1184 

(Neu5Ac2Hex5GlcNAc4Fuc1) and 1658 (Neu5Ac4Hex5GlcNAc4Fuc1) were chosen to 

show the different relative percentage of Neu5Ac--(2,3)-Gal-, Neu5Ac--(2,6)-

Gal-and Neu5Ac--(2,8)-Neu5Ac- in neonatal and adult left ventricular myocardial 

samples. (B) Adult-stage group showed a 5% increase in complex-type structures 
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and a 6% decrease in the subgroup of high mannose structures compared to three-

day-old neonatal. (C) Among total high mannose structures, Man6GlcNAc2 showed a 

4% increase in relative percentage. The experiment was done using samples pooled 

from three different animals per group. 
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Figure 2.6 Extracted ion chromatography (EIC) of distinctive N- and O-linked 

glycans present in the membrane protein in neonatal and adult healthy myocardial 

tissue. (A) Three N-glycan structures were detected only in left ventricular 

myocardial neonatal sample at m/z 1022 ([M-2H]2- ions, high-mannose precursor), 

881 ([M-2H]2- ions, hybrid-type), and 982 ([M-2H]2- ions, complex-type). (B) EIC of 

dominant core 1 and 2 O-glycans, one sulfated core 2 O-glycan ([M-H]- ions at m/z 

1120) was detected exclusively in neonatal tissue (framed in red). The experiment 

was done using samples pooled from three different animals per group.



 

 
 

 

Figure 2.7 Hierarchical clustering of healthy ventricular samples from neonatal and adult stages. Lectin microarrays showed the binding 

intensity to the glycans present in the membrane proteins extracted from the three-day-old neonatal (P), 14-day-old neonatal (PP) and adult (A) 

ventricular myocardial tissue from Sprague Dawley healthy rats. Hierarchical clustering showed an 80% similarity across all the samples tested 

with the exception of A1, which had a 68% similarity with the rest of the samples. Three-day-old neonatal samples P1, P2 and P4 showed an 

88% similarity and clustered together, showing the highest similarity inside the same group. Asialofetuin (ASF) was used as control glycoprotein 

and all lectin binding intensities were normalised. The experiment was carried out in technical triplicate. All 90% laser scan measurements 

recorded were below the saturation limit (60,000 RFU). N=4 animals per group.  
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Figure 2.8 Higher complex N-glycans and lower core 1 O-glycans at early neonatal 

stage. (A) LC-ESI-MS/MS analysis showed trends of higher expression of complex 

N-glycans and lower core 1 O-glycans in adult left ventricular myocardial tissue 

from Sprague Dawley healthy rats. (B) One-way ANOVA with Tukey’s post hoc 

correction confirmed a higher binding of lectins to complex N-glycans (TJA-I, DSA, 

NPA, upper panel), and core 1 O-glycans (lower panel). N=4 animals per group, 

*p<0.05, **p<0.01, ***p<0.001.  
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Figure 2.9 Higher fucosylation at early neonatal stage. (A) LC-ESI-MS/MS analysis 

showed a trend of higher expression of fucosylated N-glycans in three-day-old left 

ventricular myocardial tissue from Sprague Dawley healthy rats. (B) Lectin 

microarrays indicated an increased binding of three-day-old neonatal sample to AAL 

lectin.  

 

 

 

 



 

 
 

Table 2.2 List of lectins printed on the lectin microarrays, with origin, abbreviation and carbohydrate specificity.  

Lectin Organism Common name Specificity 

AIA, Jacalin  Artocarpus integrifolia  Jack fruit lectin  Gal (sialylation tolerant) 

RPbAI Robinia pseudoacacia Black locust lectin Gal, GalNAc 

PA-I Pseudomonas aeruginosa Pseudomonas lectin Gal, Gal derivatives 

SNA-II Sambucus nigra  Sambucus lectin-II Gal/GalNAc 

SJA Sophora japonica Pagoda tree lectin β-GalNAc 

DBA  Dolichos biflorus  Horse gram lectin GalNAc-α-(1-3)-GalNAc 

GHA Glechoma hederacea Ground ivy lectin GalNAc 

SBA  Glycine max  Soy bean lectin GalNAc-α-(1-3)-Gal 

VVA Vicia villosa Hairy vetch lectin α-linked terminal GalNAc 

BPA  Bauhinia purpurea  Camel's foot tree lectin GalNAc/Gal 

WFA Wisteria floribunda Japanese wisteria lectin GalNAc/sulfated GalNAc 

HPA  Helix pomatia  Garden snail lectin  α-linked terminal GalNAc 

GSL-I-A4 Griffonia simplicifolia  Griffonia lectin-I A4 α-linked GalNAc 

ACA Amaranthus caudatus Amaranthin Sialylated/Gal-β-(1,3)-GalNAc 

ABL Agaricus bisporus  Edible mushroom lectin Gal-β-(1,3)-GalNAc, GlcNAc 

PNA  Arachis hypogaea  Peanut lectin Gal-β-(1,3)-GalNAc 

GSL-II  Griffonia simplicifolia  Griffonia/Bandeiraea lectin-II  GlcNAc 

sWGA Triticum vulgaris Succinyl WGA GlcNAc 

DSA  Datura stramonium  Jimson weed lectin GlcNAc 

STA  Solanum tuberosum  Potato lectin GlcNAc oligomers 

LEL Lycopersicum eculentum Tomato lectin GlcNAc-β-(1,4)-GlcNAc 

Calsepa Calystegia sepium Bindweed lectin Man/Maltose 

NPA  Narcissus pseudonarcissus  Daffodil lectin α-(1,6)-Man 
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Table 2.2 (Continued) 

Lectin Organism Common name Specificity 

GNA  Galanthus nivalis  Snowdrop lectin  Man-α(1,3)- 

HHA  Hippeastrum hybrid  Amaryllis agglutinin Man-α(1,3)-Man-α(1,6)- 

ConA  Canavalia ensiformis  Jack bean lectin Man, Glc, GlcNAc 

Lch-B  Lens culinaris  Lentil isolectin B Man, fucose dependent 

Lch-A Lens culinaris  Lentil isolectin A Man, fucose dependent 

PSA  Pisum sativum  Pea lectin  Man, fucose dependent 

TJA-I Trichosanthes japonica TJA One Sialic acid-α-(2,6)-Gal(NAc) 

WGA Triticum vulgaris Wheat germ agglutinin NeuAc/GlcNAc 

MAA  Maackia amurensis Maackia agglutinin Sialic acid-α-(2,3)-Gal(NAc) 

SNA-I  Sambucus nigra  Sambucus lectin-I  Sialic acid-α-(2,6)-Gal(NAc) 

CCA Cancer antennarius California crab 9-O-acetyl-sialic acid 

PHA-L Phaseolus vulgaris Kidney bean leukoagglutinin tri-/tetra-antennary β-Gal/Gal-β-(1,4)-GlcNAc 

PHA-E Phaseolus vulgaris Kidney bean erythroagglutinin biantennary, bisecting GlcNAc,β-Gal/Gal-β-(1,4-)GlcNAc 

RCA-I/120 Ricinus communis Castor bean lectin I Gal-β-(1,4)-GlcNAc 

AMA Arum maculatum Lords and Ladies agglutinin Gal-β-(1,4)-GlcNAc 

CPA Cicer arietinum Chickpea lectin Complex glycopeptides 

CAA Caragana arborescens Pea tree lectin Gal-β-(1,4)-GlcNAc 

ECA  Erythrina cristagalli  Cocks comb/coral tree lectin  Gal-β-(1,4)-GlcNAc oligomers 

TJA-II Trichosanthes japonica TJA Two Fuc-α(1,2)GalNAc-β(1-   

AAL Aleuria aurantia Orange peel fungus lectin α-(1,6)-linked Fuc 

LTA Lotus tetragonolobus Lotus lectin α-(1,3)-linked Fuc 

UEA-I  Ulex europaeus  Gorse lectin-I α-(1,2)-linked Fuc 

EEA Euonymous europaeus Spindle tree lectin α-Gal 

1
5
0
 

                           A
d

u
lt a

n
d

 n
eo

n
a

ta
l m

yo
ca

rd
ia

l g
lyco

syla
tio

n
 

 



 

 
 

Table 2.3 N-linked glycan structures detected in adult and three-day-old neonatal healthy ventricular tissue. Each m/z value is provided with 

potential composition, putative structure retention time (RT), intensity and relative percentage (%). 

Mass Composition Putative structures RT Adult 
Intensity 

Adult 
% 

Adult 
RT 

Neo 
Intensity 
Neonatal 

% 
Neo 

749 Hex2HexNAc2 Manα1-3Manβ1-4GlcNAcβ1-4GlcNAcol 14.3 659.6 0.5 nd 0.0 0.0 

895 Hex2HexNAc2deHex1 Manα1-6Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 17.2 496.8 0.3 nd 0.0 0.0 

911 Hex3HexNAc2 Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcol 16.7 565.2 0.4 nd 0.0 0.0 

1057 Hex3HexNAc2deHex1 Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 19.5 766.9 0.5 19.4 191.4 0.9 

1073 Hex4HexNAc2 Manα1-3(Man-Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcol 16.0 719.8 0.5 nd 0.0 0.0 

1235 Hex5HexNAc2 Manα1-3[Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 17.7 9028.7 6.2 17.7 1019.0 4.5 

1397-
1 Hex6HexNAc2 Manα1-2Manα1-3[Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 15.3 2814.7 1.9 15.2 1517.4 6.8 

1397-
2 Hex6HexNAc2 Manα1-3[Manα1-2Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 18.6 698.3 0.5 nd 0.0 0.0 

1463 Hex3HexNAc4deHex1 GlcNAcβ1-2Manα1-3(GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 17.1 680.7 0.5 nd 0.0 0.0 

1559-
1 Hex7HexNAc2 Manα1-2Manα1-3[Manα1-3(Manα1-2Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 14.6 1535.4 1.1 14.4 867.0 3.9 

1559-
2 Hex7HexNAc2 Manα1-2Manα1-2Manα1-3[Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 15.3 497.6 0.3 nd 0.0 0.0 

1559-
3 Hex7HexNAc2 Manα1-2Manα1-3[Manα1-2Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 15.5 1892.5 1.3 nd 0.0 0.0 

1600-
1 Hex6HexNAc3 Galβ1-4GlcNAcβ1-2Manα1-3[Manα1-3(Manα1-6)Man α1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 16.1 983.7 0.7 nd 0.0 0.0 

1600-
2 Hex6HexNAc3 Galα1-3Galβ1-4GlcNAcβ1-2Manα1-3(Manα-Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcol 16.7 274.8 0.2 nd 0.0 0.0 

1641 Hex5HexNAc4 Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcol 16.6 338.9 0.2 nd 0.0 0.0 

1666 Hex3HexNAc5deHex1 GlcNAcβ1-2Manα1-3(GlcNAcβ1-4)(GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 14.1 681.7 0.5 nd 0.0 0.0 

1713-
1 NeuAc1Hex4HexNAc3deHex1 NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 18.9 161.6 0.1 nd 0.0 0.0 

1713-
2 NeuAc1Hex4HexNAc3deHex1 Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 21.8 198.5 0.1 nd 0.0 0.0 

1721 Hex8HexNAc2 Manα1-2Manα1-2Manα1-3[Manα1-3(Manα1-2Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 14.6 6719.0 4.6 14.5 1757.0 7.8 

1721 Hex8HexNAc2 Manα1-2Manα1-2Manα1-3[Manα1-2Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 15.5 2419.7 1.7 nd 0.0 0.0 
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Table 2.3 (Continued) 

Mass Composition Putative structures RT Adult 
Intensity 

Adult 
% 

Adult 
RT 

Neo 
Intensity 
Neonatal 

% 
Neo 

1729-
1 NeuAc1Hex5HexNAc3 NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Manα1-6Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcol 16.3 506.3 0.3 nd 0.0 0.0 

1729-
2 NeuAc1Hex5HexNAc3 NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Manα1-3Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcol 20.0 1538.3 1.1 nd 0.0 0.0 

1762-
1 Hex7HexNAc3 GlcNAcβ1-2Manα1-3[Manα1-2Manα1-3(Manα1-2Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol nd 0.0 0.0 17.6 232.3 1.0 

1762-
2 Hex7HexNAc3 Galα1-3Galβ1-4GlcNAcβ1-2Manα1-3[Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 18.2 492.2 0.3 nd 0.0 0.0 

1787 Hex5HexNAc4deHex1 Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 18.5 343.0 0.2 18.5 337.6 1.5 

1875-
1 NeuAc1Hex5HexNAc3deHex1 NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Man-Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 18.2 322.8 0.2 18.0 70.7 0.3 

1875-
2 NeuAc1Hex5HexNAc3deHex1 NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Man-Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 21.3 2193.4 1.5 21.3 293.9 1.3 

1883 Hex9HexNAc2 
Manα1-2Manα1-2Manα1-3[Manα1-2Manα1-3(Manα1-2Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-
4GlcNAcol 14.8 17655.7 12.1 14.7 2827.3 12.6 

1891-
1 NeuAc1Hex6HexNAc3 NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-3[Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 17.5 967.3 0.7 17.5 315.0 1.4 

1891-
2 NeuAc1Hex6HexNAc3 NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3[Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4GlcNAcol 20.6 3112.6 2.1 20.6 500.0 2.2 

1932-
1 NeuAc1Hex5HexNAc4 Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcol 18.0 1414.8 1.0 17.9 167.3 0.7 

1932-
2 NeuAc1Hex5HexNAc4 Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4GlcNAcol 21.1 988.8 0.7 21.0 253.5 1.1 

1949-
1 Hex6HexNAc4deHex1 

Galβ1-4GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-
6)GlcNAcol 19.8 816.3 0.6 19.8 134.9 

0.6 

1949-
2 Hex6HexNAc4deHex1 

Galα1-3Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-
6)GlcNAcol 20.1 68.6 0.0 nd 0.0 0.0 

1965 Hex7HexNAc4 
Galα1-3Galβ1-4GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4GlcNAcol nd 0.0 0.0 19.6 173.4 0.8 

2037-
1 NeuAc1Hex6HexNAc3deHex1 

NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-3[Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4(Fucα1-
6)GlcNAcol 19.4 324.6 0.2 19.3 51.8 0.2 

2037-
2 NeuAc1Hex6HexNAc3deHex1 

NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3[Manα1-3(Manα1-6)Manα1-6]Manβ1-4GlcNAcβ1-4(Fucα1-
6)GlcNAcol 22.1 1236.7 0.8 22.0 200.5 0.9 

2045 Hex10HexNAc2 
Glcα1-3Manα1-2Manα1-2Manα1-3[Manα1-2Manα1-3(Manα1-2Manα1-6)Manα1-6]Manβ1-
4GlcNAcβ1-4GlcNAcol nd 0.0 0.0 15.5 250.0 1.1 
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Table 2.3 (Continued) 

Mass Composition Putative structures RT Adult 
Intensity 

Adult 
% 

Adult 
RT 

Neo 
Intensity 
Neonatal 

% 
Neo 

2078-
1 NeuAc1Hex5HexNAc4deHex1 

NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-
6)GlcNAcol 19.7 2892.1 2.0 19.6 935.1 4.2 

2078-
2 NeuAc1Hex5HexNAc4deHex1 

Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-4(Fucα1-
6)GlcNAcol 22.6 3105.7 2.1 22.5 532.6 2.4 

2094-
1 NeuAc1Hex6HexNAc4 

Galα1-3Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4GlcNAcol 19.3 707.1 0.5 19.2 105.0 0.5 

2094-
2 NeuAc1Hex6HexNAc4 

NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4GlcNAcol 21.9 777.1 0.5 21.8 228.0 1.0 

2111 Hex7HexNAc4deHex1 
Galα1-3Galβ1-4GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4(Fucα1-6)GlcNAcol 21.1 1068.1 0.7 21.1 273.7 1.2 

2223-
1 NeuAc2Hex5HexNAc4 

NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4GlcNAcol 19.3 8802.4 6.0 19.2 177.7 0.8 

2223-
2 NeuAc2Hex5HexNAc4 

NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4GlcNAcol 21.4 1679.4 1.2 nd 0.0 0.0 

2223-
3 NeuAc2Hex5HexNAc4 

NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4GlcNAcol 22.4 2139.9 1.5 22.2 331.9 1.5 

2223-
4 NeuAc2Hex5HexNAc4 

NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4GlcNAcol 24.6 2518.0 1.7 24.6 336.0 1.5 

2240-
1 NeuAc1Hex6HexNAc4deHex1 

Galα1-3Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4(Fucα1-6)GlcNAcol 20.8 4710.0 3.2 20.7 567.1 2.5 

2240-
2 NeuAc1Hex6HexNAc4deHex1 

NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(Galα1-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4(Fucα1-6)GlcNAcol 23.2 2630.0 1.8 23.2 653.3 2.9 

2369-
1 NeuAc2Hex5HexNAc4deHex1 

NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4(Fucα1-6)GlcNAcol 20.8 4873.2 3.3 20.7 1131.5 5.0 

2369-
2 NeuAc2Hex5HexNAc4deHex1 

NeuAcα2-6Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4(Fucα1-6)GlcNAcol 23.6 6215.0 4.3 23.5 1420.5 6.3 

2369-
3 NeuAc2Hex5HexNAc4deHex1 

NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-4GlcNAcβ1-
4(Fucα1-6)GlcNAcol 25.8 7379.5 5.1 25.9 1659.2 7.4 

2514 NeuAc3Hex5HexNAc4 
NeuAcα2-8NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4GlcNAcol 22.7 2754.9 1.9 nd 0.0 0.0 

2660-
1 NeuAc3Hex5deHex4deHex1 

NeuAcα2-8NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 24.0 693.7 0.5 nd 0.0 0.0 

2660-
2 NeuAc3Hex5deHex4deHex1 

NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-3(NeuAcα2-8NeuAcα2-3Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 26.9 967.1 0.7 nd 0.0 0.0 

 

 

1
5
3
 

                                  A
d

u
lt a

n
d

 n
eo

n
a

ta
l m

yo
ca

rd
ia

l g
lyco

syla
tio

n
 

 



 

 
 

Table 2.3 (Continued) 

Mass Composition Putative structures RT Adult 
Intensity 

Adult 
% 

Adult 
RT 

Neo 
Intensity 
Neonatal 

% 
Neo 

2734-
1 NeuAc2Hex6HexNAc5deHex1 

2NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 23.7 419.7 0.3 23.8 1754.5 7.8 

2734-
2 NeuAc2Hex6HexNAc5deHex1 

2NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 25.2 869.0 0.6 25.0 71.5 0.3 

2734-
3 NeuAc2Hex6HexNAc5deHex1 

2NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 26.1 1390.5 1.0 26.0 98.3 0.4 

2734-
4 NeuAc2Hex6HexNAc5deHex1 

2NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 28.0 495.9 0.3 nd 0.0 0.0 

2880-
1 NeuAc3Hex6HexNAc5 

3NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4GlcNAcol 23.9 807.6 0.6 nd 0.0 0.0 

2880-
2 NeuAc3Hex6HexNAc5 

3NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4GlcNAcol 25.4 390.0 0.3 nd 0.0 0.0 

2880-
3 NeuAc3Hex6HexNAc5 

3NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4GlcNAcol 27.6 663.6 0.5 nd 0.0 0.0 

3026-
1 NeuAc3Hex6HexNAc5deHex1 

3NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 24.9 1382.0 0.9 24.8 376.5 1.7 

3026-
2 NeuAc3Hex6HexNAc5deHex1 

3NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 26.1 2655.1 1.8 nd 0.0 0.0 

3026-
3 NeuAc3Hex6HexNAc5deHex1 

3NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 27.8 2658.1 1.8 27.3 157.9 0.7 

3026-
4 NeuAc3Hex6HexNAc5deHex1 

3NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 30.2 3463.7 2.4 nd 0.0 0.0 

3317-
1 NeuAc4Hex6HexNAc5deHex1 

4NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 27.1 141.1 0.1 nd 0.0 0.0 

3317-
2 NeuAc4Hex6HexNAc5deHex1 

4NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 29.7 5113.0 3.5 30.0 164.0 0.7 

3317-
3 NeuAc4Hex6HexNAc5deHex1 

4NeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3(Galβ1-4GlcNAcβ1-2Manα1-6)Manβ1-
4GlcNAcβ1-4(Fucα1-6)GlcNAcol 30.6 3905.4 2.7 nd 0.0 0.0 

3391 NeuAc3Hex7HexNAc6deHex1 
3xNeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3[Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-
6)Manα1-6]Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 28.5 519.6 0.4 28.3 197.3 0.9 

3682-
1 NeuAc4Hex7HexNAc6deHex1 

4xNeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3[Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-
6)Manα1-6]Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 30.2 1181.7 0.8 30.2 93.7 0.4 

3682-
2 NeuAc4Hex7HexNAc6deHex1 

4xNeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3[Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-
6)Manα1-6]Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 33.2 303.6 0.2 nd 0.0 0.0 

3973 NeuAc5Hex7HexNAc6deHex1 
5xNeuAc+Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-4)Manα1-3[Galβ1-4GlcNAcβ1-2(Galβ1-4GlcNAcβ1-
6)Manα1-6]Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAcol 35.9 1480.3 1.0 35.5 42.1 0.2 
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Table 2.4 O-linked glycan structures detected in adult and three-day-old neonatal healthy ventricular tissue. Each m/z value is provided with 

potential composition, putative structure retention time (RT), intensity and relative percentage (%). 

Mass Composition Putative structures RT Adult Intensity Adult % Adult RT Neo Intensity Neo % Neo 

384 Hex1HexNAc1 Galβ1-3GalNAcol 6.8 852.2 3.9 6.8 1037.0 4.3 

425 HexNAc2 GlcNAcβ1-3GalNAcol 8.9 581.3 2.6 nd 0.0 0.0 

513 NeuAc1HexNAc1 NeuAcα2-6GalNAcol 9.1 311.6 1.4 nd 0.0 0.0 

587 Hex1HexNAc2 Galβ1-3(GlcNAcβ1-6)GalNAcol 9.2 96.2 0.4 nd 0.0 0.0 

675-1 NeuAc1Hex1HexNAc1 Galβ1-3(NeuAcα2-6)GalNAcol 9.8 2274.0 10.3 9.6 1039.3 4.3 

675-2 NeuAc1Hex1HexNAc1 NeuAcαα2-3Galβ1-3GalNAcol 11.4 3164.3 14.3 11.3 2896.0 12.1 

691-1 NeuGc1Hex1HexNAc1 Galβ1-3(NeuGcα2-6)GalNAcol 9.7 66.3 0.3 15.2 1517.4 6.3 

691-2 NeuGc1Hex1HexNAc1 NeuGcα2-3Galβ1-3GalNAcol 11.2 129.0 0.6 nd 0.0 0.0 

749 Hex2HexNAc2 Galβ1-3(Galβ1-4GlcNAcβ1-6)GalNAcol 11.2 837.1 3.8 11.2 316.1 1.3 

878 NeuAc1Hex1HexNAc2 NeuAcα2-3Galβ1-3(GlcNAcβ1-6)GalNAcol 13.5 151.6 0.7 nd 0.0 0.0 

966 NeuAc2Hex1HexNAc1 NeuAcα2-3Galβ1-3(NeuAcα2-6)GalNAcol 13.0 5353.0 24.2 13.0 6140.1 25.6 

1040-1 NeuAc1Hex2HexNAc2 NeuAcα2-3Galβ1-3(Galβ1-4GlcNAcβ1-6)GalNAcol 15.9 1157.5 5.2 15.8 1252.5 5.2 

1040-2 NeuAc1Hex2HexNAc2 Galβ1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-6)GalNAcol 18.5 1392.0 6.3 18.4 2536.0 10.6 

1120 NeuAc1Hex2HexNAc2Sul1 NeuAcα2-3Galβ1-3[(3S)Galβ1-4GlcNAcβ1-6]GalNAcol                                         nd 0.0 0.0 19.8 1582.8 6.6 

1331 NeuAc2Hex2HexNAc2 NeuAcα2-3Galβ1-3(NeuAcα2-3Galβ1-4GlcNAcβ1-6)GalNAcol 22.1 5708.3 25.9 22.2 5708.1 23.8 
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2.4 Discussion  

Cardiac regenerative potential is present in mammals only at the early neonatal stage 

[Porrello 2011], and the rapid loss of this capability is a well-known limitation of this 

type of tissue after the occurrence of ischemic damage. Due to the importance of 

glycosylation in the regulation of the cellular microenvironment through interactions 

of the cell glycocalyx and the ECM, identifying glycosylation-related mechanisms 

associated with pathological degeneration could provide key targets for novel 

therapeutic strategies [Mohd Isa, Paszek]. Moreover, recently glycosylation 

differences of ECM and cells related to ageing were characterized [Collin], and in 

the cardiac field a precise correlation was found between the alterations in the 

structure and function of heparan sulphate and the physiological decline of growth 

factor recruitment in the ECM [Huynh].   

 

Studies to characterize the glycosylation of the myocardial and skeletal muscle 

tissues have been mainly histologically based to date using lectins to indicate the 

presence of different types of glycosylation [Bardosi, Lawrenson, Frank, Gros]. Most 

of these studies differentiated for cytosolic or membrane localisation in the tissue of 

interest. Cardiomyocytes, fibroblasts and capillaries structures populate both 

ventricular walls of the heart and so far very few studies have focused on any 

possible regional-dependent different physiological responses to external insults 

[Tracy, de Jonge]. The work presented in this chapter not only localized the binding 

of a panel of biologically-relevant lectins to rat cardiomyocytes surfaces and 

capillaries, but assessed the consistency of the glycosylation expression across 

different strains of rat healthy left and right cardiac ventricles. Further, a differential 

localisation of terminal sialic acids with different linkages with -(2,6)-sialylation 

located on capillaries and -(2,3)-sialylation on the cardiomyocytes membranes was 

seen. SNA binding to capillaries but not to cardiomyocytes was likely to be as a 

result of the lack of -(2,6)-sialic acids on the cell surface, consistently with what 

had been previously reported [Lawrenson]. From a ligand-receptor perspective, the 

consistent expression of -(2,6)-sialic acids on surfaces of vessels could be a 

mechanism by which regulate the receptors implicated with angiogenesis, such as 

vascular endothelial growth factor receptor (VEGFR), hepatocyte growth factor 

receptor (HGFR) and epidermal growth factor-related ERBB receptor [Ferreira]. 
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Recently, a high abundance of this linkage of sialic acid was assessed also in vessels 

characterizing anti-VEGF sensitive tumours [Croci] and the knockdown of -2,6-

sialyltransferase (ST6Gal-I) significantly reduced the motility of colon cancer cells 

[Qian].   

The consistent expression of GlcNAc residues on the cardiomyocytes surfaces 

reflects previous findings [Bardosi, Emde] and indicates the relevance of this glycan 

in the composition of the glycocalyx which characterises the cellular membrane. 

Binding to DSA lectin was seen both by lectin histochemistry and microarrays, and 

indeed their binding residues GlcNAc--(1,4) and Gal--(1-4)-GlcNAc were 

detected also in the N-glycans structures by LC-MS/MS. Nevertheless, there were 

not relevant differences associated with the expression of these residues in the 

current ageing comparison.   

 

The main limitation of the results hereby presented stems from the variability of the 

strains of rat and genders which were used for the initial determination of a healthy 

adult baseline, whereas the same strain was used for the final ageing comparison. Rat 

myocardial left ventricle tissues from two post-neonatal stages (three- and 14-day-

old) had consistent glycosylation and both differed from adult glycosylation. After 

the recent advances in the development of LC-ESI-MS/MS to quantify N- and O-

glycans [Jensen, Yang, Frost], it was possible to see for the first time in this study a 

higher expression of complex glycans on the cellular membrane and ECM in the 

adult stage than that in the early neonatal, including di-sialylated N-glycans (NeuAc-

(2-8)-NeuAc). The higher expression of complex-type structures correlates with the 

lectin microarray, in particular in the binding to WGA, CPA and LTA lectins. A 

higher binding to WGA reflected the increased sialylation in adult detected in N-

glycans by LC-MS/MS. Previous studies have established the importance of both N- 

and O-linked glycans in the voltage gated ion channel activity which is fundamental 

for heart cells contractility [Monpetit, Schwetz]. Specifically, enzymatic 

desialylation experiments were performed to demonstrate the modulation of the 

functioning of voltage-gated potassium channels by N- and O-glycans [Schwetz 2010 

and 2011], and the relevance of polysialic acid was highlighted on the conductive 

properties of cardiac cells. Deletion of the -(2,8)-sialyltransferase 8B enzyme 

significantly affected the action potential of sodium channels in atrial 
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cardiomyocytes whereas this did not occur with ventricular cardiomyocytes 

[Montpetit]. In the current study, the higher expression of NeuAc-(2-8)-NeuAc 

detected in the adult than in the neonatal ventricular whole membrane and ECM 

lysate could instead reflect the role of polysialic acid in the regulation of cell-ECM. 

This specific structure has been studied for the potential activation of fibroblast 

growth factor signalling by its expression on neural cell adhesion molecules 

(NCAM) [Kiselyov, Ferreira 2018]. 

 

N-linked glycan analysis showed a 5% increase in the portion of complex-type 

structures and a 6% decrease in the subgroup of high mannose structures in adult 

compared to three-day-old neonatal. Interestingly, the results of the LC-MS/MS 

analysis performed in this study identified a 4% increase in relative percentage of the 

Man6GlcNAc2-structure in neonatal cardiac tissue. The greater expression of this 

high mannose type structure in neonatal tissue may be an indication of stemness of 

the tissue, as high percentages of high mannose structures were detected in total 

protein lysates of pluripotent stem cells [Fujitani, Hasehira]. Therefore, the increase 

in surface expression of high mannose structures may be due to the temporary 

expansion of the endoplasmic reticulum which is needed for the translational 

processes more than being a sign of cellular stress [Cherepanova, Bieberich].   

Moreover, in this study three N-glycan structures that were present only in the 

neonatal tissue were identified. Among these structures, a complex-type structure 

with terminal Gal--(1,3)-Gal disaccharide ([M-H] ion of m/z 1965) and a high 

mannose type structure, Hex10HexNAc2 (Glc1Man9) ([M-H]-ion of m/z 2045), were 

also previously not found in adult tissue [Parker]. The detection of Hex10HexNAc2 

exclusively in neonatal tissue, together with increase in the abundance of 

Man6GlcNAc2, might indicate a different cellular-type composition at three days 

after birth, i.e. in the middle of the self-regenerating capability of the mammalian 

heart [Porrello 2011]. Finally, the observed decrease in high mannose-type N-glycans 

in myocardial total membrane samples upon ageing reflects the same trend seen in 

both differentiated cardiomyocytes and fibroblasts when compared to induced 

pluripotent stem cells (iPSCs) [Hasehira, Kawamura]. Nevertheless, the distinctive 

increase in the relative abundance of Man5GlcNAc2- in iPSCs [Hasehira] was not 

seen in the neonatal total membranes, whereas Man6GlcNAc2- and Man10GlcNAc2- 

accounted for the higher abundance in total high mannose retained at the early 
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neonatal stage (three days after birth). Consistent with these findings relative to high 

mannose-type N-glycans, the stemness of three-day-old neonatal tissue was 

highlighted also by two additional observations in this study. First, the reported 

decrease in sialylated N-glycans in neonatal was reported also when comparing 

differentiated cardiomyocytes to stem cells [Kawamura]. Second, the increase in core 

fucosylation seen both in N-linked glycans correlated with its already reported 

distinctive presence in undifferentiated (iPSCs) rather than in the somatic state 

(fibroblasts) [Hasehira].    

 

Further, the current work is the first structural analysis of O-linked glycans in rat 

cardiac tissue, either neonatal or adult. Interestingly, in both neonatal and adult, 

unlike O-glycans containing both Neu5Ac and Neu5Gc, all detected sialylated N-

glycans contained only Neu5Ac. This finding could be in contrast with the 

previously reported expression of Neu5Gc in the total lysate of cardiomyocytes and 

ventricular/atrial tissue [Hasehira, Montpetit], but the samples analysed in this study 

were membrane proteins. Therefore, the accumulation of N-linked glycans 

containing NeuGc in the intracellular portion as a result of a metabolic pathway 

might account for this difference [Bergfeld]. On the other hand, the retention of 

NeuGc on the epithelial cells whose glycocalyx contain O-linked glycans could 

justify why they were detected in both neonatal and adult. This limited localisation 

would also partially explain the detection of a sulfated core 2 O-glycan structure 

(NeuAc--(2-3)-Galβ1-3[(3S)Galβ1-4GlcNAcβ1-6]GalNAcol) which is a 

carbohydrate determinant present on the glycoproteins coating endothelial mucins 

such as CD34 [Arata-Kawai, Hernandez Mir].  

 

2.5 Conclusions 

In conclusion, these results show glycosylation in different stages of healthy 

myocardial tissue. Consistent glycosylation was shown across the left ventricular 

tissue and was demonstrated to be similar to that across the right ventricle. 

Moreover, rat maturation is associated with precise changes in N- and O-linked 

glycan structures which were screened by LC-ESI-MS/MS and validated by lectin 

microarray analysis. These findings represent a well-characterized basis of 

comparison for the investigation of glycosylation changes in the myocardial tissue in 

a pathological scenario such as ischemia or cardiac pressure overload. With the 
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identification of potential glycans targets in this work, the future glycan-targeted 

therapies might be designed to enhance an ECM-inspired restoration of the 

myocardial tissue following myocardial infarction.  
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3.1 Introduction 

Myocardial infarction (MI) belongs to the family of cardiovascular diseases that 

accounts for approximately one third of worldwide mortality [Roger]. The occlusion 

of the coronaries by the detachment of an atherosclerotic plaque interrupts the 

constant oxygenation needed in the cardiac muscle and quickly induces the death of 

cardiomyocytes. The first necrotic phase leads to the migration of a massive 

inflammatory infiltrate which is made of macrophages and lymphocytes to the site of 

damage. Together with the inflammatory cells, the paracrine signalling coming from 

macrophages induces a massive recruitment of fibroblasts, which under the induction 

of specific growth factors and cytokines such as TGF- and IL1, transdifferentiate 

to the myofibroblast phenotype. Myofibroblasts are responsible for the deposition of 

collagen fibres which build the non-contractile scarring across the infarcted 

myocardium. At the clinical level, the scar formation in the left ventricle of the heart 

leads to a dyskinetic behaviour and a progressive dilation of the left ventricle 

chamber, and finally to heart failure with a high risk of mortality.  

To reproduce this pathology at a preclinical level, different models have been studied 

and optimised to achieve a functional and molecular outcome similar to those seen in 

clinical cases. Preclinical studies from rodents to large animals such as porcine and 

ovine mainly induce myocardial infarction by the ligation of the coronaries, 

specifically with an established preference of the ligation of the left anterior 

descending coronary artery (LAD) [Chen, Holladay, Le, Song].  

The first pioneering trials by Harris et al. in 1950 reported the induction of large 

gross infarcts in the canine left ventricle together with histamine release and delayed 

ectopic activity for four hours after the occlusion [Harris 1943 and 1950]. 

Specifically, the further the ligature was from the ostium of the left coronary artery, 

the lower was the mortality which reached a minimum value of 25% at the distance 

of 2.6 to 3 cm. At the same time, the percentage of animals effected by rapid ectopic 

systoles increased from 33 to 100% together with the increase in the distance of 

ligature. The main drawback of the LAD procedure which is currently being adopted 

in animal studies consists in the large extension of the infarcted area in the left 

ventricle which implicates a high associated mortality and poor resemblance of the 

actual clinical cases. Indeed, cardiomyopathies reported in the clinical theatres are 

partial and non-transmural infarcts, and often involve multiple small regions of the 

left ventricle. For this reason, methods to reproduce the clinical cases have already 
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begun to be optimised both to limit the extension of the infarct up to approximately 

25% of the left ventricular mass of the infarct and to bring the overall mortality down 

to around 17% [Moainie, Schmitto].  

At the molecular level, the deposition of collagen is the endpoint of the left 

ventricular remodelling process which compensates for the loss of cardiomyocytes. 

Indeed, the whole post-ischemia process can be seen as the path of an immunological 

response involving different populations of macrophages and inflammatory cells 

[Frangogiannis]. Specifically, the initial inflammation phase involves the migration 

of neutrophils into the ischemic area, and macrophages are responsible for the 

removal of dead cells and matrix debris resulting from the necrosis of 

cardiomyocytes. After this first inflammatory phase, macrophages are alternatively 

activated to promote a tissue reparative response which includes angiogenesis and 

formation of granulation tissue. Specifically, the macrophages that derive from the 

Ly-6Clo monocytes and express vascular-endothelial growth factor drive a host 

healing response by the secretion of cytokines such as IL10 and TGF- and lipid 

mediators [Frangogiannis]. The timely-orchestrated sequential expression of 

different types of macrophages determines the ventricular remodelling after 

ischemia, and a dysregulation in favour of a chronic pro-inflammatory state leads to 

higher hypertrophy, matrix degradation and worse cardiac function [Mann 2005]. It 

has also been shown that the depletion of neutrophils causes a dysregulation in the 

polarization of macrophages, an increase in fibrosis and finally leads to a hypokinetic 

behaviour of the left ventricular walls [Horckmans].  

The final host response of cardiac tissue to an ischemic injury results in the fibrotic 

deposition of collagen type I and III. Due to the heterogeneity in this scarring 

process, the organ functionality can be severely effected by this process, with 

progressive dyskinetic behaviour of the left ventricle and possible heart failure. The 

main cellular players in this deposition are myofibroblasts whose role in the delay in 

the conduction of the electrical impulse and induction of arrythmogenicity has 

recently been the subject of studies [Vasquez, Rosker].  

It is understood that post-ischemic myocardial remodelling affects the original 

composition of the cardiac extracellular matrix by the disruption of the initial balance 

of glycosaminoglycans, proteoglycans and other matrix components. This affects not 

only the structural and mechanical stability of the extracellular environment but also 

leads to serious consequences on the molecular pathways including the recruitment 
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of growth factors such as vascular endothelial growth factor (VEGF), platelet-

derived growth factor (PDGF) and fibroblast growth factor (FGF). These growth 

factors have been extensively studied over recent decades for their therapeutic 

potential in the repair of the ischemic ventricular environment, investigating also the 

side effects of their unregulated expression [Yanagisawa-Miwa, Marsano, Lee, 

Detilleux, Hao].  

 

In this study, it is hypothesised that a large animal model of non-full thickness 

myocardial infarction can be established and characterized at the gross anatomical, 

extracellular matrix and ultrastructure level.  

 

Consequently, the objectives of this study are to:  

 

• Optimise a procedure for the suture ligation from the first diagonal coronary to 

induce non-transmural infarcts. 

 

• Assess the significant decrease in cardiac functionality 28 days after the surgical 

procedure and the progressive fibrosis. 

 

• Study the degeneration of cardiomyocytes at the ultrastructure level after 

ischemia. 

 

• Evaluate and quantify the post-ischemic remodelling at the level of the 

extracellular matrix.  

 

3.2 Materials and methods 

 

3.2.1 Ovine model of non-full thickness myocardial infarction  

Romanov eight-month-old adult male sheep underwent an induction procedure of 

myocardial infarction through open thoracotomy. Animals were sedated with 

Telazol® 6 mg/kg (Zoetis, USA) and endotracheally intubated. Anesthesia was 

maintained with 1–2% isoflurane (Baxter, USA). The animals were monitored with 

electrocardiogram (ECG) and invasive arterial pressure measurements throughout the 
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procedure of anaesthesia. Animals received magnesium 2 mg intravenously (Pfizer, 

USA), and amiodarone 1.5 mg/kg intravenously (Pfizer, USA), before the infarction 

was induced and an intravenous infusion of amiodarone 0.01 mg/kg/min for 60 min 

afterwards, to prevent ventricular arrythmias. At induction and after surgeries, all 

sheep received intramuscular benzylpenicillin 600mg (Pfizer, USA) three times a 

day, and streptomycin 500mg twice daily (Pfizer, USA), for five days. For analgesia 

after surgeries, flunixin meglumine 2.2 mg/kg (Excella GmBH, Germany) was used 

for five days, and if lung oedema was detected, hydrocortisone 250 mg intravenous 

(Pfizer, USA) was administered three times a day.  

Induction of myocardial infarction was performed by the ligation of multiple, 

strategic coronary artery ligations on the LV lateral to and parallel to the left anterior 

descending artery (LAD). Specifically, a left lateral thoracotomy was performed 

through the fourth intercostal space, followed by a pericardiotomy. Deep non-

transmural ligations were performed with 2/0 PROLENE™ (Ethicon EMEA, 

Belgium) at 2 cm intervals lateral and parallel to the LAD from the first diagonal 

moving distally towards and up to 4 cm from the apex. The pericardium was closed 

with 4/0 PROLENE™ after obtaining absolute haemostasis, leaving a chest tube 

with its tip in the pericardial sac and the remnant holes in the left chest before the 

thoracotomy was closed in layers, and the animal recovered. Long blue sutures were 

used to ligate the coronaries and track the infarction site for the following treatment 

injection procedures. 

 

3.2.2 Pain management and humane endpoints  

Premedication and anesthetic drugs were evaluated by an anesthetist. After tracheal 

intubation, each animal was connected to a standard circle anesthetic circuit. 

Sevoflurane in oxygen was delivered by use of an out-of-circuit precision 

sevoflurane vaporizer. Premedication was performed for selected sheep, and carried 

out under sterile conditions performing intramuscular injection to administer 

medicines for the premedication: Xylazine (1 mg/kg, intramuscular) then 

butorphanol (0.2 mg/kg, intramuscular), without additional suffering. Butorphanol 

was repeated after 1 hour during operation for pain management. After surgery, 

animals were monitored for signs of pain and distress including reduced activity, 

failure to groom, reduced food or water intake, eye squinting or pale eyes, teeth 
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grinding, changes in posture, guarding, and aggressiveness. If these signs were 

observed, it was discussed with veterinary staff whether to provide appropriate 

interventions such as additional administration of analgesia (buprenorphine) and, in 

the event that the pain proved unmanageable, the animals were euthanized. At three 

weeks after surgery, animals were euthanized by pentobarbital sodium (5 mg/kg) 

injection under anaesthesia in line with the Veterinary Medical Association 

Guidelines. After five minutes, animals were checked for heart pulse. Animals which 

experienced undue pain or distress requiring humane intervention were euthanized in 

the same manner. 

 

3.2.3 Functional response by echocardiographic measurements 

Echocardiography measurements were recorded the day before each surgical 

procedure and before the study time points. The extension of the ischemic area was 

visible by the discoloration on the epicardial surface in the minutes following the 

suture ligation. No ST elevation was noted on ECG monitoring during this period, 

suggesting that although there were signs of ischaemic injury in the areas of suture 

ligation, this did not create a classic ST-elevation MI. All echocardiographic 

examinations were performed on unsedated standing animals. Images and windows 

for the echocardiographic protocol were derived from techniques described by Reef 

et al. for horses and more recently adapted for sheep by Hallowell et al. [Reef, 

Hallowell]. Examinations were performed by two cardiologists. Briefly, six two-

dimensional (2-D) parasternal images were obtained from the right, and three 2-D 

parasternal images from the left [Reef, Hallowell]. A 5 MHz probe was employed 

and the console and software used was Mindray 7 (Mindray Bio-Medical Electronics 

Co. Ltd, China). Among the main surgical complications were arrhythmias which 

compromised the functionality of the whole organ and led to the death of the animal 

following heart failure.  

 

3.2.4 Harvesting and stereology 

Hearts were perfused with PBS to remove the excess of blood immediately after the 

explantation. Two washes with PBS were performed before starting with the cutting 

and harvesting. Each heart was cut axially using a brain knife, keeping a thickness of 

1 cm for each slice from the ventricular region; then all the slices up until the apex 
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were laid on a white surface and pictures were taken before and after sampling. 

Rulers were placed next to the slices on the white surface to allow the quantification 

from the images taken with the photographic camera. A total of seven small samples 

(0.5 cm maximum in every direction) were harvested from the ischemic site, border 

and remote area per each heart for the different processings and analyses presented in 

this thesis. Specifically, samples for histological analysis were fixed on freshly 

prepared 4% paraformaldehyde overnight at 4°C. After this, samples were washed 

with PBS to remove the excess of fixative and then isotropic uniform random 

orientation was applied to avoid any bias in further stereological quantifications 

[Bergmann, Mühlfeld]. For this reason, samples were embedded in OCT following 

the orientator method (Figures A.2 and A.3 in Appendices). This ensures a complete 

independence from the anisotropic orientation of capillaries in the cardiac muscle 

[Mühlfeld]. Briefly, to follow the orientator method before OCT embedding, the 

sample was placed on a uniformly divided φ clock. After this, the cardiac sample 

was cut at an angle randomly picked between one and nine. Then the sample was put 

on a cosine-weighted θ clock and cut at an angle again randomly chosen between one 

and nine. At least three sections per heart were used for further histological and 

immunofluorescence experiments, as previously performed in large animals [Zhu]. 

 

3.2.5 Tissue processing  

Sheep cardiac samples were processed for OCT embedding and cryosectioning until 

storage at -80°C as described in section 2.2.2. Additionally, samples from sheep 

sacrificed 10 days after the ligation surgical procedure were harvested and processed 

for paraffin embedding and sectioning (A.6, A.7 and Table A.3 in Appendices). 

Hand-made spherical moulds were used to ensure isotropic uniform random 

sampling, for those reasons indicated in section 3.2.4.  

 

3.2.6 Histological evaluation 

Samples processed as described in section 3.2.5 were sectioned at 5 m (Appendix 

A.7) using a microtome (Leica, Germany) and the sections were stored at room 

temperature. Before any histological staining procedure, glasses were incubated at 

60°C for ten minutes to melt the paraffin and then used for the desired histological 

staining. Masson’s Trichrome, hematoxylin and eosin (H&E), Alcian blue and 
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pentachrome stainings (Appendices A.12, A.13, A.14 and A.16) were performed on 

samples harvested ten days after myocardial infarction.  

  

3.2.7 Tissue processing for electron microscopy analyses 

Samples from the ischemic, border and remote regions were harvested from healthy 

and infarcted hearts 7 and 28 days after the surgical procedure. All samples for 

transmission electron microscopy (TEM) analyses were processed as described in 

Appendices A.19 and A.20. Briefly, samples were first fixed in 2.5% gluteraldehyde 

for 24h at 4°C. After this, samples for TEM were washed in phosphate buffer and 

post-fixed in 1% osmium tetraoxide for 2 h at RT. Then, the samples were 

dehydrated in 30% (5 min), 50% (15 min), 70% (15 min), 95% (15 min) and pure 

ethanol (twice, 15 min each). After dehydration, samples were washed with pure 

ethanol twice for 15 min before the embedding process. This consisted of three steps 

of progressive infiltration of Araldite® epoxy resin with acetone in 2:1, 1:2 ratio and 

pure resin for 24 h each at RT. Finally, samples were transferred in new pure 

Araldite® epoxy resin and then thermally cross-linked at 60°C for 48 h until 

complete hardening of the samples. Samples were then ready to be further processed 

for TEM analysis as described in section 3.2.9. After fixation in 2.5% gluteraldehyde 

for 24 hours at 4°C, samples for scanning electron microscopy analysis (SEM) were 

left in 2% gluteraldehyde, 2% paraformaldehyde in 0.1 M sodium cacodylate buffer 

(pH 7.2) for a maximum of seven days at 4°C until further processing. Samples were 

washed with phosphate buffer three times, five minutes each, and then dehydrated 

through a series of graded alcohols i.e. 50%, 70%, 90% for 12 min each. Then, 

samples were completely dehydrated by submersion in pure ethanol twice for 12 min 

each and then in hexamethyldisilazane (HMDS) twice for 12 min each. Following 

this, tissues were dried overnight on a Petri dish before further processing prior to 

scanning electron microscopy (SEM) analysis as described in section 3.2.8.  

 

3.2.8 Analysis of ECM deposition by scanning electron microscopy  

Once the samples were processed and dried as described in section 3.2.7, two 

different contrast enhancing methods were tested before imaging by SEM. All SEM 

imaging was carried out on an S-2600N scanning electron microscope (Hitachi, 

Japan). Using the first method, samples were incubated in a chamber with iodine 
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vapour overnight at RT and then imaged using the backscatter mode at 15 kV. Using 

the second method, samples were gold coated (Appendix A.17) using a SC500 

sputter coater (Bio-Rad, USA) and imaged using the secondary electron detector 

mode at 15 kV (Appendix A.18).  

 

3.2.9 Subcellular evaluation by transmission electron microscopy analysis 

After the polymerisation step described in section 3.2.7, resin embedded samples for 

transmission electron microscopy (TEM) analysis were trimmed, and semithin 

survey sections (500 nm thick) were cut using a glass knife. The sections were then 

stained with toluidine blue to verify the presence of the ischemic damage at the 

extracellular level. The resin blocks were further trimmed to the region of interest 

and, using a diamond knife, ultrathin sections (70-90 nm thick) were cut and picked 

up onto copper grids. To enhance contrast, the sections were post stained with 0.5% 

uranyl acetate for three min and 3% lead citrate for five min using an EM AC20 

Auto Ultrastainer™ (Leica, Germany), as described in Appendix A.20. Imaging was 

performed using an H-7000™ transmission electron microscope (Hitachi, Japan) at 

75kV and at magnifications of 3000x and 10000x. Five fields of view per sample 

were imaged.  

 

3.2.10 Quantification of total sulfated GAGs 

Approximately 200 mg of snap-frozen tissue from healthy and peri-infarct areas of 

MI-only at 7 and 28 days were processed to quantify the total sulfated 

glycosaminoglycans (GAGs) and heparan sulphate/chondroitin sulphate (HS/CS) 

ratio. Samples were then freeze-dried and powdered. The dried-powdered tissue was 

weighed and suspended in a buffer to final 25 mg of tissue/mL. Proteinase K (PK) 

was added to the tissue suspension to final 50 μg/mL and the sample was kept at 

56°C overnight. PK was inactivated by 30 min at 90°C and samples were subjected 

to DNA by DNase (7.5 U/ml) and lipid elimination by chloroform extraction. 

Finally, extracted GAGs were dialysed, freeze-dried and subjected to GAGs 

quantification according to the 1,9-dimethylmethylene blue (DMMB) assay as 

previously described [Barbosa]. 
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3.2.11 Quantification of heparan sulphate and chondroitin sulphate  

For specific HS quantification, extracted GAGs were incubated with a cocktail of 

heparinases. Briefly, undigested GAGs, CS, were quantified according to the DMMB 

assay. In parallel, chondroitinase ABC (25 mU/sample, two hours at 37 °C) was used 

for specific CS elimination. Undigested GAGs, HS, were quantified according to the 

DMMB assay. Some samples were treated by both enzymes and used to confirm the 

absence of other GAGs in the tissue. 

 

3.2.12 Statistical analysis 

All statistical analysis was performed using Minitab Express™ software (Minitab, 

Inc. State College, USA). Data related to EF from echocardiographic measurements 

at day 7 and 28 post-MI were compared using Mann-Whitney U test. Data related to 

total sulfated GAGs and HS/CS ratio were analysed by one-way ANOVA with 

Tukey’s post hoc correction. Values were considered significant only with p<0.05. 

 

3.3 Results 

 

3.3.1 Ovine model of non-full thickness myocardial infarction 

Current preclinical models are the result of the conventional induction of myocardial 

infarction through the ligation of the left anterior descending coronary artery (LAD). 

A major limitation of this method is its poor resemblance to the real clinical cases 

where non-transmural rather than full thickness infarcts localize in the left 

ventricular wall. Moreover, the majority of the studies on myocardial infarction are 

performed in rodents which is an obvious limitation on their translation to the human 

cases. Therefore, a large animal model is required to resemble the clinical cases in 

the most accurate way to evaluate the effects both at the functional and histological 

level. Specifically, the ovine model has been extensively used to evaluate the 

recovery of heart functionality because of the similarity of the organ volume with 

that of the human one whereas results of the studies carried out in small rodents and 

rabbits lack this property [Ifkovits, Macarthur, Shimkunas, Bischoff]. As 

summarised in Table 3.1, previous MI studies performing the ligation of the LAD in 

large animals showed a decrease in EF of between 10 and 30%. In this study, 

multiple ligations were performed lateral and parallel to the LAD from the first 
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diagonal up to 4 cm from the apex to induce non-transmural infarcts in the left 

ventricle. An average reduction of 6.3711.10% in EF was seen seven days after the 

injection procedure. EF further decreased, although not significantly, by 

13.6211.11% three weeks later (28 days post-MI) relative to the pre-MI levels 

(Figure 3.1). Consistency in the localisation of the infarct was achieved and the 

extension of the induced infarcts did not include the whole thickness of the left 

ventricular wall, as shown in Figure 3.2. All the hearts were sliced axially keeping a 

thickness of 1 cm per slice. Before cutting the whole heart, the localisation of the 

infarct was visualised by its proximity to the long blue suture that was used to ligate 

the coronaries and was left on the site for tracking purposes. After slicing, the 

infarcted region was seen by the discolouring of the left ventricular wall which is a 

sign of fibrotic remodelling that is totally absent in the healthy hearts (Figure 3.2). 

Therefore, sampling was carried out from the core ischemic progressively to the 

border and remote regions and specimens isotropically uniformly oriented to avoid 

any bias in the stereological quantification of cardiomyocytes and vasculature 

structures (Figure 3.3).  

 

3.3.2 Degeneration of cardiomyocytes at the ultrastructure level  

The first necrotic phase after ischemia consists in the loss of millions of 

cardiomyocytes in the effected area which will never be replaced due to the lack of a 

sufficient self-regenerating capability in adult mammals hearts. Nevertheless, the 

myocardial environment is programmed to compensate for this event by activating a 

sequential inflammatory and fibrotic remodelling of the effected region.  

 

It is well known that the necrotic phase responsible for the loss of cardiomyocytes in 

the left ventricle does not last over the early hours after ischemia. Despite this, the 

influence of the highly pro-inflammatory environment on the border region is still a 

subject of debate. In this study, a progressive vacuolisation was detected in the same 

region inside the myofibrils from 7 to 28 days after MI (Figure 3.4 A-C). 

Interestingly, a consistent disruption of the intercalated disks was seen exclusively 

one week after MI (Figure 3.4 D). This is an additional sign of the structural 

disassembly of the cardiomyocytes myofibrils apparatus which is needed for their 

cellular contraction and thus the synchronous beating of the whole organ. 
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The integrity of the cardiomyocytes structure and its progressive degeneration was 

assessed in the border zone of the infarct. Moreover, in this study the cardiomyocytes 

located in the border zone showed an accumulation of dense bodies inside their 

mitochondria which is a sign of necrotic state (Figure 3.5). This is reported for the 

first time in a large mammal model of MI seven days after the surgical procedure.  

 

3.3.3 Post-ischemic myocardial remodelling  

In human and large mammals such as the sheep used in this study, the peak of the 

early acute inflammatory phase is expected to reduce around the fourth day after MI, 

together with a consistent activation of the pro-healing population of macrophages 

one week after ischemia. From the end of the first week after MI throughout the 

following four to six weeks, the myofibroblasts secrete collagen type I and III, and 

this was seen to be started by the use of Masson’s Trichrome staining of the ischemic 

tissue harvested ten days after the surgical procedure (Figure 3.6 B). At the same 

time, consecutive sections were stained with H & E and Alcian blue to clearly 

visualize the remnants of the inflammatory infiltrate and the secretion of sulfated 

glycosaminoglycans in the same region (Figure 3.6 A,C).  

At the endpoint of 28 days after MI, the complete deposition of a fibrotic scar was 

observed and the typical wavy-orientation of collagen fibres was assessed by 

electron microscopy. Collagen deposition was localized through the infarcted areas 

where myofibroblasts were recognized by their typical elongated shape (Figure 3.7). 

Additionally, the distribution of collagen fibres across the myocardial extracellular 

matrix was visible also by scanning electron microscopy, in contrast to the condition 

seen in the remote region, as shown in Figure 3.8.  

 

3.3.4 Quantification of glycosaminoglycans during the post-ischemic 

remodelling   

The reorganization of the extracellular matrix is one of the consequences of the post-

ischemic remodelling in the left ventricular wall. The importance of GAGs in the 

regulation of inflammation and angiogenesis in the extracellular matrix has been 

investigated in several pathologies since these can be either directly or indirectly 

involved in the remodelling response. In this study, sulfated glycosaminoglycans 
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were extracted from snap-frozen samples of the peri-infarct zone harvested 7 and 28 

days after the surgical procedure of the induction of MI.  

By dimethylmethylene blue assay (DMMB), total sulfated glycosaminoglycans were 

quantified and then, after digestion with chondroitinase ABC, the ratio between 

heparan sulphate (HS) and chondroitin sulphate (CS) was calculated by a subtraction 

method. All the data were compared to healthy ventricular tissue. A progressive 

increase in the deposition of total sulfated GAGs was observed from 7 to 28 days 

after MI (Figure 3.9 A). Specifically, an increase from 0.330.13 g/mg of healthy 

tissue to 0.890.30 g/mg of ischemic tissue at day seven was seen. This trend was 

confirmed and became highly significant at day 28 (p<0.001), with a total quantity of 

sulfated GAGs of 3.090.90 g/mg of tissue (Figure 3.9 A). It is worth noting that 

hyaluronic acid cannot be quantified by this method since it is a non-sulfated GAG.  

After the total GAGs quantification, the ratio between HS and CS was calculated by 

a subtraction method after enzymatic digestion of the samples with chondroitinase 

ABC. This ratio changed with the progression of remodelling after ischemia, as 

shown in Figure 3.9 B. An increase in CS was seen at day seven post-MI, bringing 

the ratio HS/CS from 0.980.17 in healthy condition to 0.900.55 even though this 

was not significant (p=0.93). Nevertheless, this ratio continued to decrease reaching 

the value of 0.490.24 at day 28, showing a more pronounced (p=0.12) decrease than 

that of the healthy condition (Figure 3.9 B).  
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Table 3.1 MI models adopted in large animals.  

Species, sample 

size 

MI induction Decrease in EF 

(%) 

Reference 

 

Adult Dorset 

sheep, N=9 

Ligation of LAD and 

second diagonal 

coronary 

10  

(after 2 w) 

Ifkovitz 

Mature Yucatan 

minipigs, N=4 

Percutaneous coil 

embolism infarct model 

18  

(after 2 w) 

Seif-Naraghi 

Mature Lanyu 

minipigs, N=7 

Ligation of LAD 20  

(after 1 d) 

Chen  

Pigs,  

N=7 

Occlusion of LAD by 

balloon inflation,  

followed by reperfusion 

From 35 to 45 

(after 1 w) 

Takehara 

Mature Yorkshire 

pigs, N=9 

Ligation of obtuse 

marginal 1 (OM1)  

and OM2 

14  

(after 1 w) 

Mukherjee 

Adult Mongrel 

dogs, N=6 

Ligation of LAD 20  

(after 2 w) 

Linke 

Pigs, N=7 Ligation of OM1  

and OM2 

16  

(after 1 w) 

Purcell 

Yorkshire pigs, 

N=4 

Ischemia-reperfusion 10  

(after 1 w) 

Ye 

Adult sheep,  

N=13 

Ligation of LAD  

and diagonal branches 

31  

(after 8 w) 

Dixon 

Adult sheep,  

N=10 

Occlusion of LAD by 

balloon inflation,  

followed by reperfusion 

20  

(directly after MI) 

Houtgraaf 

Yorkshire pigs, 

N=5 

Ligation of OM1  

and OM2 

15  

(after 1 w) 

Eckhouse 

Adult Dorset 

sheep, N=7 

Ligation of LAD and 

second diagonal 

coronary 

From 10 to 15 

(after 1 w) 

Tous 
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Figure 3.1 Quantification of decrease in ejection fraction (EF) at day 7 and 28 post-

induction of MI. Echocardiographic data were used to calculate the ejection fraction 

(EF) values at each timepoint for all animals that survived to the induction of MI (A). 

Absolute changes in EF are shown 7 (7d MI) and 28 (28d MI) days after the surgical 

procedure. Data are reported as box-plots, Mann-Whitney U test, n=8 animals per 

group.  
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Figure 3.2 Gross explant images showing the scar formation 28 days after the 

ligation procedure. Healthy eight-month-old male sheep before (A,B) and 28 days 

after (C,D) the induction of myocardial infarction through the ligation of the side 

branches of the coronaries. A clear MI-area (framed in green) is visible in the cross 

section (D) by the whitish colouring of the region of the left ventricle effected. The 

infarct is non-transmural since it is not extended to the full thickness of the 

ventricular wall. Ruler = 1 mm. 
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Figure 3.3 Schematics of harvesting tissues from explanted hearts. After perfusion 

with PBS to remove the excess of blood, each heart was cross-sectioned in slices 

with a thickness of 1 cm from the atria to the apex. Clear MI areas were identified by 

the whitish colour and from there samples with a maximum size of 0.5 cm in every 

direction were taken from the core ischemic, the border and the remote regions.  
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Figure 3.4 Progressive cardiomyocyte vacuolisation at the ultrastructural level. Post-

ischemic effects in the cardiomyocytes located in the infarct border zone were 

assessed at the ultrastructure level by TEM. Cytosolic disruption and progressive 

vacuolisation is clearly visible (red arrows) from healthy (A) to 7 days (B) and 28 

days after MI (C). Moreover, clustering of the intercalated disks (circled in red) was 

seen at seven days after MI (D). Scale bar = 2 m. 
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Figure 3.5 Accumulation of dense bodies in the mitochondria of cardiomyocytes. 

Mitochondria of cardiomyocytes located in the border zone of the infarct are effected 

by the accumulation of dense bodies (circled in red) seven days after the induction of 

myocardial infarction. Low (A) and high magnification (B,C,D) pictures show the 

extension and consistency of the pattern in a cardiomyocyte myofibril. Scale bar = 2 

m. 
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Figure 3.6 Fibrotic deposition and inflammatory status at day 10 after MI. Post-

ischemic myocardial remodelling was assessed in sheep myocardial left ventricle 10 

days after the ligation procedure. Inflammatory infiltrate was seen by hematoxylin 

and eosin staining (A) and initial deposition of collagen was confirmed by Masson’s 

Trichrome (B). Furthermore, glycosaminoglycans (GAGs) were present in the 

epicardium and also in the inner myocardial infarcted region (Alcian blue staining in 

(C)). Finally, pentachrome staining allowed the visualisation of muscle, collagen and 

GAGs components (D). Scale bar = 100 m.  
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Figure 3.7 Matrix deposition from activated myofibroblasts. Elongated-shaped 

myofibroblasts (red arrows) were detected across the ischemic zone 28 days after MI 

together with collagen deposition. Wavy-oriented typical collagen-like deposition 

was one of the signs of the formation of a clear scar as seen at the ultrastructural 

level. Scale bar = 2 m. 

 

 

 

 



                                                                                                       Ovine model of myocardial infarction 

 

187 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Structural differences seen 28 days post-injury. Comparison between 

healthy myocardial extracellular matrix (A) and fibrotic one 28 days after myocardial 

infarction (B). Collagen bundles are clearly innervating the matrix. Scale bar = 50 

m. 
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Figure 3.9 Quantification of total sulfated glycosaminoglycans and heparan 

sulphate/chondroitin sulphate ratio from healthy to 7 and 28 days after MI. By 

dimethylmethylene blue assay (DMMB) total sulfated glycosaminoglycans were 

quantified (A) and then, after digestion with chondroitinase ABC, the ratio between 

heparan sulphate (HS) and chondroitin sulphate (CS) was calculated by a subtraction 

method (B). All the data were compared to healthy ventricular tissue. Data are 

reported as box-plots, one-way ANOVA with Tukey’s post hoc correction, n=5 

animals per group, ***p<0.001. 
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3.4 Discussion 

The minimal regenerative capacity of the heart represents a major limitation in the 

self-healing process of the cardiac tissue after ischemia. Indeed, during the first 

necrotic phase of MI, the loss of cardiomyocytes affects not only the core ischemic 

zone but also the border area, and heart failure is correlated with the extension of the 

damage in this area over the weeks that follow MI.  

The method most widely used to reproduce MI in preclinical studies is based on the 

ligation of the left anterior descending coronary artery, at a variable distance from 

the apex of the heart [Chen, Holladay, Le, Song]. In contrast, in the model of MI 

outlined in this study multiple ligations were performed at the level of the first 

diagonal artery to reproduce patchy and non-transmural infarcts in the antero-lateral 

wall of the left ventricle. Adult male Romanov sheep were preferred over rodents to 

achieve a meaningful comparison in the functional outcome effect with that in the 

human cases. Moreover, preclinical studies were based on full thickness infarcts and 

immediate post-MI intervention which do not represent the majority of current 

clinical cases and thus might lead to clinically non-relevant outcomes [Roger, 

Rogers]. Notably, among patients surviving to hospital discharge, mortality is greater 

in NSTEMI than in STEMI patients [Fox]. In view of this, the current model is 

reflective of clinical presentation and practice to improve clinical outcomes in 

patients who develop significant injury and reduction in ejection fraction as a result 

of NSTEMI. Specifically, the average decrease in EF observed one (-6.311.10%) 

and four (-1311.11%) weeks after the ligation procedure is lower than most of the 

reductions seen after the total occlusion of the LAD [Chen, Takehara, Linke, Dixon]. 

The variability seen in the decrease of this functional parameter reflects the range 

seen in clinical cases where multiple factors can influence the functional outcome 

[Miller]. Taking into account the pathological timeline of the post-ischemic 

remodelling, it was necessary to validate the progression of the pathology both at 

cellular and ECM-level. The progressive vacuolisation of the myofibrils of the 

cardiomyocytes located in the border zone confirmed the persistence of a necrotic 

effect in this specific region up to 28 days after the ligation procedure. Moreover, the 

accumulation of dense bodies inside the mitochondria seven days after MI further 

supported the extended effect of the early necrosis spreading from the core ischemic 

zone, as previously reported in a swine model intracoronary balloon occlusion 

[Galindo]. The electron-dense nature of these bodies is usually associated with 
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inorganic constituents such as Ca2+, Mg2+ and (CO3)
2- which are the components of 

hydroxyapatite [Chinopoulos]. Therefore, the precipitation of these moieties can be a 

distinctive feature of a necrotic phenotype which was observed in other apoptotic 

contexts [Kiefmann, Mühling].  

 

The transition from the early inflammatory phase to the proliferative phase was 

assessed by a histological evaluation at day 10 post-MI when both inflammatory 

infiltrate and the beginning of collagen deposition were observed. Indeed, the time-

dependent cascade of different populations of inflammatory cells was extensively 

characterized over the last decade, and recent studies have been evaluating the 

relevance of the remodelling-related macrophages and regulatory T cells in the 

enhancement of a beneficial post-ischemic outcome [Horckmans, Zacchigna]. In the 

large animal model outlined in this study, the deposition of collagen fibres was 

validated at the ultrastructure level at day 28 post-MI in the proximity of the 

typically elongated-shape myofibroblasts. ECM remodelling was also clearly visible 

from the surface of the tested samples by SEM, although it was necessary to quantify 

the time-dependent deposition of ECM components.  

 

GAGs are not only among the structurally fundamental moieties of the ECM; they 

also were seen to play a relevant role in both the TLR-related inflammatory response 

and in the enhancement of angiogenesis through the binding to growth factors 

[Olivares-Silva, Taylor, Prante]. Specifically, the release of HS chains by the activity 

of the matrix metalloproteinases is one of the triggers for the activation of the TLR4 

receptor and consequent increase of IL1- levels through the PI3K/Akt/NF-kB 

pathway. The continuous activation of this pathway leads to the TGF--dependent 

pro-fibrotic phenotype of cardiac fibroblasts. Therefore, in this study a quantification 

of total sulfated GAGs and HS/CS ratio was carried out to define their time-related 

deposition over the study timepoints. Interestingly, the significance of the deposition 

of the total sulfated GAGs was actually elevated only at day 28 post-MI, together 

with the observation of an increasing trend of deposition seven days after the ligation 

procedure. To further define how the balance between heparin sulphate and 

chondroitin sulphate varied during the post-ischemic remodelling, this study also 

included the quantification of the two different GAGs at the tested timepoints. In 

addition to the increase in the total sulfated GAGs, a marked drop in the HS levels 
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was reported only at the fully remodelled timepoint (28 days), even though the trend 

of decrease of HS and increase of CS was already visible at the end of the pro-

inflammatory wave after MI (seven days).  

 

3.5 Conclusions 

 

A critical gap in the field of cardiovascular research is the definition of a large 

animal model that can resemble the clinical cases showing non-full thickness, 

localised infarcts rather than transmural infarcts in the left ventricular wall. This 

surgical procedure was therefore designed to induce non-transmural infarcts by 

multiple ligations that are parallel and lateral from the first diagonal of the LAD, and 

the evaluation of gross explants confirmed the non-transmural extension of the 

ischemic regions. Moreover, histological, ultrastructure and protein-related analyses 

were performed to assess whether the damaged areas followed the pathological 

timeline after MI. Extended effects of the necrosis in the border zone were seen at 

mitochondrial level and a quantification of the remodelling at ECM level was carried 

out focusing on those GAGs which are implicated in the inflammatory and 

remodelling phases after MI. A time-dependent deposition of chondroitin sulphate 

and reduction of heparin sulphate was seen over the four weeks of the post-ischemic 

remodelling. This model of non-full thickness MI resembles the non-transmural 

infarcts that are increasing among the hospitalised patients for which there are 

currently no therapeutic options.    
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4.1 Introduction 

Myocardial infarction is one of the main causes of worldwide mortality. This is the 

clinical consequence of a limitation of cardiac tissue regeneration in mammals: 

unlike other tissues such as liver, skin and bone, the human myocardium is not able 

to regenerate once ischemic damage has occurred. Several approaches have been 

designed and tested to treat myocardial infarction over the past decades, but none of 

these has led to a final established clinical preference in the most advanced clinical 

trials [Chugh, Malliaras]. The employment of stem cells, growth factors or 

biomaterials has been tested either individually or in combination. However, an 

optimum system still needs to be designed and translated successfully in a clinical 

scenario.  

In the field of tissue engineering, the increasing application of therapeutic 

biomaterials for a wide range of diseases has encouraged researchers to develop and 

test scaffold systems in a preclinical setting to deliver either stem cells or growth 

factors at the site of implantation. The choice of the most suitable therapeutic 

biomaterial for the desired clinical outcome is a major challenge in current medical 

device development. Elastin is one of the proteins which are abundantly present in 

the extracellular matrix of several tissue types such as myocardium, cartilage and 

skin [Mithieux]. Specifically, elastin fibres are derived from the coacervation and 

further crosslinking of the precursor tropoelastin molecules [Kozel]. The elastogenic 

activity resides in the main cellular components of the tissue network that can be 

endothelial cells, fibroblasts, chondrocytes, or keratinocytes.  

Through the genetically-engineered fabrication of elastin-mimicking peptides called 

elastin-like recombinamers (ELRs), there is an opportunity to compensate for the 

limited availability of natural elastin and also to control the consistency of the 

biomaterial. Moreover, ELRs can be functionalised with specific motifs responsible 

for several interactions with the cellular microenvironment including cell 

adhesiveness and degradability [Rodríguez-Cabello, Castellanos]. As a result, this 

functionalisation, together with the possibility to fabricate various structural formats 

such as hydrogel or microspherical, has increased the possibility of applications.  

Several ELRs-based systems have already been studied for their efficacy and 

interaction with cellular components in vitro and in vivo over recent years [Staubli, 

González de Torre, Changi, Pescador]. Variations in scaffold formulations are 

required depending on the delivery method in a specific pathological state and site of 
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implantation. In the myocardial microenvironment after ischemia, it is well known 

how the acute inflammatory, proliferation and remodelling phases dictate the host-

response of the cardiac tissue to the ischemic insult [Frangogiannis]. Therefore, to 

design a potentially beneficial treatment for the post-ischemic remodelling requires a 

comprehensive understanding of the timing of the pathology. At the same time, there 

is a precise clinical need due to the organ’s vulnerability to any invasive intervention 

after a heart attack. Ideally an intervention is possible through an epicardial or 

catheter-based procedure at one-week after the infarct. The key determinants of the 

success of a biomaterial-based therapy are the host foreign body response and the 

possible modulatory effect of the biomaterial on the inflammatory environment. 

Despite the detrimental effects of a chronic inflammatory situation in a healing 

environment [Liu, Li, Nahrendorf], there is evidence that the modulation of 

macrophage population is necessary for the achievement of an accelerated repair of 

the damaged environment [Jiang, Mantovani, Frantz, Saxena]. Therefore, a 

biomaterial system can be tailored to enhance the physiological angiogenesis and 

repair of the wounded tissue which is normally overcome by a fibrotic response and 

its unpredictable effects on the overall cardiac function.   

In a study by Kadner et al., the efficacy of a polyethylene glycol hydrogel was 

enhanced by its introduction after the acute phase of inflammation of myocardial 

infarction [Kadner]. Specifically, an uncontrolled fast degradation was avoided and a 

significant improvement at the functional level was observed. The investigation of 

the beneficial effects of an optimal timing in the delivery at the peak of inflammation 

from a synthetic scaffold has recently been assessed in muscle injury and 

regeneration [Cezar].  

 

In light of these considerations, it is hypothesised that the intra-myocardial injection 

of an ELRs-based hydrogel seven days after MI can beneficially impact on the 

myocardial remodelling process after ischemia in an ovine model of non-transmural 

myocardial infarction. 

 

Consequently, the objectives of this study are to:  
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• Optimise a procedure for the intra-myocardial injection of an ELRs-based 

hydrogel and evaluate the cardiac functional response 21 days after the hydrogel 

injection.  

 

• Evaluate the effects of the hydrogel on fibrosis 21 days after the injection in the 

ischemic core of the infarct at histological and ultrastructural level.  

 

• Investigate changes in total sulfated glycosaminoglycans (GAGs) and changes in 

GAGs ratio 21 days in the infarcted regions after the hydrogel injection by 

dimethylmethylene blue (DMMB) assay.  

 

• Assess changes in the glycosylation of the membrane proteins in the ischemic 

core and border regions in response to the hydrogel 21 days after the injection by 

their binding to biologically relevant lectins.  

 

4.2 Materials and methods 

 

4.2.1 In vivo experimental plan 

The procedure of myocardial infarction described in the section 3.2.1 was performed 

on 39 Romanov adult male sheep. Sheep were randomly assigned to ELRs, PBS, and 

MI-only groups; MI-only groups had a final endpoints of 7 and 28 days after the 

surgical procedure of coronaries ligation. A schematic representation of the 

experimental groups of this preclinical study is shown in Figure 4.2. Sheep were 

randomly assigned to ELRs, PBS, and MI-only groups; MI-only groups had as final 

endpoints 7 and 28 days after the surgical procedure of coronaries ligations. As 

regards the ELRs and PBS groups, animals were injected with either hydrogel or 

PBS seven days after the induction of MI, thereby following the same thoracotomy 

procedure with intra-myocardial injections in the left ventricular wall.  

 

4.2.2 Preparation of ELRs for myocardial injection 

Elastin-like recombinamers (ELRs) functionalised with azide (HRGD6) and 

cyclooctyne (HE5) groups for crosslinking were weighed in sterile conditions. ELRs 
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were resuspended in the appropriate quantities to keep the ratio HE5-

cycloctyne:HRGD6-azide 1.79:1. ELRs were stored at 4°C until the day before they 

were required for injection, as detailed in Appendix A.22. Therefore, each ELR was 

dissolved in 750 μl of sterile water overnight at 4°C. Once the solutions were totally 

clear, 250 μl of HRGD6-azide was placed in a sterile eppendorf tube. To initiate 

hydrogel formation, 250 μl of HE5-cycloctyne was added to start the crosslinking of 

the recombinamers. Cold sterile tips were used to carry out this procedure and the 

eppendorf tube containing the mixed ELRs was kept on ice for exactly ten minutes 

before injection. Schematics showing the sequences of the two ELRs are illustrated 

in the Figure A.12 in Appendices. 

 

4.2.3 Injection trials 

The procedure for the optimisation of the intra-myocardial injection of the ELRs 

hydrogel was carried out using lamb hearts collected from a local abattoir. Different 

conditions were tested to assess the injectability of the crosslinked ELRs and their 

integration in the myocardial tissue, as detailed in Table 4.1. Briefly, the mixture of 

the two ELRs was left for crosslinking either at 4°C or at RT from an incubation 

time that varied from zero to 15 minutes. Every solution whose injectability was 

tested included 2 l of Alcian blue solution as a dye to allow the immediate 

visualisation of the injected hydrogel in the left ventricular wall. Samples were 

excised from the injected and non-injected areas, processed for paraffin embedding, 

sectioned and stained by H&E and Verhoeff’s-Van Gieson staining (Appendices 

A.12 and A.15).  

 

4.2.4 Procedure for injection in vivo 

A sterile syringe having a maximum capacity of 1 ml and a 25G needle was used to 

perform each intra-myocardial injection through the heart wall. Three injections were 

performed to the ischemic sites through the border zone. The border zone is the edge 

region between the site where ischemia was induced by coronary ligation and the 

healthy zone of the myocardial wall. Each injection carried a volume of 500 l of 

hydrogel. The needle was carefully retracted after each injection to avoid backflow 

of the hydrogel solution. The surgeon performing the coronary ligation injury and 

injection procedures was blinded to the contents of the injectant. 
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4.2.5 Animal monitoring after injection procedures  

After surgery, animals were monitored for signs of pain and distress including 

reduced activity, failure to groom, reduced food or water intake, eye squinting or 

pale eyes, teeth grinding, changes in posture, guarding, and aggressiveness. If these 

signs were observed, researchers engaged the veterinary staff whether to provide 

appropriate interventions such as additional administration of analgesia 

(buprenorphine); and in the event that the pain was unmanageable, the animals were 

euthanised. At three-weeks after surgery, animals were euthanised by pentobarbital 

sodium injection (5 mg/kg) under anaesthesia in line with the Veterinary Medical 

Association guidelines. After five minutes, animals were checked for pulse. Animals 

experiencing undue pain or distress requiring humane intervention were euthanised. 

 

4.2.6 Heart explants and tissue preservation 

Hearts were perfused with PBS to remove the excess of blood immediately after the 

explantation. Two washes with PBS were performed before initiating harvesting. 

Each heart was cut axially using a brain knife keeping a thickness of one cm for each 

slice from the ventricular region; then all the slices up until the apex were laid on a 

white surface and pictures were taken before and after sampling. Rulers were placed 

next to the slices on the white surface to allow the quantification from the images 

taken with a D90 photographic camera (Sony, Japan).  

 

4.2.7 Isotropic uniform random sampling  

Samples with a maximum thickness of 0.5 cm in every direction were harvested and 

embedded as described in the section 3.2.4 and shown in the Figure 3.3 in Chapter 

Three [Bergmann, Mühlfeld]. Isotropic uniform random sampling was required for 

further stereological quantification of volume fraction of fibrosis and angiogenesis-

related parameters using appropriate stereological grids (Figures A.9 and A.10 in 

Appendices).  
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4.2.8 Assessment of post-ischemic remodelling by histology 

Isotropic uniform random samples embedded in OCT were cut using a cryotome at a 

thickness of 5 m (Appendix A.8). Each block was sectioned at three different 

levels, 200 m-apart from the next. These serial sections were stained for Masson’s 

Trichrome to visualize collagen fibres, collagen and nuclei (Appendix A.13). The 

imaging of all the serial sections was performed using a VS120 Virtual Slide 

Microscope (Olympus, Japan). Each section was first quickly scanned to optimise 

the focus until a 40x magnification was reached.  

 

4.2.9 Immunofluorescence staining for capillaries, collagen type-I and 

cardiomyocytes  

OCT-embedded sections with a thickness of 5 m were used for all the 

immunofluorescence and lectin histochemistry experiments. Since the time of 

fixation in paraformaldehyde was optimised to get to the final overnight incubation 

at 4°C, this step did not affect the outcome of the immunofluorescence experiments 

and no antigen retrieval was necessary for any of the markers tested.  

At the beginning of each experiment, sections stored at -80°C were left at RT for 

approximately 20 minutes before starting. Samples were first permeabilised with 

TBS-Tween (0.05%) twice for five minutes each, then washed with TBS for an 

additional five minutes. Blocking of the samples was carried out using 10% donkey 

serum for one hour at RT. Immunofluorescence experiments were performed using 

the following primary antibodies and dilutions: rabbit polyclonal to CD31 at 1:50, 

rabbit polyclonal to tropomyosin1 at 1:200, and rabbit polyclonal to collagen type I 

at 1:200. All primary antibodies were diluted in TBS-Tween (0.05%) and incubation 

was carried out at 4°C overnight. The following day, samples were washed with 

TBS-Tween three times for 15 minutes each and then incubated with anti-rabbit 

Alexa Fluor® 647-donkey secondary antibody at 1:500 dilution in TBS-Tween 

(0.05%) for one hour at RT. The undiluted secondary antibody was centrifuged for 

ten minutes at 10,000 rpm to precipitate aggregates before making the dilution. After 

the incubation, glasses were washed with TBS-Tween three times for 15 minutes 

each then mounted with Prolong® Gold with DAPI and coverslipped. Glasses were 

left to cure overnight at RT before sealing. Details of the antibodies used are listed in 

the Table A.2 in Appendices.  
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4.2.10 Quantification of fibrosis  

Three fields of view were analysed per each serial section stained with Masson’s 

Trichrome. A grid made of 112 points was superimposed on each field of view and 

the points hitting collagen fibres were counted to get the volume fraction values. By 

stereological measurements, a total ischemic area of 4.05 mm2 was analysed per 

block (Figure A.9 in Appendices). Five animals were analysed from the MI-only 

group at 28 days after MI induction, and five animals from the hydrogel-treatment 

group which were sacrificed three weeks after the hydrogel injection (28 days after 

MI). To avoid bias, animals from at least two different batches of surgeries were 

analysed for each group. 

 

4.2.11 Analysis of myocardial extracellular matrix  

Samples were snap-frozen in liquid nitrogen/dry ice-cooled isopentane and 

embedded in OCT before storage at -80°C until processing. The day before the 

analysis, samples were cut using a cryostat at a thickness of 30 μm, left to adhere on 

quartz discs and stored at -80°C until analysis. Both samples from hydrogel-treated 

and MI-only control groups were histologically evaluated by Masson’s Trichrome 

staining to assess the localisation inside the ischemic region before running the 

Raman analysis. Spectroscopy measurements were performed in reflection mode 

with a confocal Raman microscope (Witec Alpha 500) using 785 nm excitation. The 

detector grating used was 600 lines/mm, centred at 880 cm-1. Spectra were collected 

using an Andor Ixus cooled charge coupled device (−60 °C). A 40x objective lens 

(NA 0.6) delivered the laser beam and collected the back-scattered light. Rayleigh 

scattering was blocked with the appropriate notch filter. The laser spot diameter was  

approximately 1 μm with a laser power of 0.05 mW (785 nm) used. The instrument 

calibration was verified using the maximum signal from a silicon standard at 520 

cm−1 and spectral resolution was approximately 0.8 cm−1. Typical measurements 

were performed with a 40 seconds integration time at each point taken at multiple 

positions (225) across the tissue sample in an area of 100 μm2. Cosmic ray reduction, 

background corrections, spectrum averaging and Savitzky-Golay smoothing (4 point, 

3rd order) were carried out using WITec Project FIVE® software (Witec, Germany). 

Normalisation to the peak at 1446 cm-1 and graphical analysis was performed using 



                                                                                     Elastin-based hydrogel for myocardial infarction 

 

207 

 

Origin® version 9.1 (OriginLab, USA). All spectra described are plotted relative to 

the excitation wavelength. Additional details on the optimisation of the procedure 

using Raman confocal microscopy are described in section A.23 and Figures A.7 and 

A.8 in Appendices.  

 

4.2.12 Quantification of matrix deposition  

Samples for transmission electron microscopy (TEM) analysis were processed as 

previously described in section 3.2.7 and 3.2.9. Imaging was performed using an H-

7000 transmission electron microscope (Hitachi, Japan) at 75kV and at 

magnifications of 3,000x and 10,000x. Five fields of view per sample were imaged. 

Quantification of collagen fibres was done by superimposing an 81-points grid on 

each picture and counting the intersections of the collagen fibres with the points of 

the grid. Only core ischemic areas were used for this quantification.  

 

4.2.13 Evaluation of glycosylation in cellular membranes and ECM  

Membrane proteins were extracted from snap-frozen samples as described in section 

2.2.5 and labelled with Alexa Fluor® 555-succinimidyl ester following the procedure 

detailed in section 2.2.6. A titration experiment was performed to determine the 

optimal concentration of sheep membrane protein sample to be used for the lectin 

microarray experiment (5 g/ml, diluted in TBS-Tween 0.05%). Samples from 

healthy, ELRs-hydrogel-treated and MI-only at 28 days groups were tested for their 

binding to a panel of 48 lectins. Asialofetuin was used as control at a concentration 

of 3 g/ml. Equal amounts of labelled membrane proteins from three animals were 

pooled together so that a total of seven samples were analysed for their binding to 

lectins (in technical triplicate). Core ischemic, border and remote areas were 

analysed from the infarcted animals. Image files showing the scanned lectin 

microarrays were processed using GenePix Pro v6.1.0.4 software (Molecular 

Devices, UK). Briefly, an adaptive diameter circular alignment based on 230 μm 

features was set in the options and grids were superimposed on the subarrays. Local 

background-corrected median feature intensity data were analysed and normalised to 

the median total intensity value of three replicate microarray slides (Appendix A.11).  
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4.2.14 Quantification of capillaries structures and angiogenesis  

Sections from the MI-only and ELRs-treated groups were double-stained with 

Griffonia simplicifolia (GS-I) lectin and anti-CD31 primary antibody after 

optimisation of the lectin histochemistry on ischemic tissues (Figure A.4 in 

Appendices). Briefly, samples were left to thaw at RT for 20 minutes and washed 

with TBS-Tween twice for three minutes each. Then samples were blocked with 3% 

periodated BSA for one hour at RT. After this, glasses were quickly dipped in TBS 

and incubated with the lectin at a concentration of 15 g/ml for one hour at RT. The 

samples were then washed three times with TBS for three minutes each and then 

blocked with 3% periodated BSA for one hour at RT. Sections were then incubated 

with the primary antibody to CD31 listed in section 4.2.9 at 1:50 dilution overnight 

at 4°C. The following day, samples were washed with TBS-Tween twice for ten 

minutes each and then with TBS once for ten minutes. After the incubation for one 

hour at RT with anti-rabbit Alexa Fluor® 647-donkey secondary antibody, sections 

were washed with TBS-Tween twice for ten minutes each and then with TBS once 

for ten minutes. Finally, the glasses were mounted with Prolong® Gold with DAPI 

and coverslipped. Glasses were left to cure overnight at RT before sealing. All the 

procedures from incubation with the lectin to final mounting was performed avoiding 

direct light due to the sensitivity of FITC-labelled lectin. Imaging was done using a 

FluoView 1000 laser confocal microscope (Olympus, Japan) and five images were 

taken for each serial section at a magnification of 20x. Only capillaries structures 

(not bigger vasculature) were counted using an appropriate stereological grid which 

was superimposed on each image to quantify the total number per squared mm 

(Figure A.10 in Appendices).  

 

4.2.15 Functional response by echocardiographic measurements 

The same procedure described in section 3.2.3 was followed to record 

echocardiography measurements the day before each surgical procedure and before 

the study time points.  

 

4.2.16 Statistical analysis 

All statistical analyses were performed using Minitab Express software (Minitab, 

Inc. State College, USA). Data related to the quantification of the number of 
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capillaries and radial diffusion followed a normal distribution and were compared by 

Student’s t-test. Data related to the area fraction of fibrosis did not follow a normal 

distribution, and so they were analysed by Mann-Whitney U test. Data from total 

sulfated GAGs quantification and lectin microarray analysis were analysed by one-

way ANOVA with Dunnett’s post-hoc correction using the baseline in healthy 

conditions as control group. Data from echocardiographic measurements were 

compared using Kruskal-Wallis ANOVA. Values were considered significant only 

with p<0.05.  

 

4.3 Results 

 

4.3.1 Multiple intra-myocardial injections of ELRs hydrogel 

Elastin-like recombinamers (ELRs) functionalised with azide (HRGD6) and 

cyclooctyne (HE5) groups for crosslinking were used through the whole in vivo 

study. An ex vivo experiment was performed to assess the retention of the hydrogel –

stained with Alcian blue dye - in the intra-myocardial injection site. Both visual 

inspection and Verhoeff’s Van Gieson staining confirmed that the gelling of the 

hydrogel took place in situ (Figure 4.1). The incubation time and temperature of the 

two ELRs before injection were optimized, and the settings of ten minutes of 

incubation at 4°C were selected to proceed with the in vivo injections (Table 4.1).  

Seven days after the surgical procedure of coronaries ligation previously described 

(Chapter Three, section 3.2.1), three injections of 500 ml of hydrogel each were 

delivered in the infarct zone. Sutures with 2/0 PROLENE™ (Ethicon, USA) clearly 

localised the MI site from the first diagonal moving distally towards and up to 4-5 

cm from the apex. All the multiple-injection procedures in the ELRs-treated animals 

were successfully completed. Three weeks after the injection procedure, each sample 

was harvested following the method already described (Chapter Three, section 3.2.4) 

and gross explants were visually inspected before the sampling (Figure 4.3).  

 

4.3.2 Fibrosis evaluation after ELRs hydrogel treatment 

The formation of a fibrotic scar is the final result of the remodelling process 

programmed in the myocardial environment after ischemia. Even though this host 

response can help to stabilise the organ, it is not possible to predict whether this 
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scarring evolves towards a non-contractile area which impacts on the overall heart 

function. Moreover, fibrosis in an irreversible process which will not allow any 

further restoration of either vascularized or muscle-like tissue in the ischemic area. 

For these reasons, therapeutic options for the enhancement of healthier post-ischemic 

myocardial remodelling should always evaluate the entity and composition of the 

scarring after the application of a treatment. In this study, a stereological approach 

based on the removal of the bias due to cardiac tissue orientation was applied at the 

sampling stage. This facilitated a quantitative evaluation of the fibrotic response in 

the sheep treated with ELRs-based hydrogel compared to an ischemic control group. 

The endpoint of all the groups of animals tested was 28 days after MI which is a 

well-established timepoint at which to estimate whether there is a relevant change in 

myocardial remodelling. The treatment with ELRs-hydrogel followed a multiple-

injections procedure. Briefly, three injections of 500 l of solution each were 

performed in the infarct area seven days after the surgical induction of MI. HE5-

cyclooctine and HRGD-azide ELRs were mixed and left on ice for ten minutes 

before loading in a syringe with a 25G needle and administered to the ischemic left 

ventricular wall by intra-myocardial injection. At day 28 after MI, fibrosis 

quantification was performed from both conventional Masson’s Trichrome-stained 

sections and from TEM micrographs (Figure 4.4 A,B). Interestingly, measurements 

from the two different methods showed a similar significant reduction in fibrosis; 

stereological grids were applied in both cases. Specifically, in the ischemic zones the 

area fraction of collagen stained by Masson’s Trichrome decreased from 0.250.05 

in the MI-only group to 0.140.04 in the hydrogel-treated group (p=0.022) (Figure 

4.4), and from 0.350.10 in the MI-only to 0.170.04 in the ELRs-treated group 

(p=0.036) after quantification from EM micrographs (Figure 4.4 C,D). At the 

qualitative level, extensive scarring was seen in the MI-only group, and the typical 

wavy-oriented deposition of collagen fibres was clear from both histological and EM 

imaging (Figure A.6 in Appendices).  

 

4.3.3 Application of Raman confocal microscopy for fibrosis detection 

Histological and EM methods are extensively used as gold standards to characterise 

and quantify fibrosis after ischemia. Nevertheless, all standard histological, 

immunofluorescence and EM methods are time-consuming and produce significant 
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quantities of toxic and generally non-environmentally-friendly products. At the same 

time, several recent studies investigated the potential of spectroscopy techniques to 

analyse changes at the extracellular level in different conditions and systems 

[Votteler, Brauchle 2017].  

In this study we optimised, validated and applied a method based on Raman confocal 

microscopy to visualize and estimate the presence of fibrosis in myocardial tissue. 

Raman spectroscopy has been extensively used for chemical fingerprinting, but not 

to the same extent as in the biological field. After a careful optimisation of the 

conditions required to achieve a consistent signal-to-noise ratio in the recording of 

Raman spectra across the same sample, myocardial sections from the different 

groups were tested for their molecular fingerprint. A significant difference between 

the ischemic tissues and the healthy ones was seen in the corresponding normalised 

peak integrated intensity at 1246 cm-1 (p=0.025) using four different animals (Figure 

4.5). Since all the spectra were recorded using a confocal Raman machine, it was 

possible to localise the integrated intensity in the scanned tissue section and compare 

it with a standard from Masson’s Trichrome stained section (Figure 4.6). Thus, this 

novel method was applied to establish whether it was possible to distinguish the 

reduction in fibrosis seen in the ELRs-treated group by conventional histology. The 

averaged spectra obtained from the 100 μm2 areas scanned showed high intensities of 

the peaks at 934, 1447 and 1660 cm-1, corresponding to troponin and 

cardiomyocytes, as previously detected in myocardial tissue [Brauchle 2016]. A 

distinct difference between the ELRs-treated and the infarcted areas was seen at 1246 

cm-1. Normalised peak integrated intensity-derived data showed significance 

between fibrotic regions and healthy myocardium (p=0.019, n=4) whereas hydrogel-

treated samples did not show the same significant increased intensity (p=0.79, n=4). 

This data confirmed the results reported above. 

 

4.3.4 Glycobiology and angiogenesis assessment after ELRs hydrogel treatment  

The enhancement of angiogenesis is one of the main paths that had been extensively 

studied over the past decades to restore and improve the healing of myocardial tissue 

after ischemia. The expansion of vasculature structures from the existing ones is 

physiologically promoted during the proliferative phase of inflammation in response 

to VEGF signalling pathway. This response is not stable over the following weeks 
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due to the concurrent rising deposition of collagen fibres which prevents the 

migration of any other cellular component by occupying that space in the healing 

area. Moreover, an increasing number of studies are focusing on the involvement of 

glycan markers as key signals of inflammatory or degenerative paths [Grewal, Mohd 

Isa, Varki]. Therefore, in this study the approach was to conduct a lectin microarray 

screening on the membrane protein samples to detect initial relevant differences in 

the glycan markers. 

A significant increase in sialylation and mannosylation was seen in the infarcted 

samples over that in the healthy condition independently of the regional difference of 

the sample i.e. core ischemic or remote (Figure 4.7 A). Most interestingly, focusing 

on the ELRs-treated and MI-only groups, relevant increases in the binding intensities 

to Griffonia simplicifolia isolectin A4 (GS-I-A4) (p<0.05) and GS-I-B4 (p<0.001), 

Caragana arborescens (CAA) and Galanthus nivalis (GNA) lectins were seen in the 

core ischemic regions three weeks after the injection of the hydrogel (Figure 4.7 

A,B). Specifically, GS-I-B4 binds to terminal Gal--(1,3)-Gal, and this binding was 

already reported as a marker of endothelial cells and capillaries structures [Wälchli, 

He]. The localisation of the binding was assessed by lectin histochemistry and 

showed a migration of endothelial cells and as well as the probable formation of 

capillaries structures (Figure 4.7 C,D). To confirm that there was actually an 

enhancement of angiogenesis by the ELRs-hydrogel, binding to GS-I lectin was 

colocalised with the immunofluorescence staining against CD31 (Figure 4.8 A,B).  

Using EM imaging, it was possible to distinguish the main components of the 

capillary structures i.e. endothelial cells, pericytes as well as the erythrocytes 

circulating in the lumen of these structures (Figure 4.8 C). Only GS-I+/CD31+ and 

up to 20 m-size structures were counted as capillaries and stereologically 

quantified. The total number of capillaries significantly increased from 4418 in MI-

only conditions to 18747 in ELRs-treated group (p=0.012, n=5). Consequently, the 

radial diffusion distance decreased from 6313 in MI-only group to 293 in 

hydrogel-treated animals (Figure 4.8 D,E).  

 

4.3.5 Total sulfated GAGs deposition and HS/CS ratio during remodelling 

The relevance of glycosaminoglycans (GAGs) in the interaction between cells and 

the extracellular matrix had been exploited in the functionalisation of biomaterial-
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based systems to enhance tissue healing [Rnjak-Kovacina]. In this large animal 

study, total sulfated GAGs and the ratio between heparan sulphate (HS) and 

chondroitin sulphate (CS) were quantified by DMMB assay in all the groups of the 

study to evaluate the remodelling at the extracellular matrix level.  

The significant nine-fold increased deposition of sulfated GAGs already observed 

across the 7-day and 28-day timepoints (Chapter Three, section 3.3.4) was confirmed 

also in the two additional groups harvested 28 days after MI and analysed in this 

study, that included the PBS-treated and the ELRs hydrogel-treated animals. 

Statistical analysis by one-way ANOVA with Dunnett’s test showed a significant 

seven-fold increase in the PBS group from the pre-infarct 0.330.13 g/mg reaching 

the value of 2.451.69 g/mg (p=0.022) which was comparable to the reported 

significant increase in the MI-only group at 28 days (3.090.89 g/mg, p=0.002). 

The same trend was observed also in the hydrogel-treated group, but to a lesser 

extent and at a non-significant level, by the measurement of a total quantity of 

1.731.07 g/mg (p=0.11) (Figure 4.9 A). 

 

To further investigate changes in the balance between heparan sulphate and 

chondroitin sulphate during the remodelling and to assess any variation following the 

ELRs-hydrogel injections, HS/CS ratio was quantified in the PBS-injected and 

ELRs-treated groups. From the baseline level in healthy conditions (0.970.02), a 

significant decrease by 47% and 53% in the HS/CS ratio was observed in the 

hydrogel-treated group (0.510.11, p<0.01) and in the PBS-injected animals, 

respectively (0.450.06, p<0.01) (Figure 4.9 B).  

 

4.3.6 Evaluation of functional improvement 28 days after MI  

Echocardiographic measurements were performed to track the main functional 

parameters of the hearts the day before every surgical procedure and at the endpoint 

of 28 days post-MI (Figure 4.10 A). Animals which showed an increase - although 

minimal - in ejection fraction (EF) seven days post-MI were not considered for the 

final functional analysis since the induction of the infarct may not have caused 

significant changes at this level. Nevertheless, the gross explants evaluation post-

euthanasia did not exclude any animals from the histological and protein analyses 

presented in the previous sections. A consistent average decrease in EF by 10.8%, 
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8.3% and 9% was seen seven days post-MI in MI-only, PBS and hydrogel groups, 

with no significant difference across the groups (Figure 4.10 B). The decrease in EF 

due to the surgical procedure was completely reversed only in the ELRs-treated 

group, which showed a 16.2% improvement 21 days after the injection time (Figure 

4.10 C). On the other hand, both the PBS-injected and MI-only groups continued to 

show a trend of decrease in EF at the same endpoint (-2.6% and -0.3%, respectively). 
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Table 4.1 Optimised conditions for the injection of the ELRs hydrogel. 

Samples Composition 
Temp 

(°C) 

V 

(µl) 

Incubation 

time (min) 
Remarks 

1 

HRGD6-azide 

+ HE5-

cyclooctine 

4°C 100 0 

Hydrogel is too fluid, 

has no gel 

characteristics. 

Injectability is easy. No 

high pressure required. 

2 

HRGD6-azide 

+ HE5-

cyclooctine 

4°C 200 10 

Hydrogel after ten 

minutes gives a gel 

characteristic. It is easy 

to inject and the gel 

diffusion is retained 

through the wall of the 

left ventricle. 

3 

HRGD6-azide 

+ HE5-

cyclooctine 

4°C 100 15 

Hydrogel after 15 

minutes of incubation is 

highly gelled up and is 

very difficult to inject it 

into the heart muscle. 

4 

HRGD6-azide 

+ HE5-

cyclooctine 

RT 100 5 

Hydrogel is too fluid, 

has no gel 

characteristics. 

Injectability is easy. No 

high pressure required. 

5 

HRGD6-azide 

+ HE5-

cyclooctine 

RT 200 10 

Hydrogel after ten 

minutes gives a gel 

characteristic. It is easy 

to inject and the gel 

diffusion is retained 

through the wall of the 

left ventricle. 
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Figure 4.1 Ex vivo injection trial in ovine heart. Representative images (A,B) of 

ELRs-hydrogel injection ex vivo in an ovine heart (1-mm ruler spacing) and 

correspondent H&E showing hydrogel penetration across the sarcomeres. 

Verhoeff’s-Van Gieson staining is specific for elastin and illustrates intercalation of 

the hydrogel across the sarcomeres causing no damage to the integrity of 

cardiomyocytes, vasculature structures and relative supporting collagen (D). Non-

injected area is shown in C. Scale bar = 100 µm. 
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Figure 4.2 Schematic representation of experimental in vivo plan to test the efficacy 

of the ELRs-hydrogel. 9/39 sheep died because of the suture ligation procedure, 

corresponding to a 23.07% mortality. One out of seven PBS-injected and two out of 

nine ELRs-hydrogel-injected animals died after the injection procedure. One out of 

seven ELRs-hydrogel-injected sheep was excluded because of MI-related atrial 

fibrillation. 
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Figure 4.3 Gross explant pictures showing the left ventricle at the macroscopic level. 

Representative pictures of gross explants from MI-only group (A) and ELRs-

hydrogel group (B) 28 days after the induction of myocardial infarction. Clear MI-

area (green rectangles) was visible by the whitish colouring of the region of the left 

ventricle effected in all animals at the time of harvesting. The infarcts were non-

transmural since they were not extended to the full thickness of the left ventricular 

wall. Ruler = 1 mm. 
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Figure 4.4 Reduced fibrosis in the group treated with ELRs-hydrogel. Masson’s 

Trichrome images (A) and relative quantification (C) of collagen deposition (stained 

in blue) across the ischemic areas in hydrogel-treated (star indicates an island of 

ELRs-hydrogel) compared against MI-only. TEM micrographs (B) illustrating the 

typical wavy structure of fibrotic collagen deposits (indicated by arrows) in the 

analyzed ischemic areas in both hydrogel-treated and MI-only, and their relative 

quantification (D).  Scale bars = 100 µm in A, 2 µm in B. Data are reported as box-

plots, Mann-Whitney U test, n=5 animals per group, *p<0.05. 
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Figure 4.5 Raman analysis of myocardial infarcted tissue. Averaged Raman spectra 

of 225 points scanned in 100 µm2 ischemic areas in ELRs-treated, MI-only and 

healthy myocardial sections (A). The peak circled at 1246 cm-1 corresponds to 

reported collagen assignment. Heat maps (B,C,D) showing the localization of the 

integrated intensity of the 1246 cm-1 peak circled in (A), merged with confocal 

bright-field pictures of healthy (B), ELRs-treated (C) and MI-only myocardial 

sections (D). N=4 animals per group. Scale bars = 50 µm.  
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Figure 4.6 Validation of a method of fibrosis detection by Raman spectroscopy. The 

characterisation and distribution of collagen fibres was validated by the comparison 

with gold standard Masson’s Trichrome staining on consecutive sections from the 

same snap-frozen samples. Specifically, fibrotic deposition seen at 28 days after MI 

(A) was confirmed by the high level expressed in the corresponding Raman heat map 

(B). Conversely, healthy myocardium (C) reflected in a considerably lower 

normalised integrated intensity in the Raman heat map (D).  
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Figure 4.7 Relevant changes in N-acetyl-galactosamine and terminal -galactose 

glycan expression after ELRs treatment. Heat map and hierarchical clustering of 49 

lectin-microarray binding intensity to glycans present in membrane-proteins 

extracted from healthy (HLT) and either MI-only (M) or hydrogel-treated (H) 

animals in core ischemic (I), border (BZ) and remote (F) areas of MI. Asialofetuin 

(ASF) was used as glycoprotein control. Extracted quantification of GS-I-A4 and 

GS-I-B4 lectin binding intensity (B) across the different groups. GS-I lectin 

histochemistry counterstained with DAPI in ischemic regions 28 days after MI (C). 

Healthy adult myocardial rat tissue was used as positive control to stain endothelial 

cells. Pooled samples coming from four animals were analysed, error bars represent 

standard deviation of three replicates. One-way ANOVA followed by Dunnett’s post 

hoc test, *p<0.05, ***p<0.001. Scale bar = 100 µm in C, 20 µm in D.  
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Figure 4.8 Quantification of angiogenesis in ELRs-treated group. Co-localization of 

GS-I and CD31 staining in ischemic regions after hydrogel treatment (star indicates 

an island of ELRs-hydrogel) and in MI-only samples 28 days after MI (A). Higher 

magnification (B) and respective TEM micrograph (C) show the capillary 

components (E=endothelial cell, P=pericyte, R=red blood cell) in the ELRs-treated 

group. Quantification of number of capillaries (D) and radial diffusion (E) in the 

ischemic areas comparing MI-only with hydrogel-treated. Data are reported as box-

plots, Student’s t-test, n=5 animals per group, **p<0.01. Scale bars = 100 µm in A, 

20 µm in B, 2 µm in C. 
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Figure 4.9 Quantification of total sulfated glycosaminoglycans and HS/CS ratio. 

Quantification of sulfated glycosaminoglycans by DMMB assay was performed on 

all the groups with the final endpoint of 28 days after MI. Statistical analysis by 

Dunnett’s test confirmed a significant increase in pathologically-equivalent MI-only 

and PBS-treated groups but not in the ELRs-treated group (A). After enzymatic 

digestion, quantification of the ratio of heparan sulphate to chondroitin sulphate 

content showed a significant reduction in all the groups at 28 days, with a slight 

increase in the ELRs-treated group. Data are reported as box-plots, one-way 

ANOVA followed by Dunnett’s post hoc test, n=6 in hydrogel, n=5 in MI-only and 

healthy, n=4 in PBS, *p<0.05, **p<0.01.  

 



                                                                                     Elastin-based hydrogel for myocardial infarction 

 

225 

 

 

Figure 4.10 Functional response 21 days after the ELRs-hydrogel injection. 

Echocardiographic data were used to calculate the ejection fraction (EF) values at 

each timepoint for all the groups of the study (A). Animals that did not show a 

decrease in EF at day seven post-MI were not considered for the functional analysis.  

Comparison of the absolute changes in EF before the surgical procedure and seven 

days after MI (B). Comparison of the absolute changes in EF before the injection 

procedure (performed at day seven post-MI) and 21 days after (28 days post-MI) (C). 

Data are reported as box-plots, Kruskal-Wallis ANOVA, n=4 animals in hydrogel, 

n=6 in PBS and MI-only, *p<0.05.   
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4.4 Discussion 

In this study, the efficacy of multiple intra-myocardial injections of an ELRs-based 

hydrogel in an ovine model of subendocardial MI was evaluated. Major efforts have 

been ongoing over recent decades in the design and in vivo testing of biomaterials 

which can modulate the post-ischemic remodelling towards a significant functional 

improvement that may ultimately reduce the occurrence of heart failure [O'Neill, 

Lee]. In the cardiovascular field, hydrogels are a preferential option due to their 

highly tuneable characteristics which include their injectability into the myocardial 

wall. In this work, a protocol of multiple intra-myocardial injections following the 

open thoracotomy was adopted. The injection procedure differed from protocols 

previously followed by other groups including Spinale et al., for the testing of 

hyaluronic acid- [Ifkovitz, Eckhouse] and fibrin-based hydrogels [Mukherjee]. 

Specifically, a decrease in the number of intra-myocardial injections from nine to 

three was adopted to avoid both incidental myocardial damage and atrial fibrillations 

following the invasive surgical procedure. Nevertheless, the total volume of hydrogel 

injected (1.5 ml per animal) lies in the range of testable efficacy for a large animal 

model, yet not excluding the possibility of increasing the dose to enhance or extend 

its effects over the 28 days time period tested in this preclinical study.  

 

In recent years, matrices such as alginate, chitosan, collagen, fibrin or hyaluronic 

acid have been tested in vivo for the treatment of MI [Mukherjee, Liu, Yu, Huang, 

Gaffey]. While the main advantage shared by the intra-myocardial injection of most 

of these materials depends on the improvement of the wall stress in accordance with 

the law of Laplace [Lee]. Briefly, following the post-ischemic myocardial 

remodelling, the diameter of the left ventricle in both systolic and diastolic phases 

increases whereas the thickness of the wall, conversely, decreases. This profound and 

consistent geometrical change is irreversible and increases the stress exerted by the 

blood pressure on the left ventricular wall. Unfortunately, the absence of sufficient 

compensatory mechanisms and the progression of this wall stress leads to the 

occurrence of the organ failure. Consequently, increasing the thickness of the 

damaged ventricular wall by the injection of a matrix was demonstrated to 

significantly improve the functional outcome independently of the specific 

composition of the matrix used [Tous, Yu, Wang]. In this study, since improvements 
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in all the remodelling indices were seen (fibrosis, angiogenesis and functional 

response) evaluated one month after the multiple injection of the ELRs-hydrogel, the 

effect of the application of this matrix could derive from its bioactive properties. Due 

to its cell- (RGD sequences) and matrix metalloproteinases- (MMP)/cathepsin-

responsive domains, this biomaterial has an intrinsic responsiveness to the post-

ischemic. In this regard, the timing of the hydrogel delivery was likely to be crucial 

for its beneficial effects on fibrosis and angiogenesis. Indeed, it is well known that 

the ischemic remodelling begins with an acute inflammatory phase characterised by 

monocyte infiltration and secretion of IL-1, TNF and IL6 pro-inflammatory 

cytokines by the population of the macrophages which early populate the ischemic 

region. The switch of macrophage population towards a remodelling phenotype 

begins from the fifth day post-MI [Troidl] and is one of the early events which 

characterise the end of the acute inflammatory phase and the peak of MMP 

upregulation. This is just one reason why the hydrogel was injected at the seventh 

day post-MI. An additional consideration which rationalised the timing of injection is 

the risk of ventricular ruptures during the first week after MI which, taken together 

with the normal clinical practice, makes this a more realistic intervention time. 

Recent work by Blackburn et al. compared the same timing of injection (seven days 

post-MI) with an immediate (three hours post-MI) and later one (two weeks post-MI) 

using a collagen type I-chondroitin sulphate-C hydrogel in mice [Blackburn]. 

Specifically, they have seen a 17% improvement in EF with the early injection of the 

hydrogel which was reduced to just 4% if injection was delayed to one week after 

MI. Significant reductions in fibrosis and apoptosis (caspase3+ cells) together with an 

increase in angiogenesis only with the 3h post-MI injection led the authors to 

conclude that this was the optimal timing for injection [Blackburn]. Nevertheless, 

this contrasted with previous studies which used calcium-crosslinked alginate and  

PEG-based hydrogels both of which showed the beneficial effects of one-week post-

MI injections [Landa, Kadner]. Also, the adopted timing of delivery has an intrinsic 

advantage over that of the three hours-post MI timing of injection tested by 

Blackburn et al. that it is not likely to be adopted in the clinical scenario, as 

mentioned also by the authors.  

 

This study was performed using an ovine subendocardial model of myocardial 

infarction which markedly differs from the widely adopted model of ligation of LAD 
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and produces infarcts that are similar to the clinical cases of non-full thickness 

infarctions which require hospitalization, as explained in Chapter Three.  

As a consequence, the average decrease in the EF seen across the three groups 

(hydrogel, PBS and MI-only) at one week post-surgery was in the range of 8-11% 

and animals not showing any type of decrease at seven days post-MI (two from the 

hydrogel group and two from the MI-only group) were excluded from functional 

analysis. This is the first-ever study which showed an average full-recovery in EF at 

28 days post-MI compared to the pre-surgery situation in a large animal model. 

Comparing this data with a recently published preclinical study performed by the 

Christman group which tested the efficacy of an injectable ECM-derived hydrogel in 

pigs, the final results are comparable [Seif-Nairaghi]. Specifically, in that study, due 

to the direct ligation of the LAD, high decreases in EF - up to 25% - were induced 

[Seif-Nairaghi]. Nevertheless, that porcine-derived ECM matrix was able to promote 

a significant recovery reducing the deficit by up to 6% at two months post-injection. 

Interestingly, the data presented in this chapter followed the same pattern of EF 

improvement from the time of injection to the time of euthanasia (16% vs 20% 

improvement), although the endpoint of the study hereby presented was 28 days 

post-MI - so only three weeks after injection - whereas that comparable benefit was 

observed only three months after injection. Moreover, the limitation of the porcine 

ECM option towards its translational path stems from the potential residual presence 

of immunogenic antigen in the porcine ECM whereas the ELRs are produced in E. 

coli and do not possess xenogenic sequences. A study carried out by the Tzahor 

group evaluated the effect of the intra-myocardial injection of the ECM protein agrin 

following MI [Bassat]. Here the authors reported a recovery in EF at 28 days post-

MI which grouped the treated animals together with the uninjured group; the study 

showed the capacity of agrin to induce cardiomyocytes regeneration as the driving 

force of this improvement. Since this preclinical evaluation was limited to mice, the 

functional improvements seen in a small animal still needs further confirmation in a 

more translationally-relevant model such as the one that is established in this thesis.  

 

When an improvement in cardiac function is observed, previous research has studied 

remodelling parameters such as angiogenesis, fibrosis, apoptosis and cardiomyocytes 

proliferation. Histological and protein-based evaluation of the changes that occurred 

in the ECM from the time of injection to the endpoint of the study 21 days later are 
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reported in this chapter. A significant reduction in fibrosis in the ischemic core 

resulting from three independent techniques has been observed. Histological 

examination of collagen deposition was performed by both the traditional Masson’s 

Trichrome staining and imaged at the lowest magnification and by TEM evaluation 

to confirm the typical wavy-orientation of fibrotic scar. The significance in the 

reduction was confirmed by both techniques and in similar terms. A reduction in 

fibrosis from 25% in control to 17% in the group treated with the decellularised 

porcine ECM has been reported [Seif-Naraghi], a result that is similar to the 

reduction in the collagen stained area seen in the current study (from 25% to 14%) 

three-weeks after the ELRs hydrogel injection. Moreover, the same trend of 

reduction in fibrosis was seen in another study where the efficacy of fibrin was tested 

in rats with and without the addition of myoblasts [Christman]. In this study the 

hydrogel was injected with the same timing, that is one week after the induction of 

MI. Moreover, to achieve a similar reduction in fibrosis (by approximately 50%) 

complex combinatorial systems needed to be formulated and tested. A combination 

of biomaterials with biomolecules has also been reported in the literature. Studies 

have included the use of chitosan hydrogels or patches with adipose-derived stem 

cells [Liu, Chen 2018] and hyaluronic acid hydrogel enriched with IGF-1/HGF 

growth factors [Ruvinov]. In addition, only those treatments based on firmly 

established mechanisms of action such as plasmid encoding recombinant human 

VEGF [Vera Janavel], ECM-inspired single proteins like agrin able to stimulate 

cardiomyocyte dedifferentiation [Bassat] or  recently tested elastomeric polymers, 

like the poly(octamethylene maleate (anhydride) citrate (POMAC) [Montgomery], 

induced a comparable beneficial reduction in the scarring.  

 

An additional technique adopted to validate the reduction in fibrosis was the confocal 

Raman spectroscopy analysis, a non-disruptive and non-contact method that has the 

potential to provide a full biochemical fingerprint of the analysed sample [Votteler, 

Pudlas]. Taking into consideration the rising interest in the application of this 

technique to the analysis of biological tissues [Monaghan, Brauchle 2017 and 2018] 

the application of the traditional spectroscopic Raman analysis with a confocal 

imaging of the core ischemic area of interest was optimised. It was sought to 

determine if any specific area of a Raman spectrum can be associated with the 

fibrotic remodelling and to compare healthy and ischemic tissues 28 days after MI 
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induction. Prior to staining of consecutive sections by Masson’s Trichrome to 

confirm the collagen deposition, a consistent higher peak in correspondence of the 

1246 cm-1 wavelength was detected. This peak was previously detected in the spectra 

recorded from Raman analysis of porcine aortic valves and murine myocardial 

ischemic tissues [Votteler, Monaghan] but was not associated with the fibrotic 

remodelling. This might be due to the limited (5-8%) fibrotic area seen in the 

ischemic sample from the murine infarcts previously analysed by Raman 

spectroscopy [Monaghan]. In addition, the combination of the laser scanning with 

confocal imaging allowed the visualization of the relative integrated intensity of the 

peak of interest in the scanned area. By comparing the resulting heat map of the 

intensity of the signal with a consecutive section stained with Masson’s Trichrome, a 

clear visual matching was seen between the positivity of the stained collagen fibres 

and the intensity of the 1246 cm-1 wavelength peak across the ischemic tissue. This 

represents an interesting advance in the field in its potential impact as a novel 

diagnostic tool to detect the deposition of fibrotic collagen more quickly than using 

the standard histological evaluation. Specifically, several hours which are normally 

spent to achieve fixation of tissues and the follow-on steps required for a standard 

histological staining can be saved by this non-disruptive one hour-long scanning 

method on snap-frozen myocardial sections. Moreover, given the similar nature of 

collagen fibres scarring as the result of a pathological remodelling affecting multiple 

organs in the organism, the potential application of this method can be extended to 

other diseases such as lung fibrosis and diabetic ulcers.  

 

Recently the expansion of the traditional boundaries which previously limited the 

glycobiological studies to infection-related immunobiology advanced the 

understanding of remodelling processes [Paszek, Gonzalez, Parker, Mohd Isa]. 

Therefore, to evaluate the changes in the glycosylation of cardiac ischemic tissue in 

response to the ELRs-hydrogel intervention, membrane-proteins extracted from 

infarcted samples were used to assess any sign of the biomaterial-mediated response 

with the most external components of the cellular environment. Initially the focus 

was on the validation of the results describing the reduction in fibrosis. Indeed, 

glycosaminoglycans (GAGs) are fundamental components of the myocardial ECM in 

physiological conditions, and a recent study illustrated the ageing-dependent 

variation in the expression of GAGs in terms of their decreased binding to growth 
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factors, like heparan sulphate (HS) [Huynh]. The changes in total sulfated GAGs 

were analysed first, and then any alteration in the ratio between HS and chondroitin 

sulphate (CS), another sulfated GAG abundantly present in the myocardial ECM 

[Nielsen], was assessed. The level of GAGs was already demonstrated to increase 

during the remodelling phase in both wound healing and in myocardial ischemia 

[Drobnik 2004, Drobnik 2013, Ghatak]. Moreover, this elevated expression was 

observed from three to six weeks after the induction of MI, a window that includes 

the endpoint of this study (four-weeks) [Drobnik 2004]. Results showed a time-

dependent increase of total sulfated GAGs after MI which was significant compared 

to the uninjured animals at the endpoint and not only at one-week post-MI. In the 

ELRs-treated group, the accumulation of GAGs is reduced relative to the 

pathologically-equivalent groups, that are MI-only and PBS-injected. This finding 

reflects the reduced fibrotic scarring seen by Masson’s Trichrome, TEM and Raman 

microscopy. Further analysis revealed the altered balance in the expression of HS 

and CS. In this analysis a significant change in the ratio at 28 days post-MI was seen, 

although the trend of increasing CS over HS was already detectable at seven days 

post-MI. The similar HS/CS ratios across all the study group at the endpoint led to 

the conclusion that this hydrogel intervention did not result in a differential 

rearrangement of the sulfated GAGs in the infarcted myocardium.  

 

To assess the tissue response to the hydrogel injection, the expression of glycans 

present in the cellular membranes by lectin microarray analysis was screened. This 

technology allowed for the determination of the variation of glycan residues that 

could have been limited to specific subgroups of specificity such as mannose, sialic 

acid or fucose. Samples collected at 28 days post-MI were analysed, since any 

dysregulation detected at the earlier timepoint (seven days post-MI) was likely to be 

associated with the several lineages of inflammatory cells that remain present in the 

the healing microenvironment, with a consequent difficulty in distinguishing the 

multiple variables that determine those alterations. The glycan expression levels 

were markedly different when compared to pre-injury, but the significance was 

confined to a limited pool of residues. Specifically, in the subgroup of lectins binding 

to sialic acid, only -(2,3)-linked sialic acid residues binding to Maackia amurensis 

(MAA) lectin were still significantly increased across all the groups compared to the 

uninjured. As shown in Chapter Two, this residue was localised in the cellular 
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membrane of cardiomyocytes and its stable increase at this timepoint is likely to be 

linked to the physiological hypertrophic response which is known to be one of the 

hallmarks of the post-ischemic cardiomyocytes response [Frangogiannis, Nielsen]. 

The most remarkable differences between the hydrogel-treated and MI-only groups 

were found in the expression of glycans localised in the core ischemic zones. In 

particular, higher expression of terminal Gal--(1,3)-Gal, Gal--(1,4)-GlcNAc 

disaccharides and Man--(1,3)- residue, which bound to Griffonia simplicifolia (GS) 

isolectin B4, Caragana arborescens (CAA) and Galanthus nivalis (GNA) lectins, 

respectively,  was detected in the hydrogel group. Together with the validation of 

GS-I binding in ischemic tissues by lectin histochemistry, its expression that spread 

from the endothelial cells of healthy adult myocardial tissue was also confirmed. 

Thus the possibility to be focusing on a specificity dependent on a residual 

inflammatory cell population was excluded. Given the output of this glycobiology-

based approach, it was hypothesised that migration of endothelial cells in the matrix 

occurred. This migration resulted in an angiogenic response that maturated together 

with the degradation of the hydrogel. The lectin used is an established reagent that 

can detect the formation of sprouting vasculature post-ischemia, as previously 

published in the cardiovascular field [Houtgraaf, Mukherjee, Rastogi 2008, Rastogi 

2011]. To precisely quantify angiogenesis, the samples were stained with GS-I lectin 

and anti-CD31 antibody, a well-known marker of endothelial cells. Following 

stereological methods, a four-fold increase in the number of capillaries in the core of 

the infarct which is a distinct result in terms of angiogenic response, was observed. 

In this study the density of capillaries in the core ischemic zone was quantified. This 

zone is the most challenging microenvironment in which to induce sprouting of the 

vasculature network. Specifically, the data showed an average of 187 capillaries per 

squared mm in this region of the heart whereas studies testing the efficacy of 

angiogenic treatments in large animals reported much higher absolute numbers 

(ranging from 400 to 1000). These studies refer to the border zone of the infarct, 

where the original morphology and cellular composition of the tissue is more 

preserved [Houtgraaf, Lin, Dubois]. The current study, by contrast, demonstrated a 

significant increase in the same area of tissue which is normally irreversibly filled by 

the fibrotic scar and so, mostly acellular. This was confirmed by the minimal level of 

capillaries found in the MI-only group at 28 days (44 capillaries per squared mm).  
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In light of this consideration, if the four-fold increase seen after ELRs-hydrogel 

treatment is compared to a study testing collagen, fibrin and Matrigel® individually 

for their angiogenic potential in the infarct zone, the capillary density was limited to 

a two-fold increase [Huang]. In the reported study all the matrices showed a higher 

infiltration of myofibroblasts which contributed to a more beneficial remodelling 

process in the biomaterial-treated groups. In contrast, the current study demonstrated 

a lower deposition of collagen (which is typically secreted by myofibroblasts) in the 

ELRs-injected group and, in light of the angiogenic results at both protein and 

histological levels, the observed response is mediated by the migration of endothelial 

cells through the hydrogel matrix.  

 

4.5 Conclusions 

In this study the effects of the multiple injections of an ELRs-based hydrogel intra-

myocardially seven days after the induction of focal infarcts in an ovine model were 

evaluated. Twenty-one days after the injection procedure, a beneficial remodelling in 

the ischemic core was observed. A significant improvement was seen in all the 

indices tested to compare the biomaterial-response to the pathophysiological 

situation in the MI-only group. Specifically, a significant reduction in fibrosis at 28 

days post-MI was quantified. To validate the reliability of the adopted sampling 

method, additional independent analyses using EM and confocal Raman microscopy 

were carried out. Moreover, the decrease in total sulfated GAGs in the hydrogel 

group - assessed by DMMB assay - further confirmed the reduction in fibrosis. It is 

worth mentioning that these four techniques used four different methods of tissue 

processing - the same sample was never used for more than one independent method 

- and the results all remained consistent.  

A glycobiology-based approach highlighted localised changes in the core ischemic 

zone between hydrogel-treated and non-treated animals which were then associated 

with an angiogenic response. Thus the hydrogel enhanced the recruitment of 

endothelial cells through the pores of its matrix. This distinguished the inner 

composition of the scarring tissue from that which was almost completely acellular 

seen without intervention 28 days post-MI. By the combination of both a reduction in 

fibrosis and an increase in angiogenesis in the ischemic core, cardiac function 

significantly improved and resulted in a full recovery in ejection fraction if compared 

to the pre-MI levels.   
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Transcriptomic, proteomic and glycomic analyses to 

reveal the mechanism of modulation of post-ischemic 

remodelling by an elastin-like recombinamers-based 
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5.1 Introduction 

Since the first successful studies demonstrating the efficacy of acellular hydrogels 

for the improvement of post-ischemic cardiac remodelling [Christman 2004a,b], 

several studies with other acellular biomaterial systems have been reported. 

However, the biological mechanisms behind those cardiac improvements have been 

speculated [Landa, Leor, Singelyn].   

Unfortunately, one of the most promising candidate in this field, that was calcium-

crosslinked alginate, recently failed to show a significant improvement in cardiac 

function in a phase II trial [Rao]. Therefore, specific analyses centred on the 

biological mechanism rather than on the simple causative action of the biomaterial 

used would provide substantial advancements to the field.  

 

To follow such an approach, biological mechanisms involving glycans will need to 

be included in the evaluation of tissue response to a biomaterial treatment. However, 

the complexity of glycobiology and the only recently established methods to 

precisely identify glycan structures [Jensen, Everest-Dass] make this assessment 

difficult. In the field of cardiac biology, recent studies have started to identify the 

classes of glycoproteins that are present and their involvement in pathological events 

such as hypertrophy by glycoproteomics analysis [Parker, Yang]. On the other hand, 

the role of glycan moieties as determinants of the specific binding between 

inflammatory cells and endothelial cells has been the objective of a variety of studies 

in the recent decades. Studies have been reported to elucidate the functional 

relevance of glycan ligands to the family of selectins which are crucially involved in 

all the main phases of leucocytes rolling and diapedesis during the inflammation 

process [Sackstein 2000 and 2008].  

 

Moreover, to detect the molecular triggers behind the impact of a biomaterial 

treatment on ECM and cellular populations, standard high-throughput RNA 

sequencing (RNA-seq) and proteomic analyses can be used. A recent study by the 

Christman group focused on the detection and validation of the pathways which were 

altered after the injection of a decellularized myocardial matrix one week after the 

induction of MI in rats [Wassenaar]. Specifically, due to the wide range of alterations 

in inflammation, fibrosis, angiogenesis, apoptosis and progenitor cell recruitment 

that were demonstrated, the authors highlighted the multiple effect of the matrix in 
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all these biological phenomena instead of directing the attention to a specific or 

prevalent mechanism of action.    

 

Consequently, the objectives of this study are to:  

 

• Perform a RNA-sequencing analysis on total RNA samples from MI-only and 

ELRs-treated groups to identify which biological pathways were altered after the 

biomaterial treatment. 

 

• Evaluate the tissue response in membrane protein and ECM glycosylation 

patterns by glycomic analysis.  

 

• Run a proteomic analysis on total protein lysates to assess whether the tissue 

response was altered after the hydrogel treatment and comparable with previous 

histological evaluation. 

 

• Validate the most prominent differences highlighted by RNA-sequencing and 

proteomic analyses and hypothesise a mechanism of action of the ELRs-hydrogel 

treatment. 

 

5.2 Materials and methods 

 

5.2.1 RNA extraction from sheep samples  

Total RNA was extracted from the sheep samples harvested as described in section 

3.2.4 and in Figure 3.2 and preserved in RNAlater® at -80°C. Each sample, weighing 

approximately 50 mg, was finely minced and extracted in TRIzol™ by bead grinding 

using a Qiagen TissueLyser (Qiagen, USA) set at 50 oscillations per minute. Two 

cycles of ten minutes each were performed at 4°C and samples were visually 

inspected to ensure a complete homogenization. RNA extraction was then carried out 

by chloroform precipitation and purified using RNeasy® Mini Spin Columns, as 

detailed in the Appendix A.1. RNA was diluted in RNase-Free water and aliquoted 

before storing at -80°C. Samples were sent for RNA-seq analysis to Genewiz (USA) 
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prior to preliminary evaluation of RNA concentration, purity and integrity, as 

detailed in Figure A.1 and Table A.1 in Appendices.  

 

5.2.2 Library preparation for RNA-sequencing analysis  

RNA-seq library preparation used the NEBNext® Ultra™ RNA Library Prep Kit for 

Illumina by following the manufacturer’s recommendations (New England Biolabs, 

Ipswich, USA). Briefly, mRNA were first enriched with Oligod(T) beads.  Enriched 

mRNAs were fragmented for 15 minutes at 94 °C. The first strand and second strand 

cDNA were subsequently synthesized.  cDNA fragments were end repaired and 

adenylated at 3’ends, and a universal adapter was ligated to cDNA fragments, 

followed by index addition and library enrichment with limited cycle PCR. The 

sequencing library was validated on the Agilent TapeStation (Agilent Technologies, 

USA), and quantified by using Qubit® 2.0 Fluorometer (Invitrogen, USA) as well as 

by quantitative PCR (Applied Biosystems, USA). 

 

5.2.3 RNA-sequencing and differential expression gene analysis  

RNA-seq was carried out using an Illumina MiSeq™ platform. Reads were 

demultiplexed to generate fastq files using a software Illumina BCL2FASTQ v2.19. 

R package DESeq2 was used to perform differential expression gene (DEG) analysis. 

 

5.2.4 Protein extraction from sheep samples 

Sheep tissue samples were harvested as described in section 3.2.4 and in Figure 3.2 

and stored at -80°C. To extract proteins, tissues were minced in small pieces with a 

scalpel and homogenized in a tube containing RIPA lysis and extraction buffer with 

cOmplete EDTA-free protease inhibitor cocktail, as detailed in the Appendix A.2. 

The minced tissues were completely homogenized by the mechanical action of 

grinding beads using a Qiagen TissueLyser (Qiagen, USA) set at 50 oscillations per 

min. Two cycles of 15 minutes each were performed at 4°C and samples were 

visually inspected to ensure a complete homogenization. Samples were then left on 

ice for 15 minutes and centrifuged at 12,000 rpm for ten minutes at 4°C. The 

concentration of the homogenized samples was assessed using a Micro BCA™ 

Protein Assay Kit. 
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5.2.5 Suspension trapping trypsin digestion before proteomic analysis 

Extracted proteins from sheep heart tissues were quantified by BCA assay and 

submitted to bottom-up proteomic sample preparation for LC-MS/MS analysis. A 

suspension trapping (S-Trap) method was adopted to concentrate samples and to 

remove detergent interference [Ludwig]. In particular, a digestion protocol based on 

S-trap™ Micro spin columns (ProtiFi, USA) was used following manufacturer’s 

instructions. Tris-HCl was used in place of triethylammonium bicarbonate (TEAB) 

buffer both in sodium dodecyl sulfate (SDS) lysis buffer (1% SDS, 100 mM Tris-

HCl, pH 7.55) and in binding buffer (90% aqueous methanol with a final 

concentration of 100 mM Tris-HCl, pH 7.1). Briefly, about 100 µg of estimated 

protein extracts was dried and resuspended in 25 µl of lysis buffer. Reduction of 

disulphide bonds was performed using 20 mM dithiothreitol (DTT) for ten minutes at 

95ºC, and the alkylation by the addition of iodoacetamide (IAA) to a final 

concentration of 40 mM (incubated 30 minutes in the dark). Undissolved matter was 

removed by centrifugation for eight minutes at 13,000 g. Aqueous phosphoric acid at 

1:10 was added (≈1.2% final concentration), subsequently, 165 µl of binding buffer 

was added. The acidified SDS lysate/methanol buffer mixture was loaded into the 

micro-column for protein trapping and trypsinization (1:25-enzyme:protein) 

according to manufacturer’s protocol. After one hour of incubation at 37 ºC, peptides 

were eluted using centrifugation at 4,000 g with 40 µl each of 50 mM ammonium 

bicarbonate, then 0.2% formic acid (FA). Hydrophobic peptides were recovered with 

35 µl of 50% ACN containing 0.2% FA. Pooled elution of each sample was dried 

and resuspended in 25 µl of loading solution (2% ACN, 0.1% trifluoroacetic acid). 

The peptide concentration was measured using a NanoDrop™ One/Onec 

Microvolume UV-Vis Spectrophotometer (Thermo Fisher Scientific, USA). 

 

5.2.6 Proteomic label-free quantification 

About 1.5 μg of peptide mixtures was injected into an Ultimate™ 3000 RSLCnano  

Ultra-High Performance Liquid Chomatography (UHPLC) system (Thermo Fisher 

Scientific, USA) coupled online with Impact HD™ UHR-QqToF (Bruker Daltonics, 

Germany). Each sample was analysed at least twice to minimize technical variability. 

Samples were loaded onto a pre-column (Dionex, Acclaim PepMap 100 C18, 
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cartridge, 300 µm) followed by a 50 cm nano-column (Dionex, ID 0.075 mm, 

Acclaim PepMap100, C18). The separation was performed at 40°C and at a flow rate 

of 300 nL/min using multistep four hours gradients of ACN as already reported 

[Chinello]. The column was on-line interfaced to a nanoBoosterCaptiveSpray™ 

electrospray ionisation (ESI) source (Bruker Daltonics). Data-dependent-acquisition 

mode was applied based on collision-induced dissociation (CID) fragmentation 

assisted by nitrogen as collision gas. Mass accuracy was improved using a specific 

lock mass (1221.9906 m/z) and a calibration segment (10 mM sodium formate 

cluster solution) before the beginning of the gradient for each single run. Acquisition 

parameters were set as already described [Liu 2015]. 

Data elaboration was performed through DataAnalysis™ v.4.1 Sp4 (Bruker 

Daltonics, Germany) and protein identities and relative abundancies were determined 

using PEAKS Studio 8.5 (Bioinformatics Solutions Inc., USA) [Zhang]. All 

duplicates for each sample were considered independently. An in-house constructed 

Uniprot’s reference databases of Ovis aries (accessed Feb 2018, 556,825 sequences; 

199,652,254 residues) were combined with a decoy database and implemented in the 

software. For protein identification, the following parameters were specified: 

enzymatic digestion performed by trypsin, allowing one missed cleavage; precursor 

mass tolerance was 20 ppm; fragment mass tolerance of 0.05 Da; 

carbamidomethylation (Cys) as fixed modification. To determine the false-positive 

identification rate, the estimated spectra was used against a decoy database. A false 

discovery rate (FDR) of ≤1%, with a peptide score of −Log(p) ≥ 20 was considered 

adequate for confident protein identification.  The de Novo ALC score was set ≥ 

50%. Peptide feature based quantification was performed to calculate the relative 

protein and peptide abundance in the samples. Only confidently identified peptide 

features were matched and used for the estimation of the related signal intensity. 

Likewise, the area under the curve of the extracted ion chromatograms (XICs) was 

measured and used for the relative quantification between runs. Retention time shift 

tolerance was six minutes. Areas were normalised using TIC (Total Ion Current). To 

get the summed cumulative peak area of the protein, only unique peptides that are 

assigned to particular proteins were selected and only proteins that have more than 

two unique peptides were considered. 

 



                                                                              High-throughput analyses on hydrogel-treated hearts  

 

249 

 

5.2.7 Ingenuity Pathway Analysis (IPA®) to analyse transcriptomic and 

proteomic data 

Data from differentially expressed genes (DEG) analysis were converted from .csv to 

.xls files and gene column list was sorted to reference all the data relative to the 

different groups (7 days MI-only, 28 days MI-only and hydrogel-treated) to a 

summed up ID gene list. The created .xls file had columns reporting the log2(fold 

change) DEG data of each group compared to the healthy conditions and were 

loaded in Ingenuity Pathway Analysis (IPA®, Qiagen, USA) software according to 

the instructions. Cut-offs of log2(fold change) > 1.5 and log2(fold change) < -1.5 and 

adjusted p-value<0.05 were applied for core analysis. Moreover, comparative 

analysis was performed analysing the files relative to the core ischemic samples of 

seven days MI-only, 28 days MI-only and hydrogel-treated groups. Canonical 

pathway and upstream regulators data were compared by their activation z-score and 

associated p-value. Similarly, data from nano-flow liquid-chromatography combined 

with tandem mass spectrometry (nLC-ESI-MS/MS) label-free quantification were 

previously filtered for a unique peptide number above two and listed in a .xls file 

according to their fold change ratio to healthy conditions. The created .xls file had 

columns reporting the fold ratio of each group compared to the healthy conditions 

and was loaded in the IPA® software according to the instructions. Cut-offs of fold 

change > 1.5 and fold change < -1.5 were applied for core analysis. Moreover, 

comparative analysis was performed analysing the files relative to the core ischemic 

samples of seven days MI-only, 28 days MI-only, PBS-injected and hydrogel-treated 

groups. 

 

5.2.8 Immunofluorescence to quantify CD163+ cells and α-SMA+ arterioles 

OCT-embedded sections with a thickness of 5 m were used for all the 

immunofluorescence and lectin histochemistry experiments. Since the time of 

fixation in paraformaldehyde was optimised to get to the final overnight incubation 

at 4°C, this step did not affect the outcome of immunofluorescence experiments and 

no antigen retrieval was necessary for any of the markers tested.  

At the beginning of each experiment, sections stored at -80°C were left at RT for 

approximately 20 minutes before starting. Samples were first permeabilized with 

TBS-Tween (0.05%) twice for five minutes each, then washed with TBS for an 



                                                                              High-throughput analyses on hydrogel-treated hearts  

 

250 

 

additional five minutes. Blocking of the samples was carried out using 10% donkey 

serum (Sigma) for one hour at RT. Immunofluorescence experiments were 

performed using the following primary antibodies and dilutions: rabbit polyclonal to 

-smooth muscle actin (ab5694, Abcam, UK) at 1:200 and rabbit polyclonal to 

CD163 (ab87099, Abcam, UK) at 1:100. All primary antibodies were diluted in 

TBS-Tween (0.05%) and incubation was carried out at 4°C overnight. The following 

day, samples were washed with TBS-Tween three times for 15 minutes each and 

then incubated with anti-rabbit Alexa Fluor® 647-donkey secondary antibody 

respectively at 1:500 dilution in TBS-Tween (0.05%) for one hour at RT. The 

undiluted secondary antibody was centrifuged for ten minutes at 10000 rpm to 

precipitate aggregates before making the dilution. After the incubation, glasses were 

washed with TBS-Tween three times for 15 minutes each then mounted with 

Prolong® Gold with DAPI and coverslipped. Glasses were left to cure overnight at 

RT before sealing. Only CD163+ cells or α-SMA+ arterioles in the ischemic core 

(not in the border region) were counted using an appropriate stereological grid which 

was superimposed on each image to quantify the total number per squared mm. 

Details of the antibodies used are listed in the Table A.2 in Appendices.  

 

5.2.9 Immunofluorescence and lectin histochemistry to validate GATA4 

Sections from the MI-only and ELRs-treated groups were double stained with Wheat 

germ agglutinin (WGA) lectin and anti-GATA4 primary antibody after optimisation 

of this lectin-primary antibody protocol. Briefly, samples were left to thaw at RT for 

20 minutes and washed with TBS-Tween twice for three minutes each. Then samples 

were blocked with 3% periodated BSA for one hour at RT. After this, glasses were 

quickly dipped in TBS and incubated with the lectin at a concentration of 20 g/ml 

for one hour at RT. Following this, samples were washed three times with TBS for 

three minutes each and then blocked with 3% periodated BSA for one hour at RT. 

Sections were then incubated with the rabbit polyclonal primary antibody to GATA4  

at 1:200 dilution overnight at 4°C. The following day, samples were washed with 

TBS-Tween twice for ten minutes each and then with TBS once for ten minutes. 

After the incubation for one hour at RT with anti-rabbit secondary antibody, sections 

were washed with TBS-Tween twice for ten minutes each and then with TBS once 

for ten minutes. Finally, the glasses were mounted with Prolong® Gold with DAPI  
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and coverslipped. Glasses were left to cure overnight at RT before sealing. All the 

procedures from incubation with the lectin to final mounting was performed avoiding 

direct light due to the sensitivity of FITC-labelled lectin. Imaging was done using a 

laser confocal microscope (Olympus FluoView 1000, Olympus America) and five 

images were taken for each serial section at a magnification of 40x. Only GATA4+ 

cells in the border zone (not in the ischemic core region) were counted using an 

appropriate stereological grid which was superimposed on each image to quantify the 

total number of GATA4+ cells per squared mm (Figure A.10 in Appendices).  

 

5.2.10 Release of N- and O-linked glycans from membrane proteins  

Membrane proteins were extracted from healthy, 7 days MI-only, 28 days MI-only, 

PBS-injected and hydrogel-treated groups were extracted. Membrane protein 

samples from sheep samples (240 μg) were pooled from three different animals. 

Extraction buffer was exchanged to 7 M urea via a 30 kDa MWCO centrifugal filter 

and incubated with 25 mM DTT at 56°C for 45 minutes. The reduced samples were 

then alkylated with 62.5 mM IAA at room temperature for 50 minutes in the dark. 

After alkylation, samples were treated with sequencing grade trypsin (1% w/w, 

Promega, Sweden) at 37°C overnight. Tryptic peptides were precipitated with 80% 

(v/v) acetone. The dried pellet was then washed twice with 500 μl of cold 60% 

methanol and pellets were air-dried. After adding 50 μl of 50 mM ammonium 

bicarbonate, pH 8.4, and 1 μl of PNGase F, samples were incubated at 37°C 

overnight. Released N-linked glycans were separated from (O-glyco)peptides using a 

Sep-Pak® C18 cartridge (Waters Corporation, USA). Briefly, the cartridge was first 

conditioned with different dilutions (90% and 10%) of acetonitrile (ACN) in 0.5% 

trifluoroacetic acid (TFA). After applying the sample, both the eluent and washout 

with 5% acetic acid were combined which contained released N-linked glycans. O-

glycopeptides were eluted by the addition of 65% ACN in 0.5% TFA. Both samples 

were then dried at 30°C. Released N-linked glycans were reduced by 0.5 M sodium 

borohydride (NaBH4) and 20 mM NaOH at 50°C overnight. O-linked glycans were 

released by the reductive β-elimination reaction. Briefly, samples were incubated in a 

buffer containing 0.5 M NaBH4 and 50 mM NaOH at 50°C overnight. Reactions 

were quenched with glacial acetic acid, and samples were desalted and dried as 

previously described [Schulz]. 
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5.2.11 N- and O-linked glycans detection by LC-ESI-MS/MS analyses   

Released glycans were dissolved in deionized water and analysed by liquid 

chromatograph-electrospray ionization tandem mass spectrometry (LC-ESI/MS/MS) 

as previously reported [Mereiter]. The oligosaccharides were separated on a column 

(10 cm × 250 µm) packed in-house with 5 µm porous graphite particles (Hypercarb, 

Thermo-Hypersil, UK). The oligosaccharides were injected on to the column and 

eluted with an ACN gradient (Buffer A, 10 mM ammonium bicarbonate; Buffer B, 

10 mM ammonium bicarbonate in 80% ACN). The gradient (0-45% Buffer B) was 

eluted for 46 minutes, followed by a wash step with 100% Buffer B, and equilibrated 

with Buffer A in the following 24 minutes. A 40 cm × 50 µm inner diameter fused 

silica capillary was used as transfer line to the ion source.  

The samples were analysed in negative ion mode on a LTQ linear ion trap mass 

spectrometer (Thermo Electron, USA), with an IonMax standard ESI source 

equipped with a stainless steel needle kept at –3.5 kV. Compressed air was used as 

nebulizer gas. The heated capillary was kept at 270°C, and the capillary voltage was 

–50 kV. Full scan (m/z 380-2000 two microscans, maximum 100 ms, target value of 

30,000) was performed, followed by data-dependent MS2 scans (two microscans, 

maximum 100 ms, target value of 10,000) with normalised collision energy of 35%, 

isolation window of 1.0 units, activation q=0.25 and activation time 30 ms). The 

threshold for MS2 was set to 300 counts. Data acquisition and processing were 

conducted with Xcalibur™ software (Version 2.0.7, Thermo Fisher Scientific, USA).   

Glycan structures were identified from their MS/MS spectra by manual annotation. 

For structural annotation, some assumptions were made in this study. The structures 

of N- and O-linked glycans was assumed to follow the classic biosynthetic pathways. 

Diagnostic fragmentation ions for N- and O-glycans were investigated as previously 

described [Everest-Dass]. Terminal Hex2 units were presumed to be α-linked Gal. 

Chain elongation was expected to be mediated by the addition of N-

acetyllactosamine (LacNAc) disaccharides. The annotated structures were submitted 

to the UniCarb-DR database (http://unicarb-dr.biomedicine.gu.se/references/352) 

according to MIRAGE guidelines [Liu 2016]. For comparison of glycan abundances 

between samples, individual structures were quantified relative to the total content by 

integration of the extracted ion chromatogram peak area. The area under the curve 

http://unicarb-dr.biomedicine.gu.se/references/352
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(AUC) of each structure was normalised to the total AUC and expressed as a 

percentage. The peak area was processed by Progenesis QI (Nonlinear Dynamics, 

UK). 

 

5.2.12 Quantification of mitochondrial parameters  

Since the isector method [Tang] was applied for sampling, the volume density of 

mitochondria was calculated using the point counting method. Surface density (Sv) 

of both inner and outer mitochondrial membranes was estimated using a simple 

intersect counting technique [Weibel, Howard]. Specifically, the formula Sv= 2I/L 

where I = number of intersects with membranes and L is the total length of line 

applied to the sections was used. The relative estimates were combined with nuclear 

volumes derived from acridine orange staining (Figure A.11 in Appendices) to 

provide estimates of surface areas. 

 

5.2.13 Statistical analysis 

All statistical analyses were performed using Minitab Express software (Minitab, 

Inc. State College, USA). RNA-seq data were analysed using the Wald’s test, which 

is a default statistical test for the DESeq2 package. Data from the quantification of -

SMA+ arterioles and CD163+ cells did not follow a normal distribution, and so they 

were analysed by Mann-Whitney U test. Mitochondrial data were analysed by 

Kruskal-Wallis ANOVA. Values were considered significant only with p<0.05. 

 

5.3 Results 

 

5.3.1 Significant remodelling-related pathways from RNA-sequencing  

In Chapter Four the efficacy of intra-myocardial injections of ELRs-based hydrogel 

seven days after the induction of MI was evaluated and a significant improvement in 

the major remodelling indices was observed. Therefore, the potential involvement of 

biological pathways in this beneficial modulation of the myocardial 

microenvironment was investigated. Specifically, since the reduced fibrosis and 

enhanced angiogenesis reported in Chapter Four were related to the ischemic core, 
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RNA-seq, proteomic and glycomic analyses were performed on samples which were 

harvested from this zone.  

Total RNA samples extracted from ischemic, border and remote regions from 

healthy, 7 days-old, 28 days-old MI and hydrogel-treated animals were extracted and 

sequenced after cDNA library preparation as described in the materials and methods 

section. A total of 40 bar-coded RNA samples gave 3,038,094,543 reads with a yield 

of 917,509 Mbases. The mean quality base score was 38.41, which means a 

possibility of incorrect base call of approximately 1 in 10,000.  

After DEG analysis, a total of 18,222 genes were detected across the different 

groups. DEG data related to the ischemic core regions of infarcted each group were 

expressed as fold change to the baseline (healthy) levels and volcano plots 

highlighted a clear increase in the significantly different levels of transcripts in the 

infarcted zones rather than in the remote ones when compared to the healthy animals, 

as shown in Figure 5.1.  

DEG data were then sorted by unique gene list for all the ischemic core groups and 

analysed by IPA® software. Taking into account a threshold of significance of 

p<0.05, several immunological and cardiovascular-related pathways were detected, 

as shown in Figure 5.2. Indeed, these pathways can be grouped by the traditional 

sequential timing of inflammatory, proliferative and maturation phases after MI. 

First, as regards the inflammatory phase: Inflammasome, TLR, leukocyte 

extravasation, IL6, HIF1 signalling, NO and ROS in macrophages, renin-

angiotensin and atherosclerosis signalling pathways were significantly detected 

across all the infarcted groups. Moreover, several pathways associated with the 

proliferative and maturation phases were detected such as IL-12 in macrophages, IL-

10, CD28 in T-helper cells, Th-1, Th-2, Rac, and fibrosis signalling were highlighted 

as potentially altered following the hydrogel treatment.  

 

5.3.2 Inflammatory- and remodelling-related transcripts levels downregulation 

at day 28 post-MI 

To determine whether any difference was present at gene level after the hydrogel 

treatment, DEG data of either inflammatory- or ECM remodelling-related markers 

were compared with those at the time of injection (seven days post-MI). Indeed, a 

significant trend of decreased expression of pro-inflammatory markers such as Tnf, 
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Il1a, Il1b both in the ischemic core and border zone of the infarct was seen 

independently of the treatment (Figure 5.3 A,C). In addition, at day 28 post-MI 

transcript levels of proliferative/maturation-related genes such as IL10, MMP9, 

MMP12 were also markedly downregulated compared to three weeks before (Figure 

5.3 A,C). However, no significant differences were detected between the two groups, 

thereby excluding both an enchanced either anti- or pro-inflammatory effect due to 

the biomaterial.  

DEG data related to genes potentially associated with the fibrotic programming were 

also analysed, and a significant 3.5-fold increase in NR4A1 levels after hydrogel 

treatment (p=0.042) in the ischemic core was found, which was followed by a 3.2-

fold higher expression - although not significant (p=0.12) - in the border zone. By 

contrast, no significant differences were seen in the expression of COL1A1, 

COL1A2, COL3A1, TGFB1, TGFB2, TGFB3, SMAD3, DCN, PDE1A fibrotic 

markers. Interestingly, the fibrotic marker POSTN showed a downregulation by 1.9-

fold in the hydrogel-treated ischemic core which was close to reaching significance 

(p=0.06).   

 

5.3.3 Alterations of angiogenic-related pathways and higher peri-vascular and 

arterioles density in the ischemic core after hydrogel treatment  

In section 4.3.4 (Chapter Four) a significant increase in the number of GS-I+/CD31+ 

capillaries in the ELRs-treated ischemic core compared to a poorly cellularised 

central region of ischemia in the MI-only group. So this finding adds strength to the 

hypothesis that there was a bioactive interaction between the ELRs-based scaffold 

and the recruited cellular populations during the proliferative phase.  

To investigate further the molecular details of this effect, DEG data were analysed by 

IPA® software and focused on the angiogenic-related pathways, such as VEGF, 

HGF, ErbB and endothelin signalling. A trend of activation shared among all these 

pathways which had activation z-scores above 2.7 was observed, whereas in the 

control group - at the same timepoint - the activation z-scores of the same pathways 

all ranged between 1.1 and 2.1, as shown in Figure 5.4. A. However, the significance 

in the predicted activation of these pathways was reached only in the case of 

endothelin pathway (p=0.03) and was close to being achieved in the HGF pathway 

(p=0.06).  
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To hypothesise an angiogenic effect of the hydrogel, the expression of -SMA 

(smooth muscle actin), a marker of mature vasculature, and CD163, which is usually 

expressed on myocardial peri-vascular macrophages were assessed by 

immunofluorescence. A five-fold increase in CD163+ cells was seen in hydrogel-

treated ischemic core (p=0.02) together with an approximated 50% increase (p=0.03) 

in the number of mature vessels (-SMA+). Both the measurements followed a 

stereological approach and are comparable with all previously reported 

quantification of these structures per squared mm.  

 

5.3.4 N-glycome analysis validates the changes in terminal α-galactose 

associated with angiogenesis 

In section 4.3.4 (Chapter Four) a significant increased binding to terminal -

galactose (-Gal) was reported in the ELRs-treated ischemic core by lectin 

microarray analysis and validated its co-localisation with CD31+ vasculature 

structures. Here the expression of this specific glycan residue was validated by LC-

ESI-MS/MS and its proportional change quantified in comparison to healthy 

conditions both in the ischemic and border zones.  

During the sample processing prior to MS analysis, N-linked glycans were separated 

from the O-linked fraction and thereby analysed the two subgroups separately. 

Following annotation procedures, 113 putative N-glycan structures were identified, 

including 18 high mannose, 17 hybrid and 78 complex-type glycans (Figure 5.5). 

Hierarchical clustering analysis was performed for each N-linked glycan subgroup 

and a trend of distinction among the ischemic core, border and remote regions was 

seen across all the three subgroups. The reliability of the differences seen was 

supported by the consistent clustering of the healthy baseline group together with the 

remote regions - those ones less affected by the ischemic damage - in the infarcted 

groups.  

 

Focusing on complex N-linked glycans, potential differences among different 

biologically-relevant residues that were shared by several putative N-glycan 

structures such as -(2,6)- sialylation, -(2,3)-sialylation and terminal -Gal were 

evaluated. First, a clear increase in -(2,3)-sialylation was observed, ranging from 
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20% to 33% in the central ischemic and border regions at the 28 day post-MI 

timepoint, independently of the treatment introduction. Interestingly, this increase 

was limited to approximately 10% in the correspondent regions at seven days post-

MI (Figure 5.5 A), suggesting a linear increase over the remodelling. Moreover, 

focusing on the other type of sialic acid linkage, the proportional increase in α-(2,6)- 

sialylation was consistently above 10% in the ischemic core of all the infarcted 

groups. However, while the hydrogel-treated ischemic and border zones both showed 

a proportional increase close to 20%, in the MI-only correspondent regions the 

increment was limited to 16% and 7%, respectively (Figure 5.6 B). All the infarcted 

samples at day 28 showed a stronger expression of NeuAc, with a remarkable 

difference (18%) between the hydrogel-treated and non-treated in the ischemic core. 

Interestingly, a completely different pattern in the expression of the other sialylation 

type, that is NeuGc, opposed the hydrogel-treated (increase over 60%) to the MI-

only (+6%) at the same timepoint in the ischemic core regions.  

Finally, the most striking difference was seen in the trend of expression of terminal 

-Gal. Here, the initial increase seen at day seven post-MI in the central and border 

regions (14% and 25%, respectively), was completely reversed 21 days later, when a 

marked drop down to - 20-25% was observed (Figure 5.5 C). However, the decrease 

did not occur in the ELRs-treated ischemic core, where the relative change was still 

similar to that at the injection timepoint (16% more than in healthy conditions), and 

the decrease was halved in the border zone compared to that of the control group (- 

9%).  

 

5.3.5 O-glycome analysis of ischemic cardiac tissue  

In this study the first-ever glycomic analysis of O-linked glycans from a large animal 

ischemic tissue was performed. Healthy and ischemic samples contained both core 1 

and core 2 O-glycans, and the changes in the levels of -Gal, sialylation and type of 

sialylation (NeuAc or NeuGc) were determined.  

A constant increase in sialylated O-glycans was seen compared to the healthy 

baseline, starting from 5% in the ischemic core at day seven post-MI and reaching 

approximately 15-20% increase in the infarcted zones at 28d post-MI, independently 

of the treatment (Figure 5.7 A). Moreover, a clear higher expression of NeuAc was 

seen in the centre of the infarct both at the beginning and at the end of the 
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remodelling phase (+55% at day 28 post-MI), in contrast to a lower difference in the 

treated group (+28%), as shown in Figure 5.7 B. By contrast, a remarkable drop in 

the expression of NeuGc in the MI-only group was seen both in the border and core 

region (-20% and -78%, respectively). However, in the corresponding regions of the 

ELRs-treated group, the trend was severely limited and a difference of over 90% was 

observed compared to the non-treated levels (Figure 5.7 C). Finally, clear differences 

were also seen in the expression of -Gal on O-glycans. As with the trend previously 

seen in N-glycans, -Gal was still partially retained from the seven days post-MI 

timepoint (7%) in the ELRs-treated ischemic core (4%) but it was not detected in the 

corresponding region of the MI-only group (Figure 5.7 D). Interestingly, a consistent 

slight increase in the border zones of all the groups over that of to the healthy 

conditions was seen (2-4%).   

  

5.3.6 Higher retention of GATA4+ cardiomyocytes and improved mitochondrial 

integrity in the border zone of the infarct after hydrogel treatment  

To understand whether a mechanism of action was responsible for the hydrogel-

dependent functional improvement reported in section 4.3.6 (Chapter Four), the 

alterations in the molecular pathways were investigated by RNA-seq, as already 

mentioned in section 5.3.1, and proteomic analyses. Total proteins were extracted 

and processed for nLC-ESI-MS/MS label-free quantification and only peptides 

resulting from a false discovery rate (FDR) of ≤1%, peptide score of − Log (p-value) 

≥ 20 were considered adequate for confident protein identification. Moreover, only 

unique peptides that are assigned to particular proteins were selected and only 

proteins that have more than two unique peptides were considered. After such 

processing, intensities were expressed as fold change to healthy conditions and 

analysed by hierarchical clustering. Interestingly, the ELRs-treated ischemic core did 

not cluster together with the central ischemic regions either from the seven days-old 

or from 28 days-old (PBS-injected or non-treated) infarcts. By contrast, the 

hydrogel-treated ischemic core clustered together with the border regions and even 

showed a 72% minimum similarity with that of the remote regions (Figure 5.8).  

In addition, IPA® analysis confirmed the detection of significant pathways which are 

involved in the inflammatory response, such as acute phase response, LXR/RXR and 

FXR/RXR activation. Moreover, pathways related to the cell survival signalling were 
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detected, such as PI3K/AKT, IGF-1, actin cytoskeleton, integrin, protein kinase 

signalling and mitochondrial dysfunction (Figure 5.9). Then patterns consistent with 

those of an improved remodelling response were seen from the proteomic analysis. 

Specifically, myofibroblasts-related markers vimentin and calponin 1 were expressed 

at a much higher level in the ischemic core of both PBS and non-treated animals 

(about ten-fold in both) than that in the ELRs-treated group (around five-fold), and 

supported also by the contained increase in all the remote regions (Figure 5.10 A). 

Secondly, a pattern of increased expression of markers of ROS-scavenging, such as 

cytochrome c and superoxide dismutase, was observed in the hydrogel-treated border 

zone. In particular, the highest levels of the superoxide dismutase across all the 

infarcted samples analysed were seen in the border and remote regions of the 

hydrogel group. In addition, cytochrome c expression was consistently higher than 

the baseline only in the remote regions from the infarcts, except in the hydrogel 

group where it switched from the remote to the border zone (Figure 5.10 B).   

 

To identify which potential molecular trigger was involved in the improved 

remodelling in the ELRs-treated group, the differences in the predicted activation 

scores were compared between the hydrogel-injected and non-treated groups at day 

28 post-MI. Among the upstream regulators, the transcription factor GATA4 showed 

the highest difference between the two groups analysed. Specifically, during 

pathological remodelling, GATA4-associated z-score decreased from 7 to 28 days 

after MI. However, GATA4-associated z-score reversed the predicted inhibition (-

1.87, p=0.001) in the MI-only after hydrogel injection (0.45, p=0.002), as shown in 

Figure 5.11 A and Figure A.13 in Appendices. Moreover, a similar trend, though to a 

lesser extent, was seen for TBX5, RHO, EPO and MYOCD molecules. On the other 

hand, CASP1 (caspase-1) was predicted to be activated at 7 days (z-score 2.41, 

p=0.001) and 28 days (z-score 1.84, p=0.014) in the MI-only group, but not in the 

hydrogel-treated group (z-score 0.29, p=0.033).   

To validate this finding, GATA4+ nuclei were stained by immunofluorescence and 

cardiomyocytes membranes bound by lectin histochemistry using WGA lectin in the 

border zone (Figure 5.11 B). GATA4+ cardiomyocytes significantly increased 

(p=0.01) from 206±12 in MI-only to 305±30 in the ELRs-injected border zone of the 

infarct (Figure 5.11 C).  
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Furthermore, EM imaging validated the potential alterations highlighted by 

proteomic analysis in terms of mitochondrial dysfunction (Figure 5.9). Since 

mitochondria are the organelles that are most sensitive to pathological insults such as 

ischemia, a clear sign of cellular stress is represented by the swelling of these 

organelles inside the cardiomyocytes (Figure 5.12 A). Indeed, a significant two-fold 

increase in mitochondrial volumes (p=0.03), a over two-fold higher extension of 

inner (p=0.04) and a four-fold expansion of outer membrane area (p=0.07) over that 

of the healthy conditions were seen (Figure 5.12 B,C and D). Interestingly, the 

mitochondrial swelling was notably attenuated in all the parameters tested after the 

ELRs-treatment and never reached significance (Figure 5.12 B,C and D). 

As a conclusion, IPA® analysis of GATA4-associated pathways showed the 

suppression of its inhibition after hydrogel-treatment, which is linked with Col1a1 

Col1a2 and endothelin expression in the ECM, and Fos levels inside the nucleus 

(Figure A.13 in Appendices).   
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Figure 5.1 Volcano plots of DEG data from RNA-sequencing. Volcano plots 

showing the total genes significantly upregulated (log2(fold change) > 1.5) and 

downregulated (log2(fold change) < -1.5) across the core ischemic (IS), border (BZ) 

and remote regions (FAR) sampled from 7, 28 days MI-only (MI28D) and hydrogel-

treated (HYD) groups. All differential expression gene (DEG) data were normalised 

to healthy baseline left ventricular samples. DEG data were analysed using the 

Wald’s test and filtered by adjusted p-value<0.05, n=4 animals per group. 



                                                                               

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Significant pathways detected by IPA® analysis on RNA-seq data. DEG data from RNA-seq were analysed by IPA® analysis applying 

cut-offs of log2(Fold Change) > 1.5 and log2(Fold Change) < -1.5 and adjusted p-value<0.05. Dashed line shows a threshold of -Log(p-value) of 

1.3, corresponding to p=0.05, that is the minimal level required to determine if a canonical pathway was significantly detected. Groups of MI-

only at 7 and 28 days and hydrogel-treated are shown and grouped by relevant biological pathways. DEG data were analysed using the Wald’s 

test and filtered by adjusted p-value<0.05, n=4 animals per group. 
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Figure 5.3 Inflammatory and remodelling-related markers at day 28 post-MI. Differentially expressed genes (DEG) are expressed as log2(fold 

change) to the seven day post-MI levels. Inflammation, fibrosis and remodelling-related transcripts levels were measured in both the core 

ischemic (A,B) and border zones (C,D) of infarcted hearts. DEG data were analysed using the Wald’s test and filtered by adjusted p-value<0.05, 

n=4 animals per group, *p<0.05. 
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Figure 5.4 Evaluation of angiogenic response 21 days after hydrogel injection.  DEG 

data from RNA-seq were analysed by IPA® software to detect potential differences 

in the activation scores of pathways related to angiogenesis such as VEGF, HGF, 

ErbB and endothelin signalling (A). Ischemic core regions were stained for the 

presence of -SMA+ arterioles (B) and CD163+ cells (D) in the hydrogel-treated and 

MI-only groups and quantified (C,E). Data are reported as box-plots, Mann-Whitney 

U test (n=4 in C and n=5 in E), *p<0.05. Scale bars = 100 µm in B, 20 µm in D. 

 

 

 

 



 

 
 

Figure 5.5 Hierarchical clustering of N-glycomics data. Each subgroup of N-glycans (high mannose, hybrid and complex) was analysed by 

hierarchical clustering. A total number of 113 putative N-glycan structures were identified, divided in 18 high mannose (A), 17 hybrid (B) and 78 

complex-type (C). Data are expressed as relative percentage of each putative N-glycan structure which was detected across the healthy and 

infarcted heart regions from untreated animals, 7 and 28 days after MI and hydrogel-injected. Regions of infarcted hearts are labelled as follows: 

is = core ischemic, bz = border zone, far = remote zone from the infarct. Each analysed sample was a pool of samples coming from three 

individuals.

2
6

5
 H

ig
h

-th
ro

u
g
h

p
u

t a
n

a
lyses o

n
 h

yd
ro

g
el-trea

ted
 h

ea
rts 



      

                                                                               High-throughput analyses on hydrogel-treated hearts  

 

266 

 

 

 



      

                                                                               High-throughput analyses on hydrogel-treated hearts  

 

267 

 

Figure 5.6 Proportional changes in main N-linked complex glycans compared to 

healthy baseline. N-linked glycans expressing -()-sialylation (A), -()-

sialylation (B), NeuAc (C), NeuGc (D) and -Gal (E) in the ischemic core and 

border regions of seven days post-MI, MI-only and hydrogel-treated were 

normalised to healthy levels. N-linked glycans were released from one pooled sample 

of three animals per group and region and analysed by LC-ESI-MS/MS.  
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Figure 5.7 Proportional changes in main O-linked glycans compared to healthy. O-

linked glycans expressing sialic acid (A), NeuAc (B), NeuGc (C) and -Gal (D) 

from the ischemic core and border regions were normalised to the healthy levels. O-

linked glycans were released from one pooled sample of three animals per group and 

region and analysed by LC-ESI-MS/MS.



 

 
 

 

 

Figure 5.8 Hierarchical clustering of proteomic data. Hierarchical clustering on proteomic data showed two main clusters with a minimum 

similarity of 32%. Protein entries were filtered by a unique peptide number of at least two. The ischemic core after treatment with the hydrogel 

clusters together with the border regions subgroup, in a distinctive way compared to the ischemic regions from PBS-injected and MI-only groups 

at both the day 7 and 28 post-MI. Moreover, the ischemic zone after treatment with the hydrogel showed a 72% minimum similarity with the 

cluster of the remote regions (samples A-D remote). Regions of infarcted hearts are labelled as follows: is = core ischemic, bz = border zone, far 

= remote zone from the infarct. Each analysed sample was a pool of samples coming from three individuals. 
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Figure 5.9 Significant pathways detected by IPA® analysis on proteomic data. Data from proteomic analysis (expressed as fold ratio to the 

healthy group), which had a unique peptide number of at least two, were analysed by IPA® analysis. Cut-offs of fold ratio > 1.5 and fold ratio < -

1.5 were applied. Dashed line shows a threshold of -Log(p-value) of 1.3, corresponding to p=0.05, that is the minimal level required to determine 

if a canonical pathway was significantly detected. Groups of MI-only at 7 and 28 days and hydrogel-treated are shown and grouped by relevant 

biological pathways. Each analysed sample was a pool of samples coming from three individuals. 
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Figure 5.10 Fold change of relevant proteins involved in the remodelling in infarcted groups compared to healthy. Expression levels of 

myofibroblast-related markers vimentin and calponin 1 (A) together with ROS-scavengers cytochrome c and superoxide dismutase (B) as 

detected by nLC-ESI-MS/MS analysis. Regions are labelled as follows: is=core ischemic, bz=border, far=remote. Hyd=hydrogel-treated. Each 

analysed sample was a pool of samples from three individuals.  Data are reported as average of two technical replicates.
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Figure 5.11 Detection and validation of GATA4 as a key upstream regulator. Delta 

of the activation z-score of upstream regulators between hydrogel-treated and MI-

only group (A) highlighting GATA4 as top regulator (from IPA® analysis on RNA-

seq data, n=4). Validation of GATA4+ cardiomyocytes in the border zone in both 

treated and untreated groups (B) (star indicates an island of ELRs-hydrogel). Scale 

bars, 20 µm. Quantification of GATA4+ cardiomyocytes indicates a higher count in 

the hydrogel-treated group (C). Data are reported as box-plots, Student’s t-test, n=5 

animals per group, **p<0.01.  
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Figure 5.12 Mitochondrial swelling in the cardiomyocytes of the border zone. EM 

micrographs showing the mitochondria located between the myofibrils of the 

cardiomyocytes from samples of the border zone (A). Mitochondrial volume (B), 

surface area of the outer membrane (C) and surface area of the inner membrane (D) 

were quantified across healthy, infarcted hearts at day 28 (MI-only) and hydrogel-

treated hearts. Data are reported as box-plots, n=5 in MI-only, 6 in healthy and 

hydrogel. Kruskal-Wallis ANOVA, *p<0.05. Scale bars = 500 nm. 
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5.4 Discussion 

The overall aim of this chapter was to investigate the mechanisms responsible for the 

improvement seen in the main indices of post-ischemic remodelling 21 days after the 

injection of the ELRs-hydrogel. Indeed, only in the recent years have the molecular 

mechanisms behind the efficacy of a biomaterial treatment for a pathological 

condition been studied by high-throughput analyses [Wassenaar, Mohd Isa]. 

Therefore a comprehensive gene, protein and glycan-based approach was adopted to 

both support with additional data the hypothesis of a beneficial modulation of the 

remodelling by the hydrogel and to identify which pathways might be altered by this 

intervention.  

 

This study represents a substantial advance in the field due to the wide spectrum of 

high-throughput techniques adopted, among which are RNA-seq, proteomic analysis 

by nLC-ESI-MS/MS and glycomic analysis by LC-ESI-MS/MS. By the combination 

of these methods we were able to expand all the findings observed at macroscopic 

and histological level. One of the crucial conclusions of the Chapter Four was a 

decreased fibrosis 21 days after the hydrogel injection (Section 4.3.2). According to 

the results achieved by RNA-seq, a minimal but consistent reduction in transcript 

levels of most genes associated with fibrotic programming from day 7 to day 28 

post-MI was seen, but without any significant difference between hydrogel-treated 

and MI-only groups. The absence of a further reduction of Col1a1, Col1a2 and 

Col3a1 in an environment which was shown to be less fibrotic after hydrogel 

injection may be due to two main reasons. First, the high expression of these genes at 

day seven post-MI is an indication of their actual translation in collagen type I and 

III proteins, which start to be deposited by myofibroblasts during the second week 

after MI [van Amerongen], so at day 28 post-MI the requirement for a high 

expression of mRNA has been already physiologically discontinued. Second, several 

mechanisms are involved in the actual fibrotic deposition apart from the levels of 

transcripts of these genes. For instance, feedback mechanisms can regulate fibrosis 

and one of them has been recently identified to avoid a chronic activation of TGF- 

signalling. This mechanism consisted in the negative feedback loop action of NR4A1 

transcription factor and the knock-out model for this molecule demonstrated both a 

higher deposition of collagen and an increased number of myofibroblasts across 

several models of fibrosis [Palumbo-Zerr]. In this dataset Nr4a1 was significantly 
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lower in the ischemic core of non-treated animals during both the proliferative and 

maturation phases, whereas in ELRs-group it was not different from the healthy 

baseline, thereby resulting in a clear increase from the time of injection. A trend in 

increased expression was also seen - at a non-significant level - in the border zone of 

the infarct after hydrogel injection. Interestingly, the restoration of endogenously 

present Nr4a1 levels together with a lower fibrotic deposition was seen. A similar 

result was achieved by the pDNA polyplexes-mediated augmentation of this 

transcription factor in a rat model of fibrosis in the nucleus pulposus region of the 

intervertebral disc [Feng].  

 

The diverse profile of ELRs-treated ischemic core was confirmed by hierarchical 

clustering analysis on proteomic data, where the similarity between PBS-injected and 

MI-only central regions of MI was not shared by the hydrogel-treated one. 

Specifically, the higher fibrosis assessed by histological evaluation in section 4.3.2 

(Chapter Four) was here supported by a relevant increase in two myofibroblast 

markers - vimentin and calponin 1 - in both MI-only and PBS-injected groups. 

Interestingly, the higher increase seen here not only in vimentin but also in calponin 

which distinguishes this model of MI from results achieved in a reperfusion model, 

where myofibroblasts were vimentin+/calponin- [Frangogiannis 2000]. 

 

In the previous chapter (section 4.3.4) it was concluded that changes in the 

expression of specific glycan residues in cellular membrane proteins were associated 

with endothelial cell migration and a possible angiogenic response. Here, signs of 

this response were detectable at expression level by RNA-seq and the relative 

abundances of those glycan residues which actually distinguished the ELRs-

mediated beneficial remodelling were quantified by LC-ESI-MS/MS.  

IPA® analysis on DEG data highlighted a trend of retained activation of four 

angiogenic-related pathways (VEGF, HGF, ErbB and endothelin) three weeks post-

ELRs injection, in contrast with a marked decrease seen in MI-only. In a recent work 

performed by Christman et al., VEGF and FGF gene expression was mainly 

associated with a trend of increased arteriolar density seen one week after the matrix 

injection [Wassenaar]. Indeed, an appropriate balance in the expression of the growth 

factors implicated in the sprouting angiogenesis is crucial for the development of 

perfused and mature vasculature structures [Carmeliet, Greenberg]. Specifically, 
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VEGF was demonstrated to hinder the coating of vessels by pericytes, which is 

promoted by PDGF [Greenberg]. From IPA® analysis, the significance in predicted 

activation of the angiogenic pathways listed above was fully reached only for 

endothelin and almost for HGF (p=0.06), confirming that the ELRs-induced response 

was not driven by VEGF. Therefore, ischemic core regions were stained for -SMA+ 

arterioles and an increase of around 50% was seen. This result was comparable in 

terms of absolute number of arterioles per squared mm, as reported in studies testing 

the efficacy of angiogenic molecules, such as pleiotrophin and hyaluronan, in the 

ischemic myocardium [Christman 2005, Tous].  

 

Over recent years several studies have focused on the development of systems which 

are able to drive the polarisation of macrophages towards a regulatory phenotype 

[Raimondo, Jain, Hoppstädter]. Indeed, the role of regulatory macrophages is one of 

the main triggers required for the pathophysiological switch from the inflammatory 

to proliferative and maturation phases post-ischemia [Frantz, Frangogiannis 2019]. 

The current RNA-seq dataset showed a trend of increased expression of markers 

associated with pro-remodelling macrophages, such as IL10, MRC1, MYC, EGR2 

and PTGS1 [Jablonski]. The presence of CD163+ cells was validated in the ischemic 

core regions, and a five-fold higher recruitment at day 28 post-MI was observed in 

ELRs-treated group. This finding, combined with the angiogenic data reported so far, 

represents an additional proof of an accelerated healing response in the central region 

of the infarct, one that was not exclusively affected by fibrotic scarring.  

 

To support the overall hypothesis of a markedly different tissue profile in the ELRs-

treated ischemic core, the current study was extended to glycomic analysis, this 

being the most sensitive technique to detect and quantify the relative abundance of 

glycan putative structures. Samples enriched in cellular membrane proteins were 

screened for the presence of both N- and O-linked glycans both in ischemic core and 

border regions of infarcted hearts. These results represent the first reported study to 

investigate changes in cardiac glycosylation profile following a biomaterial 

treatment.  

Previous studies that determined alterations in glycosylation following myocardial 

infarction, were more centred on the validation of glycomic-based techniques for the 

identification of molecular changes in remodelling rather than in the definition of 
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precise glycosylation patterns and their alteration in response to a matrix-interacting 

treatment [Parker, Yang]. Indeed, technical advances in the methodologies to process 

and identify glycans by mass spectrometry have only recently developed, and these 

can now be used as tools to elucidate the biological role of glycans [Jensen, Everest-

Dass, Cummings, Levery]. In this study the expression of -Gal epitope that was 

detected by the high binding to GS-I-B4 in lectin microarrays, as shown in section 

4.3.4 (Chapter Four), was validated. A clear pattern of increased abundance of both 

N- and O-glycans containing -Gal was observed in ELRs-treated ischemic core, 

similar to that of the seven days post-MI timepoint. Indeed, the presence of terminal 

-Gal was seen in a panel of putative N-glycans structures but its expression 

markedly dropped from day 7 to day 28 post-MI (over 35%), as a clear sign of a 

changed cellular membrane glycosylation. The retention of its expression 21 days 

after ELRs-hydrogel injections might depend on an extended recruitment of 

macrophages and endothelial cells in the central region of the infarct which had 

finally led to the formation of a more cellularised core than that affected by 

physiological scarring. The association of this endogenous increase of -Gal with an 

improved post-ischemic remodelling recalls extensive studies carried out by Galili on 

the efficacy of -Gal-coated liposomes and nanoparticles following wound healing 

[Wigglesworth, Galili 2010, Hurwitz]. In those experiments, they have demonstrated 

an accelerated curing and less fibrotic remodelling upon injection of -Gal-coated 

systems, and that effect was modulated by the activation of the complement system. 

The main concern for the possible application of such a system would derive from 

the observation that anti--Gal antibodies are naturally produced in humans and 

actually represent a substantial fraction of overall circulating immunoglobulins 

(around 1%) [Galili 1984]. Despite this, the same authors have shown that the -Gal-

promoted recruitment of macrophages and consequent release of cytokines are 

completed within the following four weeks post-injection, with no further pro-

inflammatory effect [Wigglesworth]. Interestingly, the application of -Gal-coated 

nanoparticles led also to an angiogenic response in wounds of pigs where the enzyme 

responsible for -Gal expression, that is -(1,3)-galactosyltrasferase, was deleted, 

and thereby antibodies against this residue were circulating in the blood. Since the 

tested hydrogel in this study was not glyco-functionalised, the similarities between 

the -Gal-characterized beneficial remodelling that was seen in myocardial tissue 
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and the already reported accelerated wound healing by Galili suggest that the 

efficacy of their functionalised system is due to the enhancement of an endogenously 

present mechanism of enhanced cellularised and less fibrotic remodelling. In support 

to this interpretation, -Gal had already been found on porcine endothelial cell 

proteins, like von Willebrand factor, by its binding to human xenoreactive antibodies 

[Holzknecht]. Moreover, past studies reported the localisation of this glycan epitope 

across different types of vasculature (capillaries, arterioles, venules) and also on 

other components of the healing process, such as platelets and fibrinogen [Sandrin]. 

Indeed, the co-localisation of -Gal-binding lectin GS-I+/CD31+ in capillaries - that 

was showed in section 4.3.4 (Chapter Four) - supports the hypothesis that -Gal is 

more likely a marker of an endogenous angiogenic response - in this study driven by 

a glycan-free hydrogel - rather than a sufficient molecular trigger to promote a less 

fibrotic and accelerated healing, as shown by Galili.   

 

Focusing on O-linked glycans, in addition to the detection of -Gal in ELRs-treated 

ischemic core and not in MI-only, the expression of either NeuAc or NeuGc was 

evaluated in central and border infarcted regions . The distinction between these two 

types of sialylation revealed clear differences that were hidden behind a shared 

equivalently higher sialylation at 28 days post-MI. Indeed, hydrogel-treated animals 

showed an expression of the two types of sialylation that was more similar to the pre-

MI condition, by limiting the extent of both the increase in NeuAc and the drop in 

NeuGc that characterized the MI-only ischemic core. The same trend was conserved 

also in the border region, with a further reduction in NeuAc and an increase in 

NeuGc, which reached an expression slightly higher than that of pre-MI, for the first 

time across all infarcted samples. Remarkably, higher expression of NeuGc was 

observed also in N-glycans extracted from ELRs-injected group, making this 

difference the most reflective of a different remodelling, together with -Gal. Since 

the large majority of studies evaluating the relevance of NeuGc belong either to the 

field of cancer biology or to immunotherapy related to xenogeneic reactions 

[Mercado, He, Hernández, Krengel, Barone], very few works included data on the 

expression of NeuGc in myocardial tissue. The most relevant study was performed 

by the Bennett group, and a higher NeuGc/NeuAc ratio in adult than in neonatal 

myocardial tissue was observed [Montpetit]. However, this increase in NeuGc was 
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vaguely associated with cardiomyocytes development, and a precise quantification of 

the extent of this change was not provided.  

 

In the present study it was demonstrated that upon ELRs-treatment, the ischemic 

core of the infarct was less fibrotic and more perfused than the untreated one, as also 

confirmed by stable differences in the glycosylation pattern of cellular membranes. A 

proposed mechanism of how this change in the core influenced the improved cardiac 

function was based the higher retention of GATA4+ cardiomyocytes in the border 

zone of the infarct. GATA4 has been extensively studied as a marker of de-

differentiation of cardiomyocytes and it is required for the mammalian heart 

regeneration at neonatal stage [Yu, Kikuchi]. Since to hypothesise a regenerative 

response after ischemia, precise growth factor-related differences would have been 

required and no evidence towards this direction was seen from RNA-seq and 

proteomic analyses, a different mechanism of action is proposed. Indeed, GATA4 

was previously established as a marker of cardiac cell survival [Oka], and the 

retention of a higher number of GATA4+ cardiomyocytes in the border region, 

together with a preserved mitochondrial integrity, represent the result of a protective 

action following the ELRs-hydrogel treatment. Specifically, the beneficial impact of 

the hydrogel injection in the central region of the infarct would have been crucial to 

avoid the formation of a highly compact fibrotic scarring and to promote, instead, an 

angiogenic response. Persistence of widely recognized markers of a beneficial 

remodelling at protein and glycan level, such as CD163+ cells and -Gal 

[Wigglesworth, Hurwitz, Raimondo, Montgomery, Hüttemann], up to 21 days after 

hydrogel injection supports the hypothesis of a matrix-dependent effect in the 

integrity and functionality of the cardiomyocytes which survived to ischemia at day 

seven.    

 

5.5 Conclusions 

In this chapter specific alterations at gene, protein and glycan level due to the 

injection of the ELRs-hydrogel were investigated. A differently remodelled ischemic 

core having a less fibrotic and more vascularised nature reflected its beneficial 

effects on the border zone of the infarct, where a higher retention of GATA4+ 

cardiomyocytes was associated with a higher mitochondrial integrity. Thus, the 

synergistic effect of the remodelled ischemic core and the preserved border zone 
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strongly influenced the functional improvement and the infarct thickness 21 days 

after hydrogel injection. This is the first-ever preclinical study to both demonstrate 

the efficacy of an acellular biomaterial for the cardiac post-ischemic remodelling and 

to elucidate the molecular mechanisms behind its impact at gene, protein and glycan 

level. Substantial advances in the study of cell membrane glycosylation changes in 

the main specific glycan residues present in both N- and O-linked glycans after a 

biomaterial treatment have been reported for the first time. Furthermore, the 

combination of a clinically-inspired established model of non-transmural myocardial 

infarction with a realistic intervention time (seven days post-MI) provides this study 

with an additional advantage for clinical translation.  
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6.1 Introduction 

Myocardial infarction (MI) represents the primary cause of worldwide mortality and 

its incidence is also spreading in the low- and middle-income countries [Global 

Health Estimates 2016]. The long-term survival after full thickness infarcts (STEMI) 

has now decreased significantly due to the success of primary percutaneous coronary 

intervention (PCI), with the only exception being that of the elderly (above 80 years) 

population [Pedersen, Velders, Waziri]. In most of the hospitalised patients with 

STEMIs, the occlusion of the proximal left anterior descending coronary (LAD) is 

not present, even though this usually results in the early death of the patient, hence 

the term “widow-maker’s lesion”. Furthermore, STEMI are increasingly treated with 

acute intervention, whereas patients without a ST-elevation myocardial 

infarction (NSTEMI) are not so treated, and there is an increased risk of reinfarction 

after an NSTEMI. Recurrent and silent NSTEMI can result in progressive 

deterioration of myocardial function and heart failure. Therefore, to address this 

clinical need a suitable model of MI needed to be established since the widely used 

model of LAD ligation causes full-thickness infarcts both in small and large animal 

models [Le, Leor, Chen, Montgomery, Bassat].  

 

A wide range of therapeutic approaches for MI was tested experimentally over recent 

years, including cellular- and growth factor-based, or a combination of these [Zangi, 

Dubois, Johnston, Wang 2018, Takehara]. Given the limited, if not marginal  

positive results which emerged from the meta-analyses of cell-based trials for the 

treatment of MI [Gyöngyösi 2015, 2018], other promising strategies which showed 

significant results at the preclinical level have been considered [Bassat, Eulalio, Seif-

Naraghi, Radisic 2013]. In particular, the intrinsic advantages of acellular hydrogels 

for their further translational path encouraged their development and experimental 

testing in both small and large animal models of MI [Leor, Christman, Ifkovits]. 

Nevertheless, the efficacy of an acellular hydrogel still needs to be demonstrated 

through the clinical trial phases [Frey, Rao]. Among the potential sources which can 

modulate the ischemic microenvironment there are the ECM components, and indeed 

some of the ECM-based treatments resulted in marked improvements both in the 

remodelling parameters and in the cardiac function [Bassat, Christman, Singelyn, 

Kühn].  Elastin is a naturally-present cardiac ECM protein which is produced by 

endothelial cells and fibroblasts [Mithieux]. Elastin fibres are derived from the 
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coacervation and further crosslinking of the precursor tropoelastin molecules 

[Kozel]. By genetically-engineering, it is possible to produce elastin-mimicking 

peptides called elastin-like recombinamers (ELRs) in E.coli. Moreover, the final 

sequence of such recombinamers can be adapted to include desired biologically-

reactive functional groups such as RGD and MMP-responsive motifs [Rodríguez-

Cabello, Castellanos].  

 

To understand the myocardial environment and its pathological degeneration 

following ischemia, current studies are focusing on the recruitment, role and 

paracrine effects which were not initially unravelled due to the oversimplification of 

their role across the sequential inflammatory and proliferative phases after MI 

[Dewald, Frantz, Frangogiannis 2017 and 2019]. Glycans are among the less 

explored molecules in the myocardial microenvironment, despite their presence both 

in the ECM (proteoglycans and glycosaminoglycans) and on the cellular membranes 

(N- and O-glycans). The role of glycans in the modulation of growth factor-

dependent intracellular signalling pathways highlighted key features of metastatic 

and inflammation-derived degenerative conditions in several organs of the body 

[Croci, Paszek, Mohd-Isa, Gonzalez]. Given the limited regenerative capacity of the 

mammalian myocardium at the neonatal stage [Porrello, Ye], expanding the analysis 

to the expression of partially-studied components like glycans can identify precise 

molecular patterns associated with that innate regenerative stage.  

 

In light of these considerations, the main aims of this thesis are based on the 

investigation of the myocardial environment at different stages, during maturation 

and pathological (post-ischemia) conditions. Firstly, glycosylation profiles in early 

neonatal and adult stages were studied to identify eventual differences associated 

with a residual regenerative potential after birth. Secondly, a clinically-inspired ovine 

model of non-transmural MI was established and an ELRs-based hydrogel tested for 

its potential modulation of the post-ischemic remodelling. Finally, the mechanisms 

behind the remodelled regions after the injection of the ELRs-based treatment were 

studied at gene, protein and glycan level.   
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6.2 Summary 

 

6.2.1 Chapter Two - Distinct differences in cellular membrane glycosylation 

reflect the regeneration potential of neonatal myocardial tissue 

Mammalian adult cardiomyocytes are able to re-enter the cell-cycle only during the 

first one-two days after birth, thus avoiding the maladaptive remodelling which 

characterises post-ischemic phases in the adult [Porrello, Zhu]. The glycosylation 

profile in such early neonatal and adult conditions was studied in relation to the 

voltage gated ion channel activity from isolated cardiac myocytes [Montpetit, 

Schwetz]. In contrast, the current analysis included the identification of significant 

differences in the cellular membrane glycosylation from tissue samples harvested 

from neonatal and adult rats (Figure 6.1). A consistent expression of sialic acids, 

mannose and GlcNAc residues was assessed first in the adult myocardial tissue by 

their localisation in capillaries and cardiomyocytes membranes by lectin 

histochemistry. Moreover, a quantitatively-similar expression of these types of 

glycans on the cellular membranes of different strains of adult rat and across the left 

and right ventricle was validated by lectin microarray analysis. However, the 

scenario changed at the three-day-old neonatal stage, where an increase of high-

mannose - and consequent decrease of complex - N-glycans were seen. 

Man6GlcNAc2 was identified as the main high mannose N-linked structure that was 

decreased in adult while a higher expression of sialylated N-linked glycans and lower 

core fucosylation for complex structures were associated with ageing. Three N-

linked structures, one complex-, one hybrid- and one high mannose-type, were 

unique to the neonatal left ventricle. The occurrence of mucin core type 2 O-linked 

glycans were reduced in adult and one sulfated core type 2 O-linked structure was 

identified only in neonatal tissue. Interestingly, O-linked glycans from mature tissue 

contained both N-acetylneuraminic acid (Neu5Ac) and N-glycolylneuraminic acid 

(Neu5Gc), while all sialylated N-linked glycans detected contained only Neu5Ac. 

These differences in the glycosylation pattern resembled features described in vitro 

in undifferentiated cells [Fujitani, Hasehira], and distinctive putative structures at 

that stage were lost upon maturation.  
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6.2.2 Chapter Three – An ovine model of non-transmural myocardial infarction 

Full-thickness infarcts were extensively reproduced in small and large animal studies 

which tested the efficacy of cellular- and biomaterial-based treatments [Dubois, 

Johnston, Wang 2018, Takehara]. However, such extended infarcts do not represent 

the most urgent clinical need related to MI, since the efficacy of PCI had already led 

to marked improvements in the long-term survival in those patients who survived to 

the occlusion of the LAD [Pedersen, Waziri]. Therefore, in the current study focal 

infarcts were induced in adult sheep by multiple ligations from the first diagonal up 

to 4-5 cm from the apex. Histological and protein analysis confirmed the progressive 

damage at the ultrastructure level in cardiomyocytes and the deposition of matrix and 

sulfated GAGs in the ECM. Since GAGs are required for the stabilisation of the 

fibrotic network which characterises the proliferative and remodelling phases after 

ischemia, their linear increase during the first four weeks after MI supports the 

histological analysis based on Masson’s Trichrome, H&E, Alcian Blue, and electron 

microscopy. Interestingly, specific signs of deposition of dense bodies inside the 

mitochondria in the border zone of the infarct seven days after the induction of MI 

confirmed the long-term effect and reliability of the adopted surgical procedure. 

Finally, an average decrease in EF of 6.3% further confirmed the different extent of 

the damage induced by this surgical procedure which contrasts with the much higher 

reduction in EF seen after the conventional LAD ligation method [Leor, 

Montgomery, Bassat].     

 

6.2.3 Chapter Four - Elastin-like recombinamers-based hydrogel modulates the 

post-ischemic remodelling in a clinically-relevant model of myocardial 

infarction 

ECM-based approaches have recently shown promising results for the treatment of 

the infarcted heart both in small and large animal models [Bassat, Kühn, Singelyn]. 

Elastin is one of the cardiac ECM proteins and can be produced by genetic 

engineering to achieve recombinamers (named ELRs) which both preserve the 

distinctive pentapeptide VPGXG (present in the natural monomer tropoelastin) and 

can be further functionalised with motifs for specific biological interactions [Staubli, 

Castellanos]. However, the effect of an ELRs-based hydrogel system was not 

evaluated in any ischemic model thus far. In this study the procedure for the multiple 
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injection of the ELRs-based hydrogel was optimised and then its effects were 

evaluated in the ovine model of non-transmural MI described in Chapter Three. 

Significant reduced fibrotic remodelling and enhanced angiogenic responses were 

seen 21 days after the introduction of the hydrogel in the infarcted ventricular wall. 

The porous structure of the hydrogel and its functionalisation with RGD and 

MMPs/cathepsin K-responsive sequences allowed the recruitment of macrophages 

and endothelial cells, as already seen in other experimental conditions using different 

ELRs [Staubli]. The angiogenic response was first highlighted by strong changes in 

the glycosylation of the total cellular membrane proteins that showed a higher 

binding to Griffonia simplicifolia (GS)-I-B4 lectin in the ischemic core of the ELRs-

treated infarcts. This higher binding corresponds to a higher expression of terminal 

-galactose (-Gal) that was co-localised with anti-CD31 staining to identify 

capillaries. Consequent stereological quantification indicated a four-fold increase in 

the number of capillaries in the hydrogel-treated ischemic cores. The migration of 

endothelial cells in the matrix of the hydrogel and the further formation of a 

vasculature network was possible also because of the limited fibrosis occurring in the 

same region. By the application of an isotropically uniform random sampling, 

consistent reductions in the quantity of the collagen-positive area were seen by 

Masson’s Trichrome and EM. Moreover, parallel analyses focused on the whole 

molecular fingerprint of the tissue (Raman microscopy) and on the quantity of 

sulfated GAGs (DMMB assay) confirmed the less fibrotic environment in the 

treatment group.   

 

6.2.4 Chapter Five - Transcriptomic, proteomic and glycomic analyses to reveal 

the mechanism of modulation of post-ischemic remodelling by an elastin-based 

hydrogel  

Certain acellular systems have shown marked improvements in the myocardial post-

ischemic remodelling but a precise mechanism of action still needs to be fully 

understood [Landa, Leor, Singelyn]. Only recently, high-throughput analyses started 

to elucidate the molecular pathways which determine the downstream effect 

triggered by the introduction of an ECM-inspired system to modulate a pathological 

condition [Wassenaar, Mohd-Isa]. In this chapter RNA-sequencing, nLC-ESI-

MS/MS label-free quantification for proteomic and LC-ESI-MS/MS adapted for 
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glycomic analysis were performed on the infarcted samples. Ingenuity Pathway 

Analysis (IPA®) was run on both the transcriptomic and proteomic datasets, whereas 

the relative percentage of the annotated glycan structures was used as final output of 

the glycomic analysis. The enhanced angiogenic response described in Chapter Four 

was validated by the assessment of the variation in the activation z-scores of the 

main angiogenic-related pathways (VEGF, HGF, ErbB and endothelin signalling). In 

addition, immunofluorescence for -SMA and its stereological quantification 

indicated a higher number of arterioles in the ELRs-treated ischemic cores. In such a 

microenvironment, increased recruitment of CD163+ cells, usually defined as a 

marker of pro-healing macrophages, supported the other findings. Transcriptomic 

analysis at day 21 post-injection did not highlight either pro- nor anti-inflammatory 

effect of the ELRs-based treatment. The higher expression of -Gal was detected by 

lectin microarray and histochemistry in the hydrogel-treated ischemic core (Chapter 

Four) and validated here by quantifying the relative percentage of terminal -Gal 

after LS-ESI-MS/MS analysis on the N- and O-glycan fractions. The retention of this 

marker was region-specific since its presence decreased in the border zone of the 

same treated animals, even if to a lesser extent than in the untreated group. Finally, 

GATA4 emerged as the top upstream regulator in IPA® analysis on transcriptomic 

data and pathways linked to cellular survival were significantly detected among the 

canonical pathways also in the IPA®-analysed proteomic dataset. Indeed, GATA4+ 

cardiomyocytes were found to be more preserved in the border zone of the infarct 21 

days after the injection of the hydrogel. Key sensors of cellular integrity like 

mitochondria showed more physiological-like parameters at that timepoint. Thus, the 

proposed mechanism of action of hydrogel starts with the recruitment of 

macrophages and endothelial cells which surround and penetrate its matrix to form a 

vasculature network able to expand in a less fibrotic microenvironment. As a 

consequence, cardiomyocytes that survived to the early ischemic damage benefit the 

less fibrotic and more perfused nature of the contiguous ischemic core and show a 

better response both quantitatively (number of GATA+ cells) and qualitatively 

(mitochondrial volume and membrane surface area). As a final result, the 

combination of a beneficially remodelled ischemic core and a more physiological 

border zone led to a recovery in cardiac function, indicated by the return of EF levels 

back to the pre-MI condition (Figure 6.2).  
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Figure 6.1 Graphical abstract of different glycosylation seen between neonatal and 

adult myocardial tissue (Chapter Two). The experimental flow included lectin 

histochemistry, PGC LC-ESI-MS/MS analyses (spectra) and lectin microarrays 

(heat-maps) to identify the glycan structures present in adult and neonatal myocardial 

tissues.  
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Figure 6.2 Schematic representation of the improved remodelling observed in the 

ELRs-treated group (Chapter Four and Five). The ischemic core of the infarcted 

region is less fibrotic and more perfused by a capillary network 21 days after the 

multiple intra-myocardial injection of the ELRs-based hydrogel. This influences the 

preservation of a more physiological border zone, populated by a higher number of 

GATA4+ cardiomyocytes.  
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6.3 Limitations 

 

6.3.1 Chapter Two - Distinct differences in cellular membrane glycosylation 

reflect the regeneration potential of neonatal myocardial tissue 

The first part of this study showed a consistent glycosylation expressed on different 

species of rat and also across the left and right ventricles. Since the study was based 

on the tissue collection of hearts extracted from animals dedicated to studies 

designed from other research groups, and therefore pertaining to different 

experimental hypotheses, it was not possible to maintain the same gender in all the 

analysed samples in this first part of the study. However, these differences in the 

gender carried by the harvested animals did not result in overt changes of the 

glycosylation profile at the level of analysis performed. Nevertheless, consistency in 

the gender of the samples to be analysed will be a crucial requirement if studies were 

to focus on the glycan expression in serum samples [Ding, Ercan].  

The glycomic LC-ESI-MS/MS analysis was performed using samples pooled from 

three individual animals. Protein concentration was similar across the samples within 

the same group, but the final protein concentration of the pooled sample was higher 

in the adult than in the neonatal sample. This generally does not have an effect on the 

number of N- and O-glycans detected as long as both the samples contain enough 

protein to release comparable N- and O-linked glycans during the processing steps. 

As seen in the final relative percentages, certain N- and O-glycans were detected 

only in the three-day-old sample, confirming that this did not affect the outcome of 

this study. However, if the relative abundance of a specific putative structure needs 

to be compared between two groups, the same concentration of protein is highly 

recommended before starting the processing to release N- and O-glycans.     

 

6.3.2 Chapter Three – An ovine model of non-transmural myocardial infarction 

In this chapter an ovine model of non-transmural MI was established by validations 

at functional, histological and protein level. Specifically, this model more closely 

resembles the majority of the critical clinical cases that are not STEMI with full-

thickness infarcts. Consistently, seven days after the surgical induction of MI an 

average decrease in EF by 6.3% was seen, without the exclusion of any animal that 

was operated on and survived to the timepoint from this analysis. Nevertheless, in 
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the cardiovascular field imaging, techniques like MRI are adopted not only for 

clinical purposes but also in experimental studies since they can provide a precise 

measurement of the infarct size  [Frey, Takehara, Johnston, Dubois]. Unfortunately, 

it was not possible to perform this imaging analysis in this study as all the 

experiments were carried out in a new pre-clinical facility. Despite this limitation, 

further analysis of the echocardiography measurements recorded will allow the 

quantification of additional parameters which are not presented in this thesis such as 

wall motion index, stroke volume, end-diastolic and end-systolic volume.  

All the surgeries to induce MI were done after the opening of the chest cavity, a 

procedure named thoracotomy. This was required to perform both the ligations and 

to inject the hydrogel from the epicardium through the myocardial wall. However, 

this set-up is not an ideal clinical intervention. The administration of the ELRs-based 

hydrogel could be further optimised by a minimally-invasive procedure like a 

catheter endocardial delivery. As outlined in section 6.4.2, the physico-chemical 

characteristics of the hydrogel will need to be tested and probably re-optimised for 

this different delivery method. A crucial requirement will be the assessment of the 

consistency in the volume and dispersion path of hydrogel injected in the infarcted 

ventricular wall.  

 

6.3.3 Chapter Four - Elastin-like recombinamers-based hydrogel modulates the 

post-ischemic remodelling in a clinically-relevant model of myocardial 

infarction 

An ELRs-based hydrogel was tested for its efficacy in limiting the maladaptive 

remodelling which occurs in the post-ischemic cardiac microenvironment. A 

clinically-relevant ovine model of non-transmural MI was used for the assessment of 

the tissue and functional response 21 days after multiple intra-myocardial injections 

of the hydrogel. The significantly reduced fibrosis and enhanced angiogenesis seen at 

this endpoint can be compared with the outcome of preclinical studies using different 

either acellular or functionalised hydrogel systems, even though an additional 

evaluation at a further endpoint could have answered potential doubts regarding the 

long-term efficacy of the ELRs-hydrogel treatment. In particular, focusing on the 

angiogenic effect seen in the ischemic core, a later endpoint up to two months after 

the injection of the hydrogel would have been informative for evaluating the stage of 
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the “angiogenic switch” in such chronic condition. This study did not hypothesise the 

recruitment of progenitor cells in the injection region since RNA-sequencing and 

histological analyses highlighted a “conservative” response rather than a regenerative 

one. Despite the initial encouraging results related to cardiac stem cells and 

comparable cellular-based approaches, recent meta-analyses scaled down the actual 

functional effect of those treatments [Orlic, Gyöngyösi 2018, Wollert, Afzal, Fisher]. 

The alternative solution - now being pursued [Takita, Guo] - of increasing the 

number of cellular-based injections to prolong the paracrine effects of the marginal 

percentage (around 1-2%) of stem cells which survive in the ischemic 

microenvironment does not address the fundamental limitation of that approach. 

However, an impactful and durable benefit for the cardiac environment depends on 

the introduction of ECM components that can biomechanically interact with the 

endogenous cellular populations which are already recruited during the proliferative 

and remodelling phases. Therefore, further studies can reveal whether specific 

cellular populations, apart from the remodelling macrophages and the endothelial 

cells, are responsible for the improvements seen in the current work. Finally, the 

number of injections (three) and the total volume of hydrogel (1.5 ml) injected per 

animal aimed to minimise any injury due to the needle and to provide a proof-of-

concept using a total volume which is relatively low for a large animal.    

 

6.3.4 Chapter Five - Transcriptomic, proteomic and glycomic analyses to reveal 

the mechanism of modulation of post-ischemic remodelling by an elastin-based 

hydrogel  

In this chapter the modulation of the ischemic remodelling by the ELRs-hydrogel 

(Chapter Four) was further investigated by high-throughput analyses. The 

identification of an upstream regulator associated with the hydrogel-dependent 

response (GATA4) was validated by immunofluorescence in the border region of the 

infarct. There, a higher retention of GATA4+ cardiomyocytes and their preserved 

mitochondrial integrity have the potential to improve cardiac function. Late 

transcriptomic analysis on the samples harvested 21 days after the hydrogel injection 

indicated a trend of activation in the z-scores (VEGF, HGF, ErbB and endothelin 

signalling) which reached statistical significance only in the case of endothelin and 

was close to it in HGF signalling (p=0.06). This can be disputed as a sign of a non-
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durable angiogenic response, but stereological quantification of -SMA arterioles 

confirmed a higher perfusion in the ELRs-treated ischemic core. Nevertheless, in the 

proposed mechanism of action of the hydrogel, its potential mechanotransduction-

dependent role was not included. In other words, the overall improvements in 

fibrosis and angiogenesis are striking and consistent, but the details of the cascade of 

molecular signalling which finally led to those outcomes were not fully elucidated. 

To address this question, additional earlier timepoints post-injection need to be 

included to assess the tissue response to this treatment. Moreover, the inclusion in 

the panel of analysis of fluorescence-activated cell sorting (FACS) after RNA 

isolation will contribute to the characterisation of the cellular populations involved 

and potentially interacting with the hydrogel.  

 

6.4 Future directions 

 

6.4.1 Analysis of glycosylation in iPSCs-derived cardiomyocytes 

Glycans play a crucial role in cell-cell and cell-ECM communication and are widely 

expressed both in the ECM and on cellular membranes in the myocardial 

microenvironment [Parker, Montpetit, Huynh]. An extensive evaluation of 

glycosylation in relation to cancer metastasis led to the identification of precise 

mechanisms which enable the abnormal behaviour of growth factor receptor 

signalling pathways such as VEGFR2, c-MET, FGFR and ERBB [Markowska, 

Hsieh 2008, Croci, Merlin, Chu]. In contrast, the understanding of the role of glycans 

in wound healing, including ischemic damage still requires solid in vitro proof-of-

principle studies. Among the second generation of stem cell-based treatments there 

are induced pluripotent stem cells (iPSCs) which became one of the most attractive 

therapeutic approaches since the possibility to reprogram pluripotency from adult 

human cells was demonstrated [Takahashi]. Therefore, iPSC-derived induced 

cardiomyocytes (iPSC-CMs) have been studied in cardiovascular tissue engineering 

[Zimmermann, Lian, Fonoudi]. The main limitation of this therapeutic strategy is the 

difficulty in mimicking the physiological electrical and mechanical properties of 

cardiomyocytes [Huang], and recently engineered platforms and imaging methods 

are addressing this issue [Nunes, Ribeiro]. Previous studies highlighted the 

importance of sialic acids in the regulation of Na+ and K+ voltage-gated ion channels 
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in the alterations of the cardiac electrical signalling coupled with arrhytmias 

[Montpetit, Ufret-Vincenty]. In light of these considerations, glycomic analyses of 

iPSC-CMs and adult healthy cardiomyocytes could identify which specific glycan 

structures are absent in the iPSC-CMs that have impaired electrical and mechanical 

properties. Moreover, after the regulation of the glyco-enzymes which are 

responsible for those alterations in the cellular membrane glycosylation, these 

engineered iPSC-CMs could be further improved in their subcellular organisation 

and electrophysiological behaviour in a recently established platform for their 

maturation, named Biowire [Nunes], before their final implantation in vivo through 

patch-based systems [Montgomery, Radisic 2016].  

 

6.4.2 Endocardial delivery of a ELRs-based hydrogel for the treatment of 

myocardial infarction  

The results reported in this thesis (Chapters Four and Five) have shown the efficacy 

of the intra-myocardial injection of elastin-like recombinamers (ELR)-based 

hydrogel in reducing fibrosis, enhancing angiogenesis and preserving the integrity of 

cardiomyocytes located in the border zone of the infarct. Briefly, the ELR-based 

hydrogel drives the combinatorial effect of being a soft barrier against fibrotic 

scarring and a molecular trigger for the recruitment and infiltration of endothelial 

cells and remodelling macrophages. A clinically relevant ovine model of focal 

infarcts was used to establish this efficacy. A continuation of this work will be 

focused on taking these initial results to the next phase to fulfil all the requirements 

for a clinical phase I trial. The hydrogel system will be adapted for a minimally 

invasive delivery, that is by an endocardial catheter procedure (Figure 6.3). 

 

Firstly, the scale-up of the ELRs hydrogel will be carried out commercially by using 

a cost-effective bioreactor system. In addition, the design of an endocardial delivery 

of the current ELRs-hydrogel formulation needs to be made compatible with the 

gelling time of the hydrogel and its haemocompatibility tested. Secondly, the 

rheological and degradation properties need to be consistent after the scale up 

process. Since the final aim is to complete a clinical dossier for a phase I study, 

shelf-life studies will need to be conducted and all the production and application 

steps should be compliant with good manufacturing practice (GMP). Tissue and 
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functional response to the hydrogel endocardial delivery will include the assessment 

of fibrosis by Masson’s Trichrome, electron microscopy and Raman analyses. The 

long-term angiogenic response will be evaluated both 21 days later and two months 

after the injection and quantified by stereological methods (immunostaining and 

lectin histochemistry). Finally, the functional response will need to be analysed by 

both echocardiographic and magnetic resonance imaging.  

 

6.4.3 Evaluation of the effect of ELRs-based hydrogel on macrophage 

polarisation 

Macrophages have a pivotal role during the inflammatory, proliferation and 

remodelling phases after MI [Frantz]. Most importantly, the sequential recruitment of 

pro-inflammatory and pro-healing populations of macrophages avoids the persistence 

of a chronic inflammatory state in the cardiac tissue. Therefore, the identification of 

markers and methods to precisely characterise these cellular populations is a useful 

step in evaluating their possible interaction with therapeutic strategies [Jablonski, 

Barros, Raimondo]. In light of the effect of an ELRs-based hydrogel injection seven-

days after MI reported in this thesis, further work could be focused on the detailed 

molecular crosstalk at the interface between the hydrogel matrix and the ischemic 

tissue. The improved healing effect carried by the introduction of the hydrogel in this 

pathological scenario could be closely connected with a precise regulation of the 

transition between the pro-inflammatory to the pro-healing phenotype of 

macrophages.  

The ELRs-based hydrogel evaluated for its efficacy in the current study possesses 

RGD motifs, which do not represent a specific binding sequence for either of the 

macrophage types. Nonetheless, the porous structure of the hydrogel, allows cellular 

invasion and becomes a spatial confinement for all the cellular types, including 

macrophages. Interestingly, a recent study by the Vogel’s group elucidated the effect 

induced by different conditions of spatial confinement, including microporous 

structures, on the inhibition of the pro-inflammatory state of macrophages [Jain]. 

Appropriate in vitro studies can investigate the modulation of the ELRs-hydrogel 

porous matrix on the expression of canonical pro-inflammatory markers such as IL-

6, CXCL9, IL-1β, and iNOS in lipopolysaccharide (LPS)-induced inflammatory 

conditions (Figure 6.4). Depending on the preliminary outcome, further optimisation 
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of the porous hydrogel matrix can determine the preferred matrix which would 

maximise the downregulation of the pro-inflammatory response. Upon in vitro 

evidence of this hypothesised mechanism, the ELRs-based hydrogel can be tested in 

a preclinical model during the first week after the induction of MI to evaluate any 

significant effect on the inflammatory phase and following remodelling. One of the 

crucial points will be to assess the impact of a potentially drastic reduction in fibrosis 

(even above the approximated 50% decrease reported in this thesis) with the long-

term stability of the wall and risk of cardiac rupture, as evaluated when targeting 

macrophages post-MI [Takamura, Wang 2017].  

 

6.4.4 Glyco-functionalised ELRs-based hydrogel for the treatment of 

myocardial infarction  

One of the bottlenecks in cardiovascular tissue engineering is the enhancement of a 

stable and non-leaky vasculature network to perfuse the ischemic zones [Kreuger, 

Carmeliet]. Several studies focused on combinatorial approaches including VEGF, 

FGF and PDGF; however, an effective treatment did not reach success through the 

clinical phases [Kreuger]. Moreover, protein-based therapies have the intrinsic 

limitation of short half-lives and limited availability at the desired site. In contrast, 

the requirement of glycosaminoglycans (GAGs) for capillary branching and GAGs-

growth factor interactions such as heparan sulphate (HS) and VEGF are well known 

[Ruhrberg, Gerhardt]. Nonetheless, the complexity in the synthesis of mimetics of 

extended and unbranched glycans such as HS and chondroitin sulphate (CS) hinders 

their potential as therapeutic options. In this thesis, an angiogenic response was seen 

21 days after the ELRs-hydrogel injection and it was associated with the higher 

expression of one specific glycan epitope, -galactose (-Gal). The presence of this 

motif, validated also by LS-ESI-MS/MS, reflects the migration and sprouting of 

endothelial cells to form a capillary network, as the result of an endogenous response 

extended by the presence of the porous hydrogel matrix. Previous studies by Galili’s 

group tested -Gal-coated nanospheres and liposomes and observed accelerated 

wound healing [Wigglesworth, Galili 2010]. Importantly, the well-known 

immunogenic reaction to this glycan epitope in this pathological scenario is 

prevented due to the lack of its presentation on the cellular membranes. Specifically, 

in species (humans, apes and old world monkeys) and experimental conditions 
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(knock-out for 1,3 galactosyltransferase enzyme) where anti--Gal IgGs are 

present, they bind to -Gal-coated nanoparticles, activate the complement system 

and recruit macrophages by the formation of complement cleavage chemotactic 

peptides [Galili 2015]. Finally, the interaction between the Fc portion of the anti--

Gal IgG and the FcR on macrophages activates the latter ones to secrete cytokines 

and growth factors to promote the endogenous healing [Galili 2015]. A further study 

based on this described mechanism and the expression of this epitope in an 

angiogenic response would include the functionalisation of the ELRs-based hydrogel 

with -Gal to extend its pro-healing effect throughout the hydrogel degradation time 

in the ischemic environment.  
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Figure 6.3 Endocardial delivery of the ELRs-based hydrogel in the infarcted left 

ventricular wall. ELRs-based hydrogel could be optimised for minimally invasive 

endocardial delivery to the left ventricular wall. A dual-barrel mixer prototype will 

need to be designed to ensure appropriate conditions to allow initial crosslinking of 

the ELRs. The ELRs-based hydrogel will need to be injected without being 

influenced by the transport through the catheter.  
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Figure 6.4 Proposed study evaluating the effect of ELRs-based hydrogel matrix on 

macrophage polarisation. ELRs-based hydrogel porous matrix could be optimised to 

evaluate its spatial confinement effect on the expression of inflammatory markers in 

macrophages. This further study would also investigate if this matrix might favour a 

swift of macrophages towards a pro-healing state.  
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A.1 RNA extraction 

1. Thaw tissue samples stored at -80°C in RNAlater stabilization solution.  

2. Cut finely the samples with scissors wiped with RNaseZap Decontamination 

solution.  

3. Add 1 ml TRIzol® per 50 mg of sample and one 5 mm-diameter stainless steel  

bead (Qiagen, Germany) in a round-bottom eppendorf tube.  

4. Homogenise samples using the TissueLyser LT (Qiagen, Germany) tissue rupture 

set at 50 oscillations per min at 4°C. Make sure tissues are  completely 

homogenised after 15 min. If necessary, repeat this step. Aspirate the 

homogenate.  

5. Incubate the homogenate for 5 min at RT to dissociate nucleoprotein complexes.  

6. Only the first sample was centrifuged for 1,200 rpm to check any eventual fat 

deposit. This was not observed so this step was skipped.  

7. Add 200 μl of chloroform per 1 ml TRIzol®. Shake vigorously for 15 sec  by 

inversion. Incubate for 5 min at RT.  

8. Centrifuge at 13,300 rpm for 15 min at 4°C. After centrifugation, look at the  

three  phases inside the eppendorf. The mRNA is located within the aqueous 

phase. Interphase and lower phenol-chloroform phase contain DNA and protein, 

respectively.   

9. Carefully remove only the clear upper aqueous phase to a Rnase-free eppendorf. 

Do not touch the interface; if some is accidentally dispersed in the aqueous 

phase, centrifuge the sample again as detailed at point 8 and repeat this step.  

10. Slowly add an equal volume of 70% ethanol in the transferred aqueous phase and 

mix by pipetting.  

11. Tranfer up to 700 μl of sample from previous step to RNeasy® column to remove 

genomic DNA.  

12. Centrifuge at 10,000 rpm for 15 sec at 4°C and discard the flow-through. 

13. Add 700 μl RW1 buffer (RNeasy® kit) to the centre of the column, spin at 10,000 

rpm for 15 sec and discard the flow-through.  

14. Add 500 μl RPE buffer (RNeasy® kit) to the centre of the column, spin at 10,000 

rpm for 15 sec and discard the flow-through.  

15. Add 500 μl RPE buffer (RNeasy® kit) to the centre of the column, spin at 10,000 

rpm for 2 min and discard the flow-through.  
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14. Transfer column to a new RNase-free 1.5 ml collection tube (RNeasy® kit). Add 

30 μl RNase-free water onto the column, incubate at RT for one min and 

centrifuge for one min at  8,000 g.  

15. Add washed 30 μl RNase-free water onto the column again and centrifuge at 

10,000 rpm for one min.  

16. Repeat step 15 by pipetting the flow-through again to the centre of the column 

and centrifuge at 10,000 rpm for one min.  

17. Split the collected sample into 5 l aliquots.  

18. Determine the concentration of 1 l RNA using the NanoDrop (Thermo Fisher 

Scientific, USA)  

19. Calibrate the spectrometer with RNase-free water and measure the absorbance of 

the sample at 260 nm. The purity is determined from the ratio between the 

absorbance at 260 nm and the absorbance at 280 nm. This ratio should be 

between 1.8 and 2 to indicate pure RNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1 Preliminary evaluation of RNA integrity after extraction.
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Table A.1 Concentration (ng/l), purity (A260/A280) and integrity (RIN) of RNA 

samples sent for RNA-sequencing. 

 

 

Table A.2 List of components and reagents. 

Material Supplier 

Alexa Fluor® 555  

succinimidyl ester 

Thermo Fisher Scientific, USA Cell wash solution 

Micro BCA™ protein assay kit 

Permeabilisation buffer  
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ProLong™ gold antifade mountant 

with dapi 

RIPA lysis and  

extraction buffer 

RNAlater 

RNaseZap 

RNase-free water 

Solubilisation buffer 

SuperFrost Plus™ slides 

TRIzol® 

Tween20® 

Acetic acid  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sigma Aldrich, USA 

Acetonitrile (ACN) 

Acid fuchsin 

Acridine orange  

Alcian blue solution 

Alcoholic eosin y solution 

Anilin blue solution 

Biebrich scarlet- 

acid fuchsin solution 

Bovine serum albumin 

CaCl2 

Chloroform 

Chondroitinase ABC 

Crocein scarlet 

Dimethylmethylene blue 

(DMMB) assay 

Dithiothreitol 

Donkey serum 

DPX mountant 

Fucose 

Galactose  

Gluteraldehyde 
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Harris-modified  

hematoxylin solution 

HCl 

High grade BSA (A7638) 

Hexamethyldisilazane (HMDS) 

Iodoacetamide (IAA) 

Lead citrate 

Mannose 

MgCl2 

NaCl 

N-acetylglucosamine 

Nuclear fast red solution 

Osmium tetroxide 

Paraformaldehyde (PFA) 

Phosphate buffer saline (PBS) 

Phosphotungstic acid 

Phosphomolybdic acid 

Sodium bicarbonate 

Sodium borohydride (NaBH4) 

Sodium hydroxide (NaOH) 

Sodium thiosulfate 

Weigert's iron hematoxylin 

Trifluoroacetic acid 

Tris-buffered saline 

Trypsin 

Uranyl acetate 

Urea 

Amicon® centrifugal filters  

(3 kDa MW cut-off) 

Merck, Germany Centrifugal filters  

(30 kDa MW cut-off) 

Proteinase K 

Acetonitrile (ACN) VWR International, USA 



                                                                                                                                                 Appendices 

 

322 
 

OCT compound  

Methanol  

PNGase F Asparia Glycomics, Spain 

Ethanol 
Lennox, Ireland 

Xylene 

Verhoeff’s elastin stain kit Clin-Tech, UK 

cOmplete™, EDTA-free protease 

inhibitor cocktail 
Roche, Switzerland 

Bouin's solution Medical Supply Co. Ltd, Ireland 

Quartz discs (50.8mm diameter  

x 1.59 mm thick) 
Alfa Aesar, USA 

DNase Qiagen, Germany 

Disposable biopsy punch  

(0.4 mm-diameter) 
Williams Medical Supply, UK 

Araldite® epoxy resin 
Electron Microscopy Sciences, USA 

Sodium cacodylate buffer 

Rabbit polyclonal antibody to 

CD31 (ab28364) 

 

 

 

Abcam, UK 

 

Rabbit polyclonal antibody to 

CD163 (ab87099) 

Rabbit polyclonal  antibody to 

collagen type I (ab34710)  

Rabbit polyclonal  antibody to 

GATA4 (ab61170)  

Rabbit polyclonal antibody to 

tropomyosin1α (ab55915)  

Rabbit polyclonal antibody to α-

smooth muscle actin (ab5694) 

Alexa Fluor® 647-Affinipure 

donkey anti-mouse IgG (H+L) 
Jackson ImmunoResearch, USA 

Alexa Fluor® 647-Affinipure 

donkey anti-rabbit IgG (H+L) 

Artocarpus integrifolia   
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Robinia pseudoacacia  

All these lectins were FITC-labelled 

and purchased from EY Laboratories 

Inc., USA 

Pseudomonas aeruginosa 

Sambucus nigra  

Sophora japonica 

Dolichos biflorus  

Glechoma hederacea 

Glycine max  

Vicia villosa 

Bauhinia purpurea  

Wisteria floribunda 

Helix pomatia  

Griffonia simplicifolia  

Amaranthus caudatus 

Agaricus bisporus  

Arachis hypogaea  

Griffonia simplicifolia  

Triticum vulgaris 

Datura stramonium  

Solanum tuberosum  

Lycopersicum eculentum 

Calystegia sepium 

Narcissus pseudonarcissus  

Galanthus nivalis  

Hippeastrum hybrid  

Canavalia ensiformis  

Lens culinaris  

Lens culinaris  

Pisum sativum  

Trichosanthes japonica 

Triticum vulgaris 

Maackia amurensis 

Sambucus nigra  

Cancer antennarius 
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A.2 Protein extraction in RIPA buffer  

1. Thaw tissue samples stored at -80°C in RIPA Lysis and Extraction Buffer with 

EDTA-free protease inhibitor cocktail and finely cut with scissors.   

2. After cutting, submerge approximately 50 mg of sample in the same storage 

solution and top up with fresh RIPA buffer containing protease inhibitor cocktail 

up to 1.5 ml in a sterile round-bottom eppendorf.  

3. Homogenise samples using the TissueLyser LT (Qiagen, Germany) tissue rupture 

set at 50 oscillations per min at 4°C. Make sure tissues are  completely 

homogenised after 15 min. If necessary, repeat this step. Aspirate the 

homogenate.  

4. Incubate on ice for 15 min.  

5. Centrifuge at 12,000 rpm for 10 min at 4°C.  

6. Aspirate the supernatant containing the total protein extract and make 200 l 

aliquots.   

7. Keep a small aliquot (50 l) at 4°C to determine the protein concentration by the 

following day.   

Phaseolus vulgaris 

Phaseolus vulgaris 

Ricinus communis 

Arum maculatum 

Cicer arietinum 

Caragana arborescens 

Erythrina cristagalli  

Trichosanthes japonica 

Aleuria aurantia 

Lotus tetragonolobus 

Ulex europaeus  

Euonymous europaeus 

Griffonia simplicifolia 

Maclura pomifera 

Vigna radiata 

Marasmius oreades 
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A.3 Membrane protein extraction  

The procedure was performed using the Mem-PER™ Plus Membrane Protein 

Extraction Kit (Thermo Fisher Scientific, USA). Protein inhibitor cocktail was added 

to Permeabilisation and Solubilisation Buffer solution.   

 

1. Thaw snap-frozen tissue samples stored at -80°C. Submerge approximately 40-

50 mg of sample in 5 ml of Cell Wash Solution, vortex for 10 sec and discard 

wash.  

2. Finely cut the samples with scissors and trasfer into a 2 ml tissue grinder. Add 1 

ml of Permeabilisation Buffer and mechanically homogenise (at least 10 strokes).   

3. Add 1 ml of Permeabilisation Buffer and tranfer the homogenate in a new tube 

for incubation on ice for 10 min.  

4. Centrifuge at 16,000 g for 15 min at 4°C, remove the supernatant containing 

cytosolic proteins and store at -80°C.  

5. Resuspend the pellet in 1 ml of Solubilisation Buffer until getting a homogeneous 

suspension.  

6. Incubate for 30 min at 4°C with mixing.  

7. Centrifuge at 16,000 g for 15 min at 4°C, remove the supernatant containing 

membrane proteins, aliquot and store at -80°C.  

8. Keep a small aliquot (50 l) at 4°C to determine the protein concentration by the 

following day.   

 

A.4 Preparation of 4% paraformaldehyde solution 

To make up a solution (1 L) of 4% paraformaldehyde (PFA) perform the following 

procedure in a fume hood. 

 

1. Weigh out 40 g of paraformaldehyde powder wearing a nasal mask. 

2. Dissolve powder in 800 ml dH2O. 

3. Heat the solution using a hotplate/stirrer to approximately 60°C. Once this 

temperature is reached, turn off the hotplate. Do not allow the solution to reach 

65°C or greater. 
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4. Using a plastic pipette, slowly add 1M NaOH dropwise to the solution until it 

clears. 

5. Make up the solution to a final volume of 1 L and allow to cool to RT. 

6. Filter and store the solution at RT. Aliquot and store at -80°C if the solution is 

not used within the following two weeks.  

 

A.5 Cryopreservation   

1. Fix each sample with freshly prepared PFA 4% overnight at 4°C. (10 ml for each 

specimen).  

2. Wash each sample with PBS three times for 10 min each.  

3. Incubate each sample in 30% sterile-filtered sucrose solution (10 ml for each 

specimen). 

4. Proceed when the specimen sinks to the bottom of the tube or leave overnight at 

4°C. 

5. Remove the excess of sucrose solution on filter paper and follow the orientator 

method to generate isotropic uniform random samples.  

6. Position the sample on the center of the first  clock and use a random number 

generator to decide which angle to cut at (Figure A.3).  

7. Position the cut face of the sample down on the center of the second  clock and 

use a random number generator to decide which angle to cut at (Figure A.3).  

8. Position the cut face of the sample down on a plastic cryomold and fill it with 

OCT compound without exceeding the first ring of the mold.  

9. Leave all the samples to equilibrate in OCT compound for 5-10 min.  

10. Meanwhile, fill a polystyrene contained with liquid nitrogen until around 3 cm.  

11. Position a small metal container filled with isopentane (2 cm) in the middle of the 

polystyrene box.  

12. If possible, check the temperature inside the metal container using an ethanol 

thermometer to check that it is at least below -100°C. The solution should look 

turbid and whitish on the bottom and sides of the container once it reaches that 

temperature.  

13. Firmly hold the cryomold vertically using a pair of tweezers and carefully 

submerge only the bottom and sides of the mold. Do not submerge completely 

the cryomold to avoid cracking inside the OCT-embedded sample.  
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14. Once the OCT turned its color to white, remove the specimen from the plastic 

mold and quickly transfer it on ice.  

15. If processing more than five samples, be ready to eventually replace the liquid 

nitrogen to keep the isopentane bath at the right temperature over all the 

embedding procedure.  

16. Do not leave the OCT embedded blocks for more than 5 min on ice and store 

them at -80°C.  

 

 

Figure A.2 Schematic of isotropic uniform random sampling. Infarcted hearts (a) 

were axially cut at 1 cm thickness (b). 0.5 cm-thick samples were taken from the 

ischemic, border and remote regions (c) and cut following the orientator method 

through  (d) and cosine-weighted  (e) clocks. Finally, after embedding sectioning 

and staining, isotropically-oriented sections were imaged and quantified by 

superimposing stereological squared grids (f).   
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Figure A.3  and  clocks used to generate isotropic uniform random samples.  

 

A.6 Tissue processing for embedding in paraffin  

1. Each tissue sample was fixed in 4% PFA overnight at 4°C.  

2. Wash each sample with PBS three times for 10 min each.  

3. Place each sample in a plastic cassette and label it with a pencil, keep the 

cassettes submerged in 70% ethanol solution.  

4. Set the overnight processing using an Excelsior™ AS Tissue Processor (Thermo 

Fisher Scientific, USA), as detailed in Table A.3.  

5. The following day, collect the samples from the paraffin wax bath (still at 62°C) 

and keep them in hot wax bath to avoid solidifying.  

6. Quickly remove each sample from the cassette and place it in a plastic mold for 

embedding with fresh paraffin wax using an EG1150 Modular Tissue Embedding 

Center (Leica, Germany).  

7. During the embedding procedure, make sure that the specimen has a thin layer of 

paraffin above the bottom of the plastic mold where it is embedded.  

8. Leave the embedded samples to solidify for at least one hour on the refrigerated 

surface of the Tissue Embedding Center.  
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Table A.3 Routine program overnight for tissue processor. 

 

A.7 Tissue sectioning using the microtome  

1. Leave the samples embedded in paraffin wax on the refrigerated surface of the 

Tissue Embedding Center for at least 1 h before starting to section. The face of 

the block which will be cut needs to lay on the refrigerated surface.  

2. Fill the water bath with distilled water at an approximate hight of 5 cm and set 

the temperature to 50°C.   

3. Position the paraffin block on the sample holder of a RM2235 microtome (Leica, 

Germany).  

4. Set the cutting angle at 3° and cut specimens into 5 μm-thick sections.   

5. Section a ribbon including three sections and transfer it onto the water bath using 

forceps.  Collect the floating sections submerging SuperFrost Plus™ slides. 

6. Leave the glasses to dry the excess of water and store at RT until use.  

7. Before histological staining, make the section to adhere by incubating the glasses 

at 60°C  for 10 min.  

 

A.8 Tissue sectioning using the cryostat  

1. Take the samples (OCT blocks) out of the -80°C freezer and place them at -20°C 

to equilibrate for at least 1 h.  

Reagent Duration (min) Temperature (°C) 

Ethanol 70% Until start RT 

Ethanol 70% 45 RT 

Ethanol 90% 45 RT 

Ethanol 100% (1) 45 RT 

Ethanol 100% (2) 60 RT 

Ethanol 100% (3) 60 RT 

Xylene (1) 45 RT 

Xylene (2) 60 RT 

Xylene (3) 75 RT 

Paraffin wax (1) 60 62 

Paraffin wax (2) 60 62 

Paraffin wax (3) 60 - until collection 62 



                                                                                                                                                 Appendices 

 

330 
 

2. Set the temperature inside the CM1850 cryostat (Leica, Germany) chamber at -

25°C and move the required equipment for cutting inside the chamber (blades, 

brush, specimen stage). 

3. Put a drop of OCT compound on the specimen stage and quickly position the 

samples embedded in OCT on the top of that. Leave the assembled specimen 

stage inside the chamber for one min.   

4. Fix the specimen stage in the arm and use the motorised controls to adjust the 

distance between the blade and the OCT block.    

5. Set the cutting angle at 3° and cut specimens into 5 μm-thick sections.   

6. Avoid wrinkles and disruptions in the sections. After a prolonged use, move the 

blade laterally or change it.   

7. Lift the cutting glass and quickly make the section adhere on the charged side of 

a SuperFrost Plus™ slide.  

8. When applying serial sectioning, calculate at least 250 m distance between the 

first section series and the following one. At the end of the sectioning, three 

sections taken at 250 m-distance apart should be present on the same slide.   

9. Label the slides and store at -80°C.  

 

A.9 Periodate treatment of bovine serum albumin for lectin histochemistry   

1. Use high grade BSA  10 mM periodic acid in 0.1 M sodium acetate, pH 4.5 

made up fresh.  

2. Dissolve BSA in the freshly made periodic acid solution (approx 5g/100 mL).  

3. Incubate at RT for 6 h.   

4. Dialyse against dH2O (or PBS) with four changes over two days at  4 °C.   

16. Lyophilise and store at 4 °C.   

 

A.10 Lectin staining on cryosections 

1. Leave the sections to warm at RT for 15-20 min.   

2. Circle the sections using a hydrophobic marker (PAP pen).  

3. Place the sections in a glass staining jar and wash with TBS-T three times (3 min 

each wash, gentle shaking).  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4. Lay all the slides on a slide staining tray and incubate with 3% BSA (periodate-

treated, high grade, made in TBS).   

5. Wash with TBS twice (3 min each wash, gentle shaking).   

6. From this point onwards, avoid exposure to direct light.  

7. Incubate with the lectin solution (in TBS).   

8. Wash with TBS three times (3 min each wash, gentle shaking).   

9. If staining with antibody, should be done after lectin incubation.   

10. Counterstain each section with one drop of with ProLong™ Gold Antifade 

Mountant with DAPI and coverslip.  

11. Leave to cure in the dark for one day. Image within three days after curing.   

 

 

Figure A.4 GS-I lectin histochemistry on ELRs-treated and MI-only animals 28 days 

post-MI and validation in neonatal healthy myocardial tissue. Scale bar = 20 m.  

 

A.11 Lectin microarray on cardiac samples  

All lectin microarrays were printed with 48 lectins (EY laboratories, USA) according 

to an established protocol [Kilcoyne]. Each lectin microarray slide had a unique 
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barcode indicating the printing batch. All the procedures described here prior to 

scanning needed to be performed in a dark room with red light. Membrane protein 

samples labelled with Alexa Fluor® 555 Succinimidyl Ester were thawed and a 

titration experiment using a concentration of protein from 1 to 10 g/ml was run to 

assess the optimum binding intensity of the sample to the printed lectins and to avoid 

saturation signals; therefore the chosen concentration was 2.5 g/ml and 5 g/ml for 

all the rat and sheep samples, respectively. The procedure of the lectin microarray 

analysis is detailed below here.  

 

1. Thaw labelled membrane protein samples on ice and dilute in TBS-T (0.01% of 

Tween-20) to the optimal concentration in a final volume of 70 l in a rubber 

eight-well gasket (Agilent Technologies, USA). 

2. Carefully assemble each slide (lectin-printed side) on the top of the loaded 

gaskets to avoid splashing of the samples. 

3. Incubate with gentle rotation (4 rpm) in a hybridization oven at 23°C for 1 hour.  

4. Carefully disassemble the slide and quickly submerge it in TBS-T buffer. 

5. Place the slides in a glass staining jar filled with TBS-T with and wash three 

times (3 min each wash, gentle shaking).   

6. Do a final wash in TBS without Tween-20 before transferring the slides in empty 

falcon tubes. Centrifuge at 1500 g for 5 min.  

7. Scan the slides immediately using a G2505 microarray scanner (Agilent 

Technologies, USA) at 90% laser power.  

8. Process image files showing the scanned lectin microarrays using GenePix Pro 

v6.1.0.4 software (Molecular Devices, UK). Superimpose grids having an 

adaptive diameter circular alignment based on 230 μm features in the options on 

the subarrays.  

9. Extract background-corrected median feature intensity data for analysis.  

10. Normalise data to the median total intensity value of six replicate microarray 

slides.  

11. Run clustering of the normalised data using Hierarchical Clustering Explorer 

v3.5 (HCE 3.5, University of Maryland). Select Euclidean distance with 

complete linkage in the clustering options.  
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A.12 Hematoxylin and eosin staining of tissue sections 

1. Leave the cryosections to warm at RT for 15-20 min. If using paraffin sections, 

incubate them at 60°C for 10 min to melt the paraffin.  

2. If using paraffin sections, dewax in xylene (2 changes of 5 min each) and then 

rehydrate through graded alcohols (twice in 100%, 90%, 70%, 50%), 2 min each.  

3. Wash in dH2O for 2 min. 

4. Stain in Harris-modified hematoxylin solution for 6 min. 

5. Rinse in running tap water for 8 min. 

6. Counterstain in alcoholic Eosin Y solution for 2 min. 

7. Wash three times in dH2O/running tap for 1 min. 

8. Dehydrate through graded alcohols (70%, 90%, twice in 100%), 2 min each. 

9. Clear in xylene, 2 changes of 5 min each. 

10. Cover sections with DPX mountant and apply coverslip. 

11. Leave slides in fume hood overnight. 

 

A.13 Masson’s Trichrome staining of tissue sections 

1. Leave the cryosections to warm at RT for 15-20 min. If using paraffin sections, 

incubate them at 60°C for 10 min to melt the paraffin.  

2. If using paraffin sections, dewax in xylene (two changes of 5 min each) and then 

rehydrate through graded alcohols (twice in 100%, 90%, 70%, 50%), 2 min each.  

3. Wash in dH2O for 2 min. 

4. Mordant in Bouin's solution for 45 min at 65°C.  

5. Wash in running tap water for 5 min to remove the picric acid. 

6. Incubate in Weigert's iron hematoxylin working solution for 8 min. 

7. Wash in running tap water for 5 min, rinse in distilled water. 

8. Stain in Biebrich scarlet-acid fuchsin solution for 5 min. 

9. Rinse in distilled water. 

10. Incubate with phosphotungstic/phosphomolybdic acid in distilled water (1:1:2 

ratio) for 10 min, discard solution. 

11. Transfer directly into Aniline Blue solution for 5 min. 

12. Rinse in distilled water. 

13. Incubate in 1% acetic acid for 1 min, discard solution, rinse in distilled water. 

14. Dehydrate through graded alcohols (70%, 90%, twice in 100%), 2 min each. 

15. Clear in xylene, two changes of 5 min each. 
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16. Cover sections with DPX mountant and apply coverslip. 

17. Leave slides in fume hood overnight. 

 

 

Figure A.5 H&E images showing morphological integrity of ovine myocardial tissue 

following fixation and sucrose infiltration before embedding in OCT (A) and its 

partial disruption by immediate snap-freezing after harvesting (B). Scale bar = 100 

m. 
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A.14 Alcian blue staining of tissue sections 

Unless otherwise stated, the staining procedure Alcian Blue solution at pH 2.5 was 

used. To selectively identify sulfomucins and proteoglycans a low pH (pH 1) Alcian 

Blue solution was prepared. 

 

1. Leave the cryosections to warm at RT for 15-20 min. If using paraffin sections, 

incubate them at 60°C for 10 min to melt the paraffin.  

2. If using paraffin sections, dewax in xylene (2 changes of 5 min each) and then 

rehydrate through graded alcohols (twice in 100%, 90%, 70%, 50%), 2 min each.  

3. Wash in dH2O for 2 min. 

4. Stain in Alcian Blue solution (1% in 3% acetic acid, pH 2.5) for 30 min. 

5. Rinse in running tap water for 5 min.  

6. Counterstain in Nuclear Fast Red solution for 10 min. 

7. Wash in running tap water for 1 min. 

8. Dehydrate through graded alcohols (70%, 90%, twice in 100%), 2 min each. 

9. Clear in xylene, 2 changes of 10 min. 

10. Cover sections with DPX mountant and apply coverslip. 

11.  Leave slides in fume hood overnight. 

 

A.15 Verhoeff’s Van-Gieson staining of tissue sections 

1. Incubate paraffin sections at 60°C for 10 min to melt the paraffin.  

2. Dewax in xylene (2 changes of 5 min each) and then rehydrate through graded 

alcohols (twice in 100%, 90%, 70%, 50%), 2 min each.  

3. Wash in dH2O for 2 min. 

4. Stain in Verhoeff’s hematoxylin solution for 1 h. 

5. Rinse in running tap water for 5 min. 

6. Incubate in 2% ferric chloride solution for 2 min. 

7. Check staining under a light microscope.  

8. Wash three times in dH2O/running tap for 1 min. 

9. Incubate in 5% sodium thiosulphate (freshly made) for 1 min. 

10. Rinse in running tap water for 3 min. 

11. Stain in Van-Gieson solution for 3 min.  
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12. Dehydrate through graded alcohols (70%, 90%, twice in 100%), 2 min each. 

13. Clear in xylene, 2 changes of 5 min each. 

14. Cover sections with DPX mountant and apply coverslip. 

15. Leave slides in fume hood overnight. 

 

A.16 Pentachrome staining of tissue sections 

1. Incubate paraffin sections at 60°C for 10 min to melt the paraffin.  

2. Dewax in xylene (2 changes of 5 min each) and then rehydrate through graded 

alcohols (twice in 100%, 90%, 70%, 50%), 2 min each.  

3. Wash in dH2O for 2 min. 

4. Mordant in Bouin's solution for 45 min at 65°C.  

5. Stain in Verhoeff’s hematoxylin solution for 15 min. 

6. Rinse in dH2O and differentiate elastin fibres in 2% ferric cloride solution.  

7. Wash in dH2O for 2 min. 

8. Check staining under a light microscope.  

9. Incubate in 5% sodium thiosulphate (freshly made) for 1 min. 

10. Rinse in running tap water for 3 min. 

11. Incubate in 3% acetic acid for 3 min. 

12. Stain with Alcian blue solution (pH 2.5) for 30 min.  

13. Rinse in running tap water for 1 min and rinse in dH2O. 

14. Stain in Crocein scarlet-Acid fuchsin (4:1) for 2 min.  

15. Wash three times in dH2O and then dip for five times in 1% acetic acid.  

16. Incubate in 5% phosphotungstic acid twice (2 min each).  

17. Dip five times in 1% acetic acid.  

18. Dehydrate through graded alcohols (70%, 90%, twice in 100%), 2 min each. 

19. Clear in xylene, 2 changes of 5 min each. 

20. Cover sections with DPX mountant and apply coverslip. 

21. Leave slides in fume hood overnight. 

 

A.17 Sputter coating of samples for scanning electron microscopy analysis 

1. Lift the hinged lid up carefully and remove the glass chamber.  

2. Place samples onto the specimen plate.  
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3. Ensure that the rubber seals of the glass chamber are cleaned of any dust or 

debris, replace onto the machine and carefully lower lid shut. 

4. On the argon gas cylinder, open the mains valve. A pressure reading should 

appear on the main gauge. If not, the cylinder may be empty.  

5. Open the brass ball valve enough to register a delivery reading of 5 Linear 

Parameter Measurement (LPM). The ball may fluctuate initially but will settle 

after a few sec. 

6. Turn on the sputter coater by flicking the mains switch on the bottom left of the 

front panel.  

7. Gently press down on the chamber lid and press the start button. Keep the lid 

pressed down for the first few sec of the run to make sure the chamber is properly 

sealed.  

8. Observe the vacuum gauge on the bottom left hand side of the front panel. Check 

that the pointer needle begins to deflect from left to right indicating that the 

chamber is being evacuated.  

9. Once the pressure gauge reaches between 0.1 and 0.05 Torr (usually 0.07 Torr), 

the coater will then cycle through the coating process automatically.  

10. When coating is complete, the chamber will automatically depressurise and the 

red stop light will light. Check if the lid of the chamber is free, open the chamber, 

remove the samples and carefully close the lid. If the lid does not open freely, 

press the stop button to introduce more air into the chamber which will then 

allow the lid to be opened. Do not try and force the lid open.  

11. Turn of the coater at the mains switch. 

12. Turn of the brass ball valve and mains valve on the argon gas cylinder. 

13. The samples are then ready to be viewed in the scanning electron microscope. 

 

A.18 Imaging by scanning electron microscopy   

To obtain an adequate signal, the scanning electron microscope must operate under 

high vacuum to minimise scattering of the low energy electron microscope by air 

molecules. Because of this, biological samples that contain any water will quickly 

become desiccated when placed in the vacuum which can induce morphological 

changes. To avoid this, samples need to be dried prior to imaging. 
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1. Before starting, look around the SEM workstation to check for spills, trip or 

electrical hazards. 

2. To prepare sample on stub, screw the stub onto the appropriate sample holder. 

Check the height of the sample using the gate to ensure it is within the correct 

height limit.  

3. On the SEM chamber door, ensure that the stage is at the specimen exchange 

position: 

• X = 20 

• Y = 20 

• Z = EX/EX boxes are aligned 

• Tilt = 0 

4. Vent the sample chamber by pressing the green Air/Evac button on the front 

panel of the workstation. Wait for the door to open. A gap will appear between 

the chamber and door to indicate that the chamber has been fully vented. Do not 

force the chamber door open.  

5. Carefully open the chamber door and place the sample in its holder in to the 

chamber. 

6. Carefully and slowly, while keeping an eye on the camera screen, close the 

chamber door. Do not force the sample into the chamber.  

7. Once the chamber door is closed, hold it firmly closed and evacuate the chamber 

by pressing the green Air/Evac button. Once the red bar begins to appear in the 

vacuum gauge display let go the door.  

8. Set the desired imaging parameters. Ensure that the magnification is setting to its 

lowest value (x40). 

The recommended default settings for normal SE imaging are: 

• Accelerating voltage = 15 kV 

• Beam = 50 

• Working distance = 14 mm 

• Vacuum = High 

• In ‘Observation’ tab 

9. Click on the ‘HV’ icon to turn on the beam. Click ‘ABC’ to automatically adjust 

brightness and contrast. 
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10. Select fast scan speed (‘Slow 1 or 2’) to locate region of interest and increase 

magnification. 

11. Select ‘Reduce 1 or 2’. Adjust focus and click ‘ABC’. Brightness and contrast 

can also be adjusted manually using the brightness and contrast dials on the 

control panel. 

12. Select slow scan speed (‘Slow 3’) and make sure focus, brightness and contrast 

are optimal. If not, go back to ‘Reduce’ scan and readjust. 

13. This process (steps 3-5) may need to be repeated when gradually increasing the 

magnification.  

14. To acquire image, click on the ‘M/H’ icon. The images will be temporarily saved 

in the software allow for batch saving. 

15. Turn off the ‘HV’ by clicking on the icon.  

16. On the SEM chamber door, ensure that the stage is at the specimen exchange 

position: 

• X = 20 

• Y = 20 

• Z = EX/EX boxes are aligned 

• Tilt = 0 

17. Wait for the chamber to vent fully and carefully open the chamber door while 

keeping an eye on the camera screen to make sure the sample does not strike the 

detector. 

18. Remove the sample from the chamber.  

19. Close chamber door, hold closed and press green Air/Evac button to evacuate. 

The SEM must be kept under vacuum when not in use.  

 

A.19 Processing of samples before transmission electron microscopy analysis  

Small samples (around 0.3-thick in every direction) were harvested as described in 

section 3.2.4 and processed in the following way. 

 

1. Fix each sample in 2.5% gluteraldehyde (fixative volume should be at least ten 

times the volume of the sample to be fixed), for 24h at 4°C.  

2. Wash in PB (phosphate buffer) twice, 5 min each.  

3. Post-fix in osmium tetroxide 1% for 2h at RT.  
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4. Dehydrate through graded alcohols (30%, 50%, 70%, 95%, 100% (twice)), 15 

min each. 

5. Wash in acetone twice, 15 min each.  

6. Incubate in an acetone-araldite® resin mixture (ratio 2:1) for 24h.  

7. Incubate in an acetone-araldite® resin mixture (ratio 1:2) for 24h.  

8. Incubate in pure araldite® resin for 24h.  

9. Transfer in new araldite® and leave in an oven at 60°C for 48h to allow resin 

polymerisation.  

 

A.20 Automatic grid stainer before transmission electron microscopy analysis 

After cutting the resin-embedded blocks using a diamond knife, a TEM automatic 

grid stainer EM AC20 (Leica, Germany) was used to process each sample. Before 

staining the grids, a wash programme must be run to ensure the chamber and tubes 

are clean. 

 

1. Clean a grid carrier plate with 100% ethanol and rinse with dH2O. 

2. Open the chamber located on the left-hand side of the front panel of the machine 

and insert the empty grid carrier plate. Close and lock the chamber. 

3. Turn the instrument on using the switch on the rear panel. Turn the two three-

way valves to the ‘W’ position.  

4. Select the W2 programme on the digital display and press start to begin wash 

run. The end of the wash is signalled by a beeping sound. 

5. Clean the grid support plate with 100% ethanol. 

6. For loading the grids, place the grid support plate into the plate holder frame and 

close the clamp using the thumb wheel. 

7. Place grid support plate in frame over peg plate. Adjust grid plate on peg so that 

a grid slot is directly over the peg. Gently press the support plate down on the 

peg to open the slot. 

8. Place the grid into the open slot and raise up the frame from the peg so that the 

edge of the grid is caught in the slot. Ensure that only the very edge of the grid is 

gripped in the slot. 

9. Repeat until all grids are in place in the support plate and note the position of 

each grid if necessary.  
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10. Open the chamber door by turning the bayonet lock. Remove the grid support 

plate from the holder frame and insert into the holder on the chamber door with 

the grids facing in towards the chamber. Close and lock the chamber door. 

11. Turn both of the 3-way valves to the ‘S’ position. Move to cursor to the desired 

contrast staining programme. Press start. Run the following staining sequence: 

• Wetting  

• Filling stain 1 

• Stain 1 

• Rinsing 

• Filling stain 2 

• Stain 2 

• Rinsing 

• Draining 

12. The end of a contrasting run will signal with a sound. Open the chamber door and 

remove the grid support plate. Using filter paper, remove any excess water from 

the grids. 

13. Place the grid support plate in the holder frame and allow to air dry. To remove 

grids, place 1 grid slot of the grid support plate in holder frame over the peg, 

press down gently and pick up grid. 

14. Perform a post-staining wash step as described at points 2-4.  

 

A.21 Imaging by transmission electron microscopy   

1. First, remove grid holder (which will be in the ‘Park’ position) from TEM by 

flicking switch from Evac to Air. Wait 30 sec for system to switch to air. 

2. From the park position, slowly and gently pull the grid holder straight out of the 

TEM until it comes to a stop. Hold tightly onto the grid holder when taking it out 

as any residual vacuum may cause the holder to be pulled back into the TEM.  

3. Once the holder comes to a stop, gently turn the holder counter clockwise until it 

comes to a stop.  

4. Gently pull the holder straight out of the TEM. Use one finger as an anchor so as 

to not cause the holder to strike the sides of the TEM as it is being pulled out. 

5. Place holder onto platform. Release grid cover by pulling back spring clip. Rotate 

holder and cover will drop off.  
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6. Place grid into holder, replace cover and spring clip. Rotate holder a few times 

and tap gently to make sure grid and cover are secured. 

7. Insert holder straight into TEM making sure that it is lined up correctly. Push 

holder gently in until it comes to a stop. Hold holder in position with heel of hand 

and flick switch from Air to Evac. Red light will come on. 

8. Only when the red light switches off, turn the holder clockwise (long turn) until it 

comes to a stops and gently guide the holder into the TEM until it comes to a 

stop. There will be some resistance due to the vacuum, the vacuum will pull the 

holder into the TEM. Be sure to keep a grip on the handle when turning. This is 

the ‘parked’ position. 

9. Turn the handle clockwise again (short turn) until it comes to a stop and guide 

the holder the rest of the way into the TEM. 

10. Turn on HV by pressing the accelerating voltage button followed by the 75 

button on the left panel. Remove cover from viewing window. 

11. Once 75kV is achieved, turn up the filament all the way and observe beam on 

phosphor screen. Locate sample on the grid. Once found, lift up screen to begin 

using CCD camera. Place cover on viewing window. 

12. Open AMT software on PC desktop.  

13. Set image save path by performing the following: 

• File 

• Case Study 

• Create new case 

• Find your user folder and select 

• Input new file name  

• Click accept new case 

• Make sure filing cabinet box on left panel displays ‘001’ 

14. To view image on PC, click ‘Click for live image’.  

 

A.22 ELRs-based hydrogel fabrication  

Hydrogel formation occurs at low temperature in a homogeneous manner. It can also 

take place at RT but the cross-linking/mesh formation will be slightly less 

homogeneous. The following procedure was always adopted before any either ex 

vivo or in vivo injection.  
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1. Calculate the amount of solvent for recombinamer dissolution at the desired 

concentration (the ratio in terms of equivalents among the recombinamers is 

HE5-cyclooctyne:HRGD6-azide=1.79:1 due to the difference in molecular 

weight and lysine residue modification rate). 

2. Dissolve the polymer with cyclooctine on one side and the polymer with azide on 

the other at the desired concentration in cold (4°C) mQ H2O or PBS solution. 

3. Keep both solutions at 4°C till all the material is completely dissolved (at least 

overnight). Magnets should be avoided, if mixing is required, use a vortex. 

4. Check that the polymer is completely dissolved by visual inspection. Solutions 

should be transparent. 

5. Place the desired amount of HRGD-azide into a previously cooled eppendorf. 

Add the HE5-cyclooctine solution to the recipient by releasing the volume inside 

the previously one. Vortex the hydrogel solution and withdraw it with a cold tip. 

6. Leave the mixed ELRs on ice and wait 10 min to allow initial crosslinking.  

7. Aspirate the mix with a 1 ml volume syringe through a 25G needle and inject 

immediately.  

8. Carefully retract the needle to avoid backflow of ELRs.  
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Figure A.6 Transmission electron microscopy imaging showing the perfused 

capillaries (blue arrows) found in the proximity of cardiomyocytes (green arrow) and 

in the ischemic core regions across different animals in the ELRs-treated group. 

Wavy formed collagen (red arrow) was detected in the ischemic cores of both PBS-

injected and ELRs-treated groups. Scale bar = 2 m. 
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A.23 Confocal Raman microscopy 

Samples were harvested as described in section 3.2.4 and embedded in OCT using 

liquid nitrogen/dry ice-cooled isopentane before storage at -80°C until processing. 

Consistency in the spectral outcome was checked across three different healthy 

samples to set a baseline for comparison with pathological conditions, as shown in 

Figure A.8.  

 

The following protocol was optimised for confocal Raman microscopy of myocardial 

tissue.   

 

1. The day before analysis, section OCT blocks at 30 μm-thickness using a CM1850 

cryostat (Leica, Germany) following the procedure described in A.8. Instead of 

using SuperFrost Plus™ slides, leave sections to adhere on quartz discs  and store 

at -80°C until analysis.   

2. Take serial sections as described in A.8 and perform Masson’s Trichrome (A.13) 

to assess collagen deposition in each section which is consecutive to the sample 

which will be analysed by confocal Raman.  

3. Set the alpha500 confocal Raman microscope (Witec, Germany) at 785 nm laser 

excitation (reflection mode, ~1 μm laser spot diameter, laser power 0.05 mW).  

Set detector grating at 600 lines/mm and centre of spectral detection at 880 cm-1. 

Block Rayleigh scattering with the appropriate notch filter (785 nm). 

4. Rotate objectives to select a 40x dry objective lens (NA 0.6). 

5. Calibrate the instrument using a silicon standard (maximum signal at 520 cm−1, 

spectral resolution of 0.8 cm−1. 

6. Place sample under the objective and locate region of interest in centre of field of 

view.  

7. Direct the light path to the diffraction grating via fibre optic cable (which creates 

the confocal pinhole) and set the software to perform 225 spectral measurements 

across the sample in an area of 100 μm2. An integration time of 40 sec was used 

for each measurement.  
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8. Apply cosmic ray reduction, background correction, spectrum averaging and 

Savitzky-Golay smoothing (4 point, 3rd order) using Project FIVE® software 

(Witec, Germany).  

9. Normalise to the peak at 1446 cm-1 and graphical analysis was performed using 

Origin® version 9.1 (OriginLab, USA). All spectra described are plotted relative 

to the excitation wavelength. 

 

Figure A.7 Region of interest visualised by brightfield prior to Raman analysis. 

Figure A.8 Raman analysis of myocardial infarcted tissue. Averaged Raman spectra 
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of 225 points scanned in 100 µm2 areas in healthy (hlt) myocardial sections. N=3 

animals. 

 

 

Figure A.9 Stereological grid super-imposed on Masson’s Trichrome stained 

isotropic uniform random sample to quantify fibrosis. Area fraction of collagen was 

calculated from each low magnification image (10x).  A grid made of 112 points was 

superimposed on each field of view and the points hitting collagen fibres were 

counted to get the area fraction values. A total ischemic area of 4.05 mm2 was 

analysed per block. Scale bar = 100 m. 
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Figure A.10 Stereological grids to quantify capillaries, arterioles, GATA4+ 

cardiomyocytes and CD163+ cells. The number of CD31+/GS-I+ capillaries, -SMA+ 

arterioles, GATA4+ cardiomyocytes and CD163+ cells was calculated from each 

image. Confocal microscopy, 20x for vessel structures, scale bar = 100 m. 40x for 

GATA4 and CD163, scale bar = 20 m.  Four grids were superimposed on image 

and the objects of interest falling inside the grids were counted to get the numerical 

estimates.  



                                                                                                                                                 Appendices 

 

349 
 

 

Figure A.11 Acridine orange staining of cellular nuclei in the border zone of MI. 

Sections from healthy and border zones of the infarcted hearts were stained with 

acridine orange to visualize and quantify cellular nuclei following the nucleator 

method. Data were then used to normalise EM micrographs measurements and 

estimate relative mitochondrial swelling. n=5 in MI-only, 6 healthy and hydrogel-

treated.   

 

 

Figure A.12 Schematics of HE5-cyclooctine and HRGD-azide elastin-like 

recombinamers (ELRs) sequences. The two ELRs crosslink by catalyst-free click-

chemistry reaction to form a hydrogel. Elastin-derived VPGXG (X variable amino 

acid) pentapeptide is present on both ELRs, cell-adhesive sequence RGD is present 

on HRGD and matrix metalloproteinase (MMP)- and cathepsin K(Cat-K)-responsive 

sequences are present in the HE5 ELR.  
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Figure A.13 IPA® analysis highlighted an arrested inhibition of GATA4 in ELRs-

treated group. Predicted inhibition (blue) of GATA4 as a key regulator in MI-only at 

28 days post-MI is lost in the ELRs-treated group (light orange). In MI-only, this is 

linked with a marked expression of pro-fibrotic genes such as POSTN, COL1A1 and 

COL1A2 (framed in red). By contrast, in ELRs-treated condition the arrested 

inhibition of GATA4 is associated with EDN1 and FOS expression, which are 

markers of endothelial cell proliferation. Log2(fold change), P, and adjusted-P values 

from RNA-seq data are indicated below the gene names.    
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